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Zusammenfassung

Zur Quantifizierung der Kinetik vieler Prozesse, wie z.BaRailibrierung subduzierter Platten
oder Phasenumwandlungen mehrkomponentiger Systemég isedntnis von Diffusionskoef-
fizienten als Funktion von Druck}, TemperaturT), und Sauerstofffugazitaf O,) unabding-
bar. In dieser Arbeit werden Experimente zur Bestimmunghemg Interdiffusionskoeffizien-
ten Dre_nmg bei Dricken zwischen 6 und 23 GPa und Temperaturen von 1653233 K bei
reduzierenden und oxidierenden Bedingungen beschridba&mei wurden Diffusionspaare von
Mineralen, die einen wesentlichen Anteil am Mineralbedtdaes Erdmantels haben, untersucht:
Olivin, Wadsleyit, Ferroperiklas und Silikat-PerowsHitie wesentlichen Zielsetzungen der Ar-

beit lauteten:

e Bestimmung von Fe-Mg Interdiffusionskoeffizienten in @iivim gesamten Druck-
Stabilitatsbereich. Aul3erdem sollten Diffusionskoédiieen der Spurenelemente Ni und

Mn bestimmt werden
e Bestimmung der Aktivierungsenergie von Wadsleyit

e Bestimmung von Fe-Mg Interdiffusionskoeffizienten furteperiklas, die zweithaufigste

Phase des unteren Erdmantels

e Bestimmung von Fe-Mg Interdiffusionskoeffizienten flure(Mg)SiG Perowskit, der

haufigsten Phase des unteren Erdmantels

Diffusion unter hohen Dricken kann im wesentlichen durga fblgende Gleichung

beschrieben werden:

Sl

(1)

Ea— PAV,
D =Dg (fOy) u):

exp(A X) exp(— RT

7



8 Zusammenfassung

wobei D den DiffusionskoeffizientenDg den praexponentiellen FaktofO, die Sauer-
stofffugazitat,n den Sauerstofffugazitatskoeffizienteden Koeffizienten der Zusammenset-
zungsabhangigkeiE, die Aktivierungsenergie)V, das Aktivierungsvolumerk den Druck,T

die Temperatur und R die Gaskonstante bezeichnen.

Die Hochdruckexperimente dieser Arbeit wurden mit der 8@inpel-Technologie (multi-
anvil apparatus) am Bayerischen Geoinstitut in Bayreuticttyefiihrt. Die Probe befindet sich
in einem Oktaeder aus MgO, der innerhalb eines Satzes von 3\W¥@eIn mit abgeschragten
Ecken komprimiert wird. Die charakteristischen Grossha,das Volumen der Proben und den
maximal erreichbaren Druck charakterisieren sind die &aldingeK, des Oktaeders uni€l, der
Abschragungen des Wiirfels. Daher werden die verwendédktéaeder mit dem Tupéd,/Ka
bezeichnet. In dieser Arbeit wurden Oktaeder mit den Geoemel8/11, 14/8 und 10/4 ver-
wendet. Zum Heizen wurde eine Widerstandsheizung aus La@endet. Die Temperatur

wurde wahrend der Experimente mit einemARes3-W7sRes Thermoelement gemessen.

Fur die Herstellung der Diffusionspaare von Olivin wurdénjeden Versuch ein Diffusions-
paar aus denselben, in c-Richtung orientierten Einktetalerwendet. Der Mg-reiche Kristall
war ein synthetischer Forsterit und der Fe-reiche KrigtallSan Carlos Olivin miKge,sio, =
0.06 (Xre,sio, bezeichnet den Molenbruch der Fayalit-Komponente im @)iviAuch die Dif-
fusionspaare von Ferroperiklas wurden aus Einkristalleryédstellt. Eisenhaltige (Mg,Fe)O
Einkristalle mit einem nominalen Gehalt vofgeo = 0.07 undXgeo = 0.35 sind vor den Dif-
fusionsversuchen von S. Mackwell mit dem in Holzapfel e{2003) beschriebenen Verfahren
synthetisiert worden. Fur Wadsleyit und Silikatperowskurden polykristalline Proben vor
den eigentlichen Diffusionsversuchen synthetisiert,dlaegne natirrlichen Proben gibt und eine

Einkristallsynthese nicht erfolgreich war.

Da der Diffusionskoeffizient nach Gleichung 1 von der Sao#ffagazitat abhangt, wurden
im wesentlichen Kapselmaterialien verwendet, die eing&ltarisierung der Sauerstofffugazitat
wahrend des Experiments zulassen. Zum einen wurden dafi&apgseln mit einer Zugabe von
NiO benutzt, die die Sauerstofffugazitat nahe des Ni-Ni@i¢hgewichts puffern. Desweiteren
wurden bei den Perowskit-Versuchen auch MgO-Einkrissgieln mit einer zusatzlichen Fe-

Folie eingesetzt. Die Sauerstofffugazitat ist dann dwalien_dsung von FeO in MgO bestimmit.
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Nur fur einige Versuche mit Olivin wurden auch Au-Kapseliewei Chakraborty et al. (1999)
verwendet. Die Redox-Bedingungen, die in diesen Kapsethercschen, wurden durch Ver-

gleich mit den Resultaten von Experimenten in Ni-NiO-Kdpsharakterisiert.

Nach den Hochdruckversuchen wurden die DiffusionspaareMassung mit mikroana-
lytischen Verfahren im Querschliff freigelegt. Fur Prigfiigen groer als §m wurde die
Elektronenstrahl-Mikrosonde eingesetzt (EPMA). Beigém Proben, insbesondere bei Silikat-
perowskit, waren die Profile kiirzer als die Auflosung di¢ BRMA erreicht werden kann. Da-
her wurden diese Proben fur transmissionselektronemmskipische Untersuchungen (TEM)
gedunnt. Im Rastermodus (STEM) wurden dann Profilanalyséneinem EDX-Detektor
durchgefihrt (EDX-STEM).

Aus den gemessenen Profilen wurden die Diffusionskoeftizgremit Hilfe unterschiedlicher
mathematischer Verfahren bestimmt. Fir Olivin und SthRarowskit wurden im wesentlichen
symmetrische Profile beobachtet, die mit einer analytisdhi@sung der Diffusionsgleichung
fur konzentrationsunabhangige Diffusion angepassidemnir Konzentrationsabhangige Diffu-
sion fuhrte im Fall von Ferroperiklas und Wadsleyit zu asyetrischen Profilen, fur die keine
analytische Losung existiert. In diesem Fall wurden digfirr numerisch mit Hilfe der finiten
Differenzmethode simuliert. Wadsleyit und Ferroperikigis Xreo > 0.07 zeigen eine exponen-
tielle Konzentrationsabhangigkeit des Diffusionskagdinten. Nur im Fall von Ferroperiklas
mit Xreo < 0.07 mufdte nach Mackwell et al. (2004) ein zusatzlicher Tarrdie Konzentra-

tionsabangigkeit des Diffusionskoeffizienten eingefierden.

Far Olivin wird im wesentlichen eine lineare Abnahme desvigeInterdiffusionskoeffizien-
ten bis 12 GPa beobachtet. Die Fe-Mg Interdiffusionskaefiizn, die in Ni-NiO Kapseln
beobachtet wurden, sind im Rahmen des Fehlers identisctlemiErgebnissen von Versuchen
in Au-Kapseln. Daher kann geschlussfolgert werden, da®dieerstofffugazitat, die charakter-
istisch fur die Goldkapseln ist, nahe bei der des Ni-NiOférsfliegt. Eine Mel3reihe mit Olivin
bei 12 GPa und zwischen 1623 K und 1823 K ist ebenfalls korbghnit der Aktivierungsen-
ergie bei 1 bar und einer Sauerstofffugazitat nahe desifififfers. Das Aktivierungsvolumen
entlang des Ni-NiO Puffers ist6+ 0.5 cn® mol~1. Wenn man die Sauerstofffugazitat des Ni-

NiO Puffers als Funktion von Druck und Temperatur mit der Almme eines konstanten Reak-
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tionsvolumens der Oxidationsreaktion von Ni beruicksgtherhalt man ein Aktivierungvolumen

von 7.3+ 1.0 cn® mol~1 bei konstanter Sauerstofffugazitat.

Fe-Mg Interdiffusion in Wadsleyit ist wesentlich schnelbds in Olivin, wie auch schon
bei Chakraborty et al. (1999) und Farber et al. (2000) beuledevorden ist. In dieser Arbeit
wird ein Sprung der Diffusivitat um nahezu 4 GrofRenordgembei Bedingungen der 410 km
Diskontinuitat beobachtet. Die Aktivierungsenergie beiGPa betragt 26830 kJ mot ! (ohne
Korrektur fur den Effekt der Sauerstofffugazitat desNNO Puffers).

Fur Ferroperiklas wurden Experimente zwischen 8 und 23 Bddl663 K bis 2073 K
durchgefiihrt. Die Ergebnisse sindlbereinstimmung mit Experimenten bei 1 bar (Mackwell
et al., 2004). Fur Sauerstofffugazitaten entlang desli-Puffers wurde ein Aktivierungsvol-
umen von 3+ 0.1 cn?® mol~! und eine Aktivierungsenergie von 255 kJ mblbestimmt.
Das Aktivierungsvolumen bei konstanter Sauerstofffugabetragt 5= 1 cn® mol~L. Die
Zusammensetzungsabhangigkeit kann im Bereich zwischerd735 mol%, tbereinstimmend
mit Mackwell et al. (2004) mit einem exponentiellen Ansatsthrieben werdenDre_mg U

exp((132+13) kJ mol* Xreo/(RT)).

Silikat-Perowskit zeigt deutlich niedrigere Diffusiomsfizienten als die anderen betrach-
teten Systeme. Der praexponentielle Faktor bei Sauétgiafitaten entsprechend des Ni-NiO
Puffers ist(5.1+2.0) x 10~8 m? sec! und die Aktivierungsenergie 484144 kJ mott. Damit
sind die Diffusionskoeffizienten des Silikatperowskitsy die Hauptphase des unteren Erdman-
tels bildet, bei denselben P, T ufi»>-Bedingungen um etwa einen Faktox 20* kleiner als die
von Ferroperiklas. Weil Ferroperiklas nur ungefahr 204ales unteren Erdmantels einnimmt,
werden kinetische Prozesse, die durch Fe-Mg Interdiffubestimmt werden, dominiert durch
Dre-mg Von Perowskit. Simulationen in Verbindung mit theoretesciModellen zeigen, daf3 der

effektive Diffusionskoeffizient des unteren Erdmantel2.4 x Dpyskbetragt.

Die in dieser Arbeit bestimmten Diffusionskoeffizientesnkien in einer vielseitigen Weise
zur Quantifizierung kinetischer Prozesse, die in der Erdaufén oder abgelaufen sind ver-
wendet werden. Dabei verlaufen Prozesse, die von der Gestdigkeit des Fe-Mg Aus-
tausches abhangen, am schnellsten im StabilitatsfelidVexdsleyit und Ringwoodit (410 - 670

km Tiefe). Olivin im oberen Mantel besitzt deutlich kleiseDiffusionskoeffizienten. Bei 12
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GPa fuhrt der Druckeffekt zu einer Verringerung der Difitsit von Olivin um etwa zwei
Grossenordnungen im Vergleich Dge_nmg bei 1 bar und derselben Temperatur. Daher sollte
fur kinetische Modellierungen der Druckeffekt nicht vachlassigt werden. Modellierungen der
Kinetik der Phasenumwandlung von Olivin nach Wadsleyiraotegekehrt wahrend Konvektion
durch die 410 km Diskontinuitat zeigen, dass die Diffuskweffizienten grof3 genug sind, um bei
einer Konvektionsgeschwindigkeit von 5 cm/Jahr fur einei€hgewichtseinstellung zu sorgen.
Allerdings kann es bei deutlich niedrigeren Temperaturerizem metastabiledberschreiten

der Gleichgewichtsphasengrenzen und damit zu einer \feghuag der Diskontinuitat kommen.

Fur den unteren Erdmantel (P 23 GPa) kann die Druckabhangigkeit der Fe-Mg Interdif-
fusion fur Ferroperiklas mit Hilfe von ab initio Berechrganm fur Migrations-Enthalpien und
-Entropien von Ita and Cohen (1997) abgeschatzt werdererdihgs wird bei diesen Ab-
schatzungen vorausgesetzt, dass bzgl. der Druckalgkaiigdie Berechnung fur Mg Selbst-
diffusion zumindest annahernd auch fur Fe-Mg Interdiifun gelten. Es zeigt sich, dass nach
Ita and Cohen (1997) die Druckabhangigkeit des praexpteiken Vorfaktors vernachlassigbar
ist. Damit kann die Druckabangigkeit valivy, mit einem einfachen quadratischen Ansatz
beschrieben werden. Die Extrapolation des Fe-Mg Intarsidinskoeffizienten fuhrt entlang
einer Manteladiabate zu einer Abnahme der Diffusivitataberen Teil des unteren Erdman-
tels aufgrund des Druckeffektes. Im unteren Bereich desrantErdmantels geht das Ak-
tivierungsvolumen nahezu gegen null und der Temperattiegn&ihrt zu einer Zunahme des
Diffusionskoeffizienten. Insgesamt variiert der so bensté Interdiffusionkoeffizient von Fer-
roperiklas um weniger als einen Faktor von 10. Daher ist ditlerer Diffusionskoeffizient
von 4x 10~ m? sec’? bei Xreo= 0.1 und einer Sauerstofffugazitat, die dem Ni-NiO Puffer

entspricht, eine gute Naherung IDge_nvg im unteren Erdmantel.

Fur Silikatperowskit konnte aufgrund des begrenzentemcKlyereiches, der mit Hilfe der
Vielstempel-Technik untersucht werden konnte, kein Aktiungsvolumen bestimmt werden.
Daher wurden in dieser Arbeit zwei Grenzfalle betrachibetr Druckeffekt wird vernachlassigt
(AV; = 0) oder es wird ein Wert voAV, = 2.1 cn® mol~! (Wright and Price, 1993) angenom-
men. Im ersten Fall steigt entlang einer Manteladiabat®iffesivitat von ~ 10718 m? sec?

bei 24 GPa auf % 1071°*m? sec'! bei 136 GPa. Im zweiten Fal\y/, = 2.1 cn?® sec ) wird auf-
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grund des gegensatzlichen Temperatur- und Druckeffektas wesentlichen konstanter Fe-Mg
Interdiffusionskoeffizient{ 1018 m? sec'!) beobachtet. Diese Werte gelten bei einer Sauer-
stofffugazitat entsprechend des Ni-NiO Puffers. Fuumeérende Verhaltnisse, die ungefahr der
heutigen Fe-Verteilung zwischen Kern und Mantel der Erdspmachen, isDre_mg Um etwa

einen Faktor 14 kleiner.

Da die Kinetik im unteren Mantel im wesentlichen v@e mg von Silikatperowskit
abhangt, zeigen die in dieser Arbeit bestimmten Diffusiaeffizienten, dal3 keine effek-
tive Reaquilibrierung im unteren Erdmantel durch reindudeendiffusion stattfinden kann.
Reaquilibrierungsdistanzen sind selbst auf einer Zaitsler gesamten Erdgeschichte nicht viel
grol3er als 1 m. Da diese Werte mit Fe-Mg Interdiffusion$koenten abgeschatzt wurden, sind
fur Elemente wie Ni oder Co ahnliche Werte zu erwarterr. Hémente mit groRerem lonenra-
dius und/oder hoherer Wertigkeit wie Ca, Rb, Sr, Nd, Hf dlaverden noch kiirzere Distanzen
erwartet, weil im allgemeinen der Diffusionskoeffizient fiese Elemente kleiner al¥-e_mg
ist. Damit konnten Teile der ozeanischen Kruste oder kemtiale Sedimente, die durch Subduk-
tion in den unteren Mantel gelangen, sehr lange als eigedgjé chemische Signatur bestehen,

sofern kein anderekquilibrierungsmechanismus als Volumendiffusion winkseird.

Die maximal mogliche Entfernung eines chemischen Austaesan der Kern-Mantelgrenze
betragt~ 800 m. Dieser Wert ist nur dann gultig, wenn fur Silikatpeskit ein moglicher Druck-
effekt vernachlassigt wird\V; = 0) und die Temperatur in der thermischen Grenzschicht an der
Kern-Mantel-Grenze bei etwa 5000 K liegt. Ansonsten wendegsentlich niedrigere Werte fir
die Austauschlange abgeschatzt. Damit zeigen die Reésulieser Arbeit, dal3 im Laufe der
Erdgeschichte kein effektiver Austausch zwischen Erdkerth Erdmantel alleine durch Volu-

mendiffusion stattgefunden haben kann.

Als letzter Punkt wird in dieser Arbeit eine mogliche Raed#ifprierung nach einer Gleich-
gewichtseinstellung von siderophilen Elementen unteehdbricken in einem Magmenozean
betrachtet. Das flussige Metall mul3 den festen unteren &mtkhpassieren, um den Kern der
Erde zu bilden. Die Diffusionskoeffizienten, die in diesaeb@it bestimmt wurden, zeigen,
daf’ im Fall einer Separierung in Form grol3er Diapire keigaiBkante Veranderung der El-

ementhaufigkeiten stattfindet, wohingegen im Falle dekd?ation sich eine neue Verteilung
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einstellt und die urspriingliche Signatur zerstort witd.der Zukunft miussen weitere Studien
durchgefiuihrt werden, um die Frage der Benetzungswinkeiniteren Erdmantel eindeutig zu
klaren und damit eine bessere geochemische Antwort aWelteilung der siderophilen Ele-

mente zwischen Erdkern und Erdmantel der Erde finden zuddnn
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Abstract

In this study Fe-Mg interdiffusion coefficients were detered at pressures between 6 and 26
GPa and temperatures between 1653 and 2273 K for variousitcens minerals of the Earth’s
mantle employing a multianvil apparatus. Minerals invgastied include olivine, wadsleyite, fer-

ropericlase and (Mg,Fe)SgG3ilicate perovskite. The main aims of this study were:
¢ To extend the existing diffusion data set for olivine to grges in excess of 8 GPa.

e To constrain the activation energy for diffusion in wad#ieyver a larger temperature

interval than that of the previous study of Chakraborty e(899).

e To determine Fe-Mg interdiffusion coefficients for ferropkase, the second most abun-

dant phase in the Earth, over a wide pressure range up to 23 GPa

¢ To determine Fe-Mg interdiffusion coefficients for siliegierovskite, the most abundant

mineral in the Earth.

For ferropericlase and olivine, single crystal diffusioouples were used whereas for wads-
leyite and silicate perovskite only presynthesized polytiline diffusion couples could be em-
ployed. In the case of olivine, diffusion along the c cryletgitaphic direction was investigated.
As capsule material, Au and Ni-NiO capsules were chosenlfane and Ni-NiO capsules for
wadsleyite, ferropericlase and silicate perovskite. Iditoh, in the case of perovskite, single
crystal MgO capsules in contact with metallic Fe were emg@tbyTherefore, because the oxy-
gen fugacity was not fixed at a constant value but varied ighsblid state buffers Ni-NiO and
Fe-(Mg,Fe)O with pressure and temperature, activatiorggggand activation volumes include

this variation inf O,. To retrieve activation energies and volumes at congt@at a correction

15



16 Abstract

was performed but is subject to large uncertainties beaafséack of a calibration of the buffer

systems at the conditions of the experiments.

Diffusion profiles were measured after the diffusion expemts either by electron micro-
probe analysis (EPMA) or for profiles 8 ym long by energy dispersive X-ray spectrometry on
a transmission electron microscope equipped with a scgnmiit (EDX-STEM). In the case of
olivine and silicate perovskite, diffusion coefficientsre/éound to be essentially constant within
the compositional range investigated resulting in symizedtdiffusion profiles. In this case,
the profiles were fitted with an analytical solution to thdukfon equation. On the other hand,
wadsleyite and ferropericlase exhibited strongly asymimptofiles implying a strong composi-
tion dependence of Fe-Mg interdiffusion. For elucidating tompositional dependence, profiles

were simulated using the finite difference method.

The activation volume of olivine along the Ni-NiO buffer wasnstrained to be .6 +
0.5 cn® mol~1. A fO, correction leads to an activation volume of47% 1.0 cn® mol! at
constantfO,. The temperature effect observed at 12 GPa in Au capsulemsstent with the
1 bar activation energy employing a pressure &3 correction. This observation leads to
the conclusion that results obtained from Au capsule erparts (Chakraborty et al., 1999) are

consistent with arf O, at the Ni-NiO buffer.

Therefore, results obtained for wadsleyite at 15 GPa an®-1673 K in Ni-NiO cap-
sules were combined with the previous results by Chakrgbetrial. (1999) resulting in an
activation energy of 268 30 kJ mot! along the Ni-NiO buffer at 15 GPa. The composi-
tional dependence of diffusion is stronger than for olivame can be described by a factor of

exp{(11.8+1.5)Xre,sio, }» WhereXee,sio, is the mole fraction of F£5iOy in the solid solution.

Ferropericlase experiments were performed over a presange between 8 and 23 GPa
leading to an activation volume of3+ 0.1 cm® mol~1 along the Ni-NiO buffer. This value cor-
responds to an activation volume of3 cn® mol~! at constanf O,. The activation energy was
determined to be 255 16 kJ mot ! along the Ni-NiO buffer and the compositional dependence
of exp{ (1324 13) kJ mol Xeeo/ (RT) }, whereXgeois the mole fraction of FeO, was found to

be consistent with a model at 1 bar of Mackwell et al. (2004).
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Fe-Mg interdiffusion in (Mg,Fe)Si@ perovskite is orders of magnitude slower than in the
other investigated phases. At oxygen fugacity conditidniseNi-NiO buffer, the preexponential
factor is(5.1+2.0) x 10-8 m? sec ™! and the activation energy is 484144 kJ mot*. Compared
to ferropericlase witiXreo = 0.05— 0.1 the difference in the Fe-Mg interdiffusion coefficient is
on the order of a factor of 2 10%, with the smaller diffusion coefficient in perovskite. Basa
perovskite is believed to be the dominant phase in the lowatia (~ 80 vol%), the effective
diffusion coefficientDet¢ Of the lower mantle should be mainly determined by the diffas
coefficient of perovskite. An effective diffusion coeffioteof Dett = 2.4 x Dpyskwas estimated
assuming that ferropericlase occurs as isolated grains.

The very low rates of diffusion in silicate perovskite anchte in the lower mantle implies
that reequilibration kinetics in the lower mantle are veligns Detailed calculations show that
even on the time scale of the age of the Eartls (410° years) the reequilibration distance is
only ~ 1 m. Therefore, chemical heterogeneities in the lower reargkulting for example from
subduction, cannot effectively be erased by lattice difflaslone. Only in the thermal boundary
layer at the core-mantle boundary larger interaction dista ¢ 10-800 m), depending on the
model used, might exist. During core formation, extenseerjuilibration of percolating liquid
metal in the lower mantle occurs on timescales-0100000 years whereas large diapirs would

never reach a new equilibrium state with surrounding oxatessilicates.
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Abstract



Chapter 1

Introduction

1.1 Motivation

For a given chemical system at constant pressure and tetuperéghe Gibbs free energy is
the thermodynamic potential that determines what phasestable (e.g. Denbigh, 1981). In
nature and technology, systems are often displaced inyreessid temperature space and the
system has to reach a new equilibrium state. Such processlee mantle of the Earth would
be rising plumes, descending subduction slabs, or rebaation of minerals with percolating
fluids and melts. The time scale, over which reequilibratoours, is determined by kinetics.
Many such processes are rate limited by diffusion. Theesdmderstanding diffusion is essential
in constraining time scales of processes and life times tdrbgeneities and thermodynamic
disequilibria.

Most diffusion studies on naturally occurring minerals édeen performed at 1 bar, ex-
ploring the temperature and composition dependence (®ettB.2). In contrast, the pressure
dependence is not well constrained due to experimentatdiies such as keeping pressure and
temperature conditions of diffusion experiments consiana long time or having large enough
sample space to accomodate diffusion couples. Hence,fdet ef pressure on diffusion is often
neglected. For geological processes occurring in the Banthst, this assumption might be jus-
tified judging from previously reported activation voluneggliffusion, but ignoring the pressure
dependence may lead to substantial errors for processegiogcat greater depth in the Earth’s
mantle or core. For example in Misener (1974) an activatmome for Fe-Mg interdiffusion of

5.5 cn? mol~! was determined experimentally, leading to a decrease fosdifty of 2 orders of

19
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magnitude over a pressure interval of 12 GPa at 1673 K. Héne&quilibration timéeq would
be 2 orders of magnitude longer in the upper mantle just abie/éransition zone for the same
diffusional length scalegis as compared to processes occurring at the Earth’s surfaceide

Xdit O /Dteg, Where D is the diffusion coefficient.

The effect of pressure on diffusion might influence, for epéen calculations of entrap-
ment of melt inclusions and subsequent polybaric reeqatilon where normally pressure-
independent expressions for diffusivity are applied (Egjtrell et al., 2002; Gaetani and Watson,
2002). The simulation of Cottrell et al. (2002) shows that tbsults are very sensitive to small
variations in the diffusion coefficient for small values bétreduced time = t ks R"2 wheret is
time, K is the diffusion coefficient in the host phase &@ the radius of the inclusion. Another
example from the (Mg,FepiO, system are studies of the kinetics of the phase boundaryeof th
olivine = wadsleyite transition. The growth of wadsleyite from afigishould be rate limited
by interdiffusion in olivine (Rubie, 1993). In the study obl8matov and Stevenson (1994) an
Fe-Mg interdiffusion coefficient of 10t° m? sec'! was used whereas, as shown above, extrap-
olation of diffusion data employing the activation volumetermined at lower pressures would

predict significantly smaller D values and therefore lortgee scales.

Only few diffusion studies exist for high pressure phaseshss silicate perovskite. The
reason for this lack of data is the difficulty of maintaininigin pressure and temperature con-
ditions to stabilize the high pressure phases for such atiomgthat diffusion profiles can be
measured. Although the diamond anvil cell can reach presayr to several 100 GPa, equivalent
to conditions of the Earth’s core, the sample volume is ngtdmough to accomodate diffusion
couples. On the contrary, the multianvil apparatus is clgpabfulfilling these requirements up
to pressures of more than 25 GPa and temperatures well abo@e< In the last few years the
setup of a new 5000 t multianvil press at the BayerischesrSgnit lead to the possibility of
performing multianvil experiments at stable pressure antpierature conditions on time scales
up to several days with large volume samples (up to Fmn22 GPa, Frost et al., 2003). The
experiments reported in this study were performed at pressietween 6 and 26 GPa at tem-
peratures between 1623 K and 2273 K for time durations indhge of 5 minutes up to 3 days.

In combination with microanalytical techniques (ChaptgrsBich as the electron microprobe or
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for smaller length scales the analytical transmissiontedaamicroscope (Meif3ner et al., 1998),
interdiffusion coefficients on the order of 1¥ m? sec! can now be determined with diffusion

couple experiments at pressures as high as 26 GPa with edds@tcuracy.

Only two studies of Fe-Mg interdiffusion in wadsleyite exia the literature at present
(Chakraborty et al., 1999; Farber et al., 2000). In the swid¢€hakraborty et al. (1999) two
experiments are reported, that span a temperature rangdyof@0 K. The experiments of Far-
ber et al. (2000) were all performed at one temperature. €fbier one aim of this study is to
better constrain the activation energy of Fe-Mg interdiifun in wadsleyite by performing ex-

periments at higher temperatures than Chakraborty et@9(1

Numerous applications of diffusion coefficients exist,Istieat only a few can be highlighted
in this paragraph. For example, the knowledge of interdiin coefficients of the phases form-
ing the lower mantle will help in understanding such fundatakquestions as the grain size in
this part of the Earth. In a simulation of the grain size in lihvger mantle by Solomatov et al.
(2002), diffusion coefficients for Si self diffusion wereké&an from Yamazaki et al. (2000). But
up to now it is not established what the slowest diffusingcggeein silicate perovskite is. For
silicates with SiQ tetrahedra, Si diffusion is much slower than Fe-Mg intdugiion (e.g. Brady,
1995). But the structure of silicate perovskite is quitéedtdnt, containing Sigoctahedra, (Sec-
tion 1.3.1) and therefore this assumption needs to be té&tetesults from a theoretical study
of relative diffusivities in perovskite see section 1.32¢-Mg partitioning experiments between
magnesiowustite and magnesium silicate perovskite@rshow that Fe-Mg exchange is a very
slow process in perovskite at least at reducing conditiéinest and Langenhorst, 2002). The
data on diffusion will be used in section 6.5.5 to constramekcally some recently-proposed
core forming scenarios. In these models a magma ocean aekistsearly stage of Earth’s his-
tory with a depth of approximately 1000 km. The current disttion of siderophile elements
between the core and the mantle would be established by-siktate equilibration at the base
of the magma ocean. Subsequently, after the equilibratientethe liquid metal has to descend
through the solids forming the lower mantle either by largguts or by grain boundary wetting.
The extent of reequilibration and hence obliteration ofsttkerophile element signature is con-

troled by diffusion in the solids and therefore the knowledad diffusion coefficients becomes
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essential in understanding this process.
Results of previous diffusion studies of olivine, wadsleyierropericlase and silicate per-
ovskite are summarized in Section 1.3.2. The most impo&spécts of the theory of diffusion,

as needed as a background for this study, are given in thesaetion.

1.2 Theory of diffusion
1.2.1 Definition of diffusion

“Diffusion and mass flow or drift result from individual jurspf atoms and/or point defects
in the solid” (Philibert, 1991). In the case of a crystalls@id, periodic jumps occur between
distinct lattice sites (Shewmon, 1989). Random walk theleyefore provides the link between
macroscopic diffusion coefficients, as defined below an@erpentally determined in this study,

and microscopic motion of individual atoms in the structure

1.2.2 Macroscopic theory of diffusion

In a macroscopic linear theory, without considering therastic details of the diffusion process,

the diffusion coefficient is defined by Fick’s first law (Fickg55):
Ji = —Diln; (1.2

whereJ; is the flux of component i, in terms of the number of atoms ¢ngga unit area perpen-
dicular to the flux-direction in unit timey; is the number of atomisper unit volume an®; is
the diffusion coefficient for atoms i. Hence, the diffusiarefficient relates the vectds to the
vectorl[ln;, the gradient of the concentration, and is therefore a seamk tensor (Nye, 1985).
When measuring diffusion coefficients in non-cubic mateyithe direction dependence has to
be taken into account (see section 1.2.7).

Equation 1.1 is valid at a local point in space and time. Dugnéofact that local fluxes are
difficult to dermine directly, only in very special circunasices, in the case of a local steady state,
can Equation 1.1 be used to determine the diffusion coeffi¢gezg. permeation experiments as
described in Philibert, 1991). In the non-steady state revtige concentration distribution is a

function of time, which is the normal situation in a diffusiocouple experiment as used in this
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study (Chapter 2.3), Fick’s second law is used for measuhagliffusion coefficienD;:

% = 0-(DiOny) (1.2)
Equation 1.2 can be derived from Equation 1.1 by considehagonservation of atoms i during
the diffusion process (see Allnatt and Lidiard, 1993, falads). Ficks second law is a parabolic
partial differential equation of the second order, mathtgzaly equivalent to Fouriers law of heat
conduction, and solutions for many initial and boundarydibbons are listed in Crank (1979) and
Carslaw and Jaeger (1946). For other forces apart from aeotration gradient, Equation 1.1
has to be extended. For any fof€groduced by a potential gradielat= —[V it can be shown
that Equation 1.2 has to be written as (Shewmon, 1989):

oni ~ . nlv
™ — o0 on+ (L.3)

if the diffusion coefficientD; is position and concentration-independent. For limitaiof the

linear theory (Equation 1.1) see Allnatt and Lidiard (1993)

1.2.3 Microscopic theory of diffusion

Diffusion takes place by the hopping of atoms between ktsites. For random jumps with
equal probability of jump directions, following Einsteit905), the diffusion coefficiend in

one direction is related to the mean-square displace®&ntin a time intervat by:

D= <>;t—2> (1.4)

A number of possible different diffusion mechanisms exmtexample direct exchange, va-
cancy, interstitial, or intersticialcy. Divalent catioiifdsion in silicates and oxides is assumed to
occur mostly by a vacancy mechanism. Vacancies are eittrgrsically or extrinsically created.
The abundance of intrinsic lattice vacancies varies withperature and their presence is ther-
modynamically favored because the free energy of the systémwered due to mixing effects,
whereas extrinsic vacancies are created by aliovalentitutizen or by oxidation of transition
metal ions like Fe (Ganguly, 2002). In an Arrhenius plot &kksobserved with a steeper slope
at high temperature for the intrinsic regime and a shall®hsge for the extrinsic regime at lower

temperature (e.g. in the NaCl system see: Mapother et &0)1Buening and Buseck (1973)
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also observed such a kink in the olivine system, but this asien was later disproved by
Chakraborty (1997, see section 1.3.2). In addition to thesital intrinsic and extrinsic regime,
Chakraborty (1997) proposed an additional regime for Faribg silicates due to the fact that
unlike in a pure extrinsic case the concentration of poiriécts changes with temperature be-
cause, based on the redox reaction of Fe, tHé fre** ratio changes with temperature as well.
As a consequence the activation energy comprises a sum afation and a migration enery
(like in the intrinsic case). This diffusion regime is temrigransition metal-extrinsic” (TaMED)
by Chakraborty (1997). TaMED posesses both extrinsic (defencentration is controlled by
a chemical potential at a fixed P, T, and major element cortipo¥iand intrinsic (change of
concentratiton of vacancies with P and T) character.

In the literature various types of diffusion coefficiente a@efined and often used inconsis-
tently. The self diffusion coefficient of component A debes the diffusion of A in the absence
of a concentration gradient. If the diffusion of a tracer ssidered, depending on the kind
of mechanism, successive jumps of an atom are correlatedihendiffusion coefficient of a
tagged atom in a medium is then called a tracer diffusionfoefit: D* = f - Drangom Where
D* is the tracer diffusion coefficient, f is the correlationttarcdescribing the non-randomness of
subsequent jumps, amangomis the diffusion coefficient derived by uncorrelated randeatk
(Philibert, 1991). Often this process is also termed sédiision. In addition to the correlation
effect when using a different isotope for the study of tratiffusion, also the isotope effect (dif-
ferent isotopes have different masses and hence sligtitéyretit vibrational frequencies) might
become important.

The tracer diffusion coefficient in its atomistic form dedsimn a complex way on a variety of
parameters such as the underlying diffusion mechanisnpdeature, and f@ As an example,
for a vacancy controlled diffusion mechanism in a transitieetal oxide, considering correlation
of successive jumps, the tracer diffusion coefficiehfor a cation can be written in its atomistic
form as (Philibert, 1991):

D* = fNyDy (1.5)

wheref is the correlation coefficient (Bardeen and Herring, 195R),is the vacancy diffusion

coefficient, and\\, is the vacancy concentration. Inserting the appropriatatons for the
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vacancy diffusivity and the vacancy abundance (includimgfO, dependence) in Eq. 1.5, the

complete expression for the tracer diffusion coefficiertagved (Philibert, 1991)

f m o yf
D* = Ba?vfAy (foz)mexp<a}1+s’> exp(—%) (1.6)

wheref3 is a geometrical factoag s the lattice constany,is a vibration frequency is a constant,
mis a constant depending on the charge state of the vacgpis/the vacancy migration entropy,
Sf, is the effective vacancy formation entropy (Philibert, 19H"" is the vacancy migration
enthalpy,H\; is the effective vacancy formation enthalfyis Boltzmann’s constant, and T is
temperature (for the pressure dependence see sectioh 1.2.6

In computer simulations self-diffusion coefficients aréeatated employing equations corre-
sponding to EqQ. 1.6 using a variety of computer simulatichméques (e.g. Ita and Cohen, 1997,
Vocadlo et al., 1995; Wright and Price, 1989). Althoughteoitassumptions have to be made in
order to keep computation times reasonable, comparisahsexperimentally determined diffu-
sion coefficients are often relatively encouraging. Thamefthey may be used for extrapolation
of experimentally determined values towards P and T camltthat are not reachable by exper-
iment. This approach is used in Chapter 6 to extrapolatasidgh data to conditions of the lower
mantle.

Most systems are thermodynamically nonideal and in additioa concentration gradient
other driving forces such as chemical potential gradiemtsnore precisely the nonideal part of
the chemical potential gradient), stress gradients or éeatpre gradients exist (as already indi-
cated in Section 1.2.2). The role of stress gradients angeaeature gradients in the experiments
of this study are investigated in section 5.7.

Fluxes of different species are usually coupled due to caim$ of electroneutrality and
conservation of lattice sites in a crystal. In this study enais forming Fe-Mg solid solutions are
investigated. Because the flux of Fe-atoms in one directieoupled with a flux of Mg-atoms in
the other direction (in the microscopic picture also withux fbf vacancies), in a single diffusion
couple experiment, employing two endmember crystals witliffarent Fe-Mg concentration,
only one independent Fe-Mg interdiffusion coefficient candetermined for each profile (Fe
or Mg). In that context the term chemical diffusion is usede@ical diffusion describes the

exchange of chemical components (Brady, 1975a) and nattsteuelements in the sense of
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Schmalzried (1995). Different equations exist for relgtomemical diffusion coefficients deter-
mined in interdiffusion studies with microscopically defthself diffusion coefficients depending
on the system under investigation (for metals: Darken (.948ionic compounds: Barrer et al.
(1963); Brady (1975a); Manning (1968)). In all of these emres, for a dilute component in a
diffusion couple, the ideal part of the chemical diffusiarefficient equals the tracer diffusion
coefficient of the dilute component (Chakraborty, 1995).alnonideal solid solution the situ-
ation becomes more complex because an additional thermaadgrfactor has to be included
(Chakraborty, 1995). In Section 5.2 not only Fe-Mg intdtdifon in olivine has been measured

but also the diffusion of the dilute components Ni and Mn wegtermined.

1.2.4 Oxygen fugacity dependence

For most mineral systems in the Earth, it is assumed thaidrcdiffusion occurs via vacancies.
In the case of Fe-bearing solid-solutions the concentraiforacancies is a function of the oxy-
gen fugacity. For example in ferropericlase, (Mg,Fe)O, oray write according to Chen and
Peterson (1980) and Poirier (2000):

l "

> (O2)g +2F€)e = Op +Vy + 2Fd; (1.7)
using the Kroger-Vink notation, where a structure elen{&shmalzried, 1995) is described as
Sq with S denotes the atom or point defegthe electric charge with respect to the perfect lattice
(x = neutral,’ = negatives = positive), and the sublattice on which S resides. With théFéon

an electron hole is associated and therefore the equitibconstank; 7 of Equation 1.7 can be

written as:
V// h. 2
Ki7 = Ml 1 - (1.8)
(fO2)2
The electroneutrality condition is:
2 [VM} =[h]. (1.9)

Combining Equations 1.8 and 1.9 and usihg] [V,(;l] (compare with Eq. 1.5) leads to the ideal

fO, dependence:

ol

D O [Vy] O (fOy)8. (1.10)
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An equivalent analysis for majority defects in other mitger@an be made. A detailed study
for olivine can be found in Nakamura and Schmalzried (19884). The treatment should be
similar for the high pressure polymorphs of olivine. Siteperovskite has a much higher’fe
content even at low oxygen fugacities. For this phase tlhatsin is more complicated because
Fe* can also be incorporated into the Si-site as a coupled suiisiti or charge balanced by O
vacancies (Lauterbach et al., 2000; Frost and Langent2®@2). No rigorous quantitative treat-
ment of the point defect chemistry of Fe-bearing perovskita respect to transport properties

so far exists in the literature.

1.2.5 Temperature dependence of diffusion
The diffusion coefficienD depends strongly on temperature because diffusion is antilgr
activated process. Often it is found experimentally dbllows an Arrhenius relationship:

D=Do exp[—%} (1.11)

whereDy is the preexponential factoE, is the activation energy, R is the universal molar gas
constant, and is temperature. Equation 1.11 implies that in a plot oflogersus the inverse
temperature, a linear relationship is observed where thegjjives the activation energy (Fig.

1.1).

The dependence on temperature may be understood in thewaknef the theory of the
activated complex. Local fluctuations in energy, respdaddr a successful jump of an atom to
another crystal site, occur with a frequency dominated bykzBiann exponential factor (All-
natt and Lidiard, 1993). As shown in section 1.2.3 the cotraéion and mobility of vacancies
depends exponentially on temperature. Hence a diffusiongss with a vacancy mechanism

should also be exponentially dependent on temperaturel(Bgl.6).

Nevertheless one should be aware that the Arrhenius lawtismweersal, and might break
down in cases where there is a change in diffusion mecharaggtrir(sic to intrinsic diffusion

transition, see Section 1.2.3), impurities or microstuugitirregularities.
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1.2.6 Pressure dependence of diffusion

A recent review about diffusion at high pressure with a detadescription of models for the
effect of pressure on diffusion was given by Béjina et alQ®). The pressure dependence of
diffusion is derived by considering the free ene@yof the activation process. The self-diffusion
coefficient at variable pressuReand temperatur&, D(P, T), is then given by (Sammis et al.,
1981):

D(PT) = (Do)/EXp{_F??a} (1.12)

WhereD'0 = Ba’v (see Eq. 1.6). The Gibbs free energy for activation can beesspd at variable

temperature and pressure as:
AGa=AHa—T-AS, AHa=E;+P-AV, (1.13)

wherelAHj, is the activation enthalpyg, is the activation energy\V; is the activation volume
andAS; is the activation entropy. Equation 1.13 is inserted inta&opn 1.12, giving:

D= {D/Oexp[—%} }exp {—W‘} (1.14)

where the expression inside the curly brackets is the caioreal preexpoential factddg. The
pressure dependence of the vibrational term is usuallylgPlalibert, 1991) and therefore ne-
glected, although the equations used are normally onlyl ali very simple metals. IAS; is
assumed to be pressure independent, the activation voleg@nesAV; = —RT(dInD/0P) =
0AH, /0P Poirier (2000). For chemical diffusion the same formalissriraEq. 1.14 is applied
for the interpretation of the diffusion data in Chapter 5.

The graphical determination of the apparent activationwva is shown in Fig. 1.1. If the ac-
tivation volume and the activation energy are constant theepressure and temperature regime
studied, straight lines are observed if the logarithm ofdtieision coefficient is plotted versus
inverse temperature or pressure. Otherwise, only theritestaous activation energy at a certain
temperature or the instantaneous activation volume attaiogaressure can be determined. If
the dominant diffusion mechanism changes (for examplersitian from extrinsic to intrinsic

diffusion) a kink in the correlations shown in Figure 1.1 Wbhe observed.
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Figure 1.1: Graphical interpretation of the activation energy and tttézation volume. A:
The activation energkg, is calculated from a slope of Idyversus the inverse temperatdre
At a pressurd® = P = 1 bar the slope directly gives the activation energy wheataggh
pressure the slope gives the combined pressure and teomgeeditect. B: The activation
volumeV; is calculated from the slope of I@yversus the pressure.

1.2.7 Direction dependence of diffusion

In Eq. 1.1, Fick’s first law, the diffusion coefficient relatthe vector concentration gradient to
the vector flux. Therefore the diffusion coefficient is a setoank tensor. Only for amorphous
or cubic materials the diffusion coefficient is directiordependent. Equation 1.1 can be written
as:

J = DjjC; (1.15)

whereJ; equals the flux in the i-directior§G; is the concentration derivative in the j-direction,
the Djj are the corresponding components of the diffusion tensaf,the Einstein summation
convention is assumedavfien a letter suffix occurs twice in the same term, summatitnre+
spect to that suffix from 1 to 3 is to be automatically undedtdye, 1985). TheDj; form a
symmetric second rank tensor (Ganguly, 2002) and the indkgre components for each crystal
system can be found in Nye (1985) or Haussuihl (1983). Asidsed in the next section, olivine,
wadsleyite and silicate perovskite are orthorhombic, waefferropericlase is cubic. Therefore,

the diffusion coefficient as a second rank tensor does nardepn direction in ferropericlase.
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For the orthorhombic system three independent compongists which areD11, D22, andD33

for the normal convention of the crystal-physical coortimasystem (Nye, 1985).

1.3 Mineralogical model of the Earth’s mantle
1.3.1 Phase stabilities and structures

In Figure 1.2 a section through the Earth’s mantle is showtlirong the stability ranges of the
most important mineral phases. The upper mantle is dondriageolivine which transforms
at 410 km to its high pressure polymorph wadsleyite. Wadslag stable down to a depth
of approximately 520 km where it transforms to ringwoodiféne olivine phase diagram was
determined by Akaogi et al. (1984), Akaogi et al. (1989),9(ah and Ito (1989), Morishima et al.
(1994), and Suzuki et al. (2000). At 670 km ringwoodite deposes into silicate perovskite and
ferropericlase (Ito and Takahashi, 1989). The precisehdefthis decomposition and the nature
of the 670-km discontinuity is currently debated due to néde situ multianvil and diamond
anvil studies (Chudinovskikh and Boehler, 2001; Irifunelet 1998; Katsura et al., 2003; Shim
et al., 2001a). With increasing depth silicate perovskéedmes more Al-rich consuming the
majoritic garnet (Wood, 2000). Pyroxenes are only stabteepths less than 480 km where they
react to form majorite (Akaogi and Akimoto, 1977). At 580 kma-ferovskite becomes stable
taking the Ca-component from majoritic garnet (Liu, 197%).more extensive review about
phase stabilities and mantle discontinuities can be foaribirier (2000).

As outlined in section 1.1 and is evident from the last paphr diffusion coefficients are
needed for the minerals shown in Fig. 1.2 for constrainimgec processes occurring in the
Earth. This study focuses mainly on Fe-Mg interdiffusionaainction of pressure and tem-
perature in olivine, wadsleyite, silicate perovskite aaddpericlase. In addition, Ni and Mn
diffusion in olivine was also investigated.

Olivine crystallizes in the orthorhombic space group Pbnimus diffusion in olivine is
anisotropic (see section 1.2.7). The oxyen atoms form ardést hexagonal array parallel to
(100) planes. For the divalent cations two different octliaesites M1 and M2 exist, where in
(Fe,Mg)»SiO; solid solutions the larger B& ion is incorporated preferentially into the smaller

M1 site (Deer et al., 1992). The M1 octahedra form edge-sbarhains along the crystallo-
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Figure 1.2: Section through the Earth’s mantle. In (A) the abundance iokrals in the

depth-interval 100 - 800 km (redrawn from Jackson and Rigd@®88) with original data
from Irifune (1993, 1994)), and in (B) a schematical sectiorough the whole mantle is
shown.
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graphic c-direction probably forming a relatively fastfdgion pathway because the c-direction
is also the fastest diffusion direction. For a detailed aléston of the relation of diffusion and

structure in olivine see Morioka and Nagasawa (1991).

The two high pressure polymorphs of olivine, wadsleyite angwoodite, have structures
that are closely related to each other. Whereas ringwobd#ea normal spinel structure, wads-
leyite has a modified spinel structure. The oxygen atomsgweoaimately cubic closed packed
but the cations are on different positions than in a normededp The modified spinel and the
spinel structure can be understood by stacking of slabslglai@ (110) in the spinel structure
(Putnis, 1992). The symmetry of wadsleyite is orthorhomi#is in olivine, edge sharing oc-
tahedra exist in wadsleyite running along the b-axis. Initemldthe structure consists also of
double chains of octahedra oriented along the crystalffgcaa direction (Finger et al., 1993).
From the structural point of view it is difficult to estimateetextent of anisotropy although the
close relationship to the spinel structure might imply iheg not very pronounced and diffusion

coefficients of wadsleyite and ringwoodite might be similar

Ferropericlase crystallizes in the halite NaCl(B1) stuuet space group Fm3m. The pure
endmember periclase retains this structure into the megabasure range (Duffy et al., 1995;
Dubrovinsky et al., 1998). Fe-bearing solid solutions steodisproportionation at pressures
above 85 GPa and temperatures up to 1100 K in the externaltgdheiamond anvil experiments
by Dubrovinsky et al. (2000a,b). The driving force for thescdmposition was attributed either
to the transition of the Fe-bearing endmember wistite ftioenB1 to a NiAs or anti-NiAs (B8
or a-B8) or possible changes in the magnetic structure ®f FEor the diffusional properties a
structure change from B1 to B8 would imply a change from ot to anisotropic diffusion.
Recent results by Badro et al. (2003) show a change from tpghts low spin of Fé in
ferropericlase withXreo = 0.17 between 60 and 70 GPa. This phase change would change
the diffusivity by altering the vibrational frequency teim Equation 1.6. In addition, due to
a resulting change in the Fe-distribution between ferriofgese and coexisting perovskite, the

diffusivity in the lower mantle would be changed by a composal effect.

(Mg,Fe)SiQG silicate perovskite has the orthorhombic Pbnm Gd-stucture. Hence, dif-

fusion is anisotropic. An extensive review of the perowskiructure is given in the recent book
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by Mitchell (2002). The ideal structure consists of corriekéd SiQy octahedra forming 12-
coordinated cation sites in between the octahedra. Thati@vifrom cubic symmetry occurs by
the tilting of the Si@ octahedra and displacement of Si from the center of an odtahe With
respect to diffusion this change in structure is minor whemgared to the anisotropic arrange-
ment of edge-charing polyhedra chains e.g. in olivine (b@@@). Even in olivine the anisotropy
is only approximately a factor of 6 between the slowest dioec(b) and the fastest direction
(c) at~ 1373 K. Therefore the extent of anisotropy in silicate pekite is expected to be very
small.

In the literature is an ongoing debate about whether therstanctural phase transitions for
silicate perovskite at conditions ef 25 GPa and elevated temperatures (conditions of the multi-
anvil press used in this study). Wang et al. (1992) concludékleir electron microscopy study
of (Mg,Fe)SiQ perovskite that, based on twin morphology, analog studes theoretically pre-
dicted twin laws, silicate perovskite might be cubic abo83 K and 26 GPa. However, such a
phase change is not detected in situ by X-ray diffractiondieanond anvil cell. The most recent
study by Shim et al. (2001b) only shows the possibility of agghchange from the orthorhombic
space group Pbnm, stable at low pressures and temperatuegber P2/m, Pmmn, or P4nmc
above 83 GPa and 1973 K.
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1.3.2 Summary of existing diffusion data

General remarks

The section about existing diffusion data should summatittesion data relevant for this study.
This includes mainly Fe-Mg interdiffusion or cation diffaa studies for olivine, wadsleyite,
ferropericlase and silicate perovskite. Numerous studieSi or O diffusion in olivine exist but
are not explicitely cited here because these componenesveefurther investgated in this study.
General reviews for diffusion data covering a large varatyninerals and different species can
be found in Brady (1995) and especially for other high presgiases in Béjina et al. (2003).
On the contrary, Mg, Si and O self-diffusion studies in fpedclase and silicate perovskite are
described to some extent because they are the only existihgpressure data available for these
phases. Especially interesting is the relative differenic8i and O self-diffusion compared to

Fe-Mg interdiffusion in silicate perovskite.

Olivine

Several studies for diffusion of octahedral cations havwenlgerformed at 1 bar and elevated
temperatures and varying oxygen fugacities (Clark and |.&8@1; Buening and Buseck, 1973;
Misener, 1974; Hermeling and Schmalzried, 1984; NakamndaSxhmalzried, 1984; Jurewicz
and Watson, 1988; Morioka and Nagasawa, 1991; Chakrahb®87; Ito et al., 1999; Petry,
1999a; Petry et al., 2003). Discrepancies that exist betwedifferent datasets are thoroughly
further discussed in Chakraborty (1997). High pressur®Benterdiffusion experiments have
been performed at pressures up to 3.5 GPa by Misener (19@4faber et al. (2000). They
derived activation volumes for Fe-Mg interdiffusion inwtie of 5.5 and 5.4 cfhmol~! respec-
tively. Between 3 and 9 GPa, Fe-Mg interdiffusion experitsenere performed at very low
temperatures, between 873 and 1173 K, by Jaoul et al. (199%&) experiments employed San
Carlos olivine covered with a thin layer of fayalite and th#usion profiles were analyzed by
Rutherford backscattering. Errors for the diffusion caédints reported in Jaoul et al. (1995) are
up to two orders of magnitude. The activation volume dedweaslessentially zero within the er-
ror of the eperiments. Jaoul et al. (1995) attributed thieihce in activation volume compared

to the study of Misener (1974) to a change from extrinsicugifbn at low temperatures (Jaoul
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et al., 1995) to intrinsic diffusion at higher temperatuflessener, 1974). This conclusion is in
contradiction with the results at 1 bar from Chakraborty9@Rbecause in his study diffusion
at temperatures between 1253 K and 1573 K occured in the TaMEgihe (Section 1.2.3) and
the transition to intrinsic diffusion would be at much highemperature. In Chakraborty et al.
(1994), Mg tracer diffusion experiments in pure MO, are reported. The activation volume
for Mg tracer diffusion was found to be 1-3.5 @émole™1, although it should be emphasized that
the point defect chemistry in pure forsterite is differemnf Fe-bearing olivine. The study of
Chakraborty et al. (1999) investigated Fe-Mg interdiftusat pressures between 9 and 15 GPa
in olivine and wadsleyite. Because these experiments wenrfenmed in Au capsules the $O
is not directly buffered but was estimated to be approxitgdietween 108 and 10° bars for
experiments performed in the range 9-12 GPa, corresponadiagelative oxygen fugacity of
IW-1.7 (1.7 orders of magnitude smaller than the f@posed by the iron-wistite buffer, calcu-
lated at 11 GPa using values from Ride, 1991, see also CHgptEompared to 1 bar data at the
same oxygen fugacity, the results would imply an activatiolume for olivine which is close
to zero. As stated in Note 9 of Chakraborty et al. (1999) tlesgure effect for their thermody-
namic calculations was neglected. Therefore, in this stilndyolivine system was reinvestigated
at high pressure using the same type of capsule and also difimgjon couples embedded in
Ni capsules with an addition of NiO (Section 2.3). The resolt the new experiments, given
in Chapter 5, can than be used to estimate the oxygen fugamiiitions characteristic for the
experiments employing Au capsules and allow a better esbmaf the activation volume for

olivine using data between 1 bar and 12 GPa.

Wadsleyite

Only two studies exist in which Fe-Mg interdiffusion coeiints for wadsleyite were measured.
Both studies (Farber et al., 2000; Chakraborty et al., 19B8)ved a marked increase in diffusiv-
ity by 2-3 orders of magnitude across the olivine-wadséepgtiase boundary. The experiments of
Farber et al. (2000) suffer by the fact that diffusion ocatrthe same time as phase transforma-
tions. In the study of Chakraborty et al. (1999) only two expents at 1373 and 1473 K were
performed on wadsleyite. These experiments used Au as leapstierial providing a mechan-

ically soft environment but leaving the oxygen fugacity ufiered (see previous section). The
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calibration of the fQ conditions inside the Au capsules, as outlined above foimrdi also helps

in constraining the oxygen fugacity conditions in the expents of Chakraborty et al. (1999)
for wadsleyite. In this study experiments at higher temfpees than used by Chakraborty et al.
(1999) were performed and the results are compared with dla¢d in order to obtain a better

estimate of the activation energy for diffusion in wadsleysection 5.3).

Ferropericlase

Most studies of diffusion in the system MgO-FeO have beeffopmed on the end member
MgO. Reviews of Mg and O self-diffusion data at 1 bar and \@&aemperatures can be found
in Freer (1980) and Wuensch (1983). Vocadlo et al. (1998dtigated ionic diffusion in MgO
by computer calculations via lattice dynamics.

Fe tracer diffusion experiments in (Mg,Fe)O solid solusierere performed by Chen and Pe-
terson (1980). The oxygen fugacity dependence foIIowsdIaaIifO%/G-dependence (Equation
1.10) and the Fe tracer diffusion coefficient depends exptiady on composition. Only a few
studies exist on Fe-Mg interdiffusion in the system MgO-FE&periments employing polycrys-
talline diffusion couples or single crystals embedded wgers were performed by Bygdén et al.
(1997), Rigby and Cutler (1965) and Blank and Pask (1969.t€mperature range of these ex-
periments was restricted to 1363 - 1588 K. The oxygen fugaeds not buffered directly and
led to discrepancies in the results (see Bygdén et al. (1f@®a discussion and comparison of
results).

Mackwell et al. (2004, in preparation) performed Fe-Mg iidifusion experiments employ-
ing single crystal diffusion couples over a wide range ofggienatures and oxygen fugacities at 1
bar. According to their results, diffusion depends on oxyfisacity with an exponent of 0.22,
slightly different from the ideal value 1/6 in Eq. 1.10, arepénds exponentially on composition,

and the interdiffusion coefficient is given by:

(1.16)

Epa—0-X
Dre—mg = (Do1+ Do2- O™ XpeoP) 'eXP(—%})

whereDg; = 1.8 x 108 m?sec’!, Dg, = 1.1 x 104 m? sec’!, the activation energfa =
206500 J mot!, o = 61950 J mot!, m=0.22, p=1.17, R is the molar gas constant, afd

is temperature. This equation was derived by Mackwell €28I04, in preparation) using point
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defect arguments and the values of its parameters are bealUis to their data. The power law
dependence only plays a significant role at low iron conegioins, whereas for compositions
with Xgeo > 0.07, diffusivities are primarily exponentially dependent@mposition; Eq. 1.16

can than be approximated at constant temperature by:
D =Dg-expa-c(x)) (1.17)

where the constara controls the extent of asymmetry observed in the diffusiariiles and the
preexponential factor includes the temperature and oxfiggarcity of the experiment which are
constant for each individual experiment. A pure exponénbapositional dependence was ob-
served for Fe-Mg interdiffusion in ferropericlase by Bygdeét al. (1997), for Ni tracer diffusion
from thin films into NiO-MgO single crystal solid solutiony bVei and Wuensch (1973) and in
interdiffusion studies of NiO-MgO by Blank and Pask (196®pel and Pask (1971), and Jakob-
sson (1996). Also for olivine (Morioka and Nagasawa, 199)ge exponential dependence on

composition was observed.

To understand transport processes in the lower mantle exfeeopericlase is an important
constituent phase, diffusivities as a function of pressweeneeded. (k&1g1-_x)O ferropericlase
is well suited for high pressure experiments due to the latghility field of this phase. Ita and
Cohen (1997, 1998) performed a theoretical study on ddfusa pure MgO at high pressures.
Calculated self-diffusion coefficients for Mg and O deceesth increasing pressure. Van Or-
man et al. (2003) performed multi-anvil experiments to meadlg, Al and O self-diffusion in
MgO between 15 and 25 GPa at a constant temperature of 2278t rfEsults agree with the
theoretical work of Ita and Cohen (1998) and the experimigntdatermined activation volume

for Mg diffusion is 3.0 cni/mole.

Yamazaki and Irifune (2003) recently determined Fe-Mgrulifeusion coefficients for fer-
ropericlase. They derived an activation volume of 1.8 omol~! and an activation energy of 226
kJ molL. The experiments were conducted mostly in Re capsules 3P GPa). In addition at
35 GPa a graphite capsule experiment was performed. Althdug assumed that the experi-
ments follow a trend compatible with the Re-Reldffer this assumption was not tested and the

results are therefore unconstrained with respect to oxfiggarcity.
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Silicate perovskite

In spite of the fact that (Mg,Fe)SKJs believed to be the most abundant mineral in the Earth
there is an overall lack of experimental Fe-Mg interdiftusstudies for this mineral.

Computer simulations were performed by Wright and Pric®8)@ising an ab initio atom-
istic simulation. The calculated activation enthalpy fotrinsic Si diffusion is so highH; =
1113 kJ mot?) that these authors conclude that Si diffusion in the lattiost likely occurs by
an extrinsic process. For Mg an extrinsic activation eqmpalf 440.6 kJ mot! at 0 GPa and
717.0 kd mott at 125 GPa was derived. For the pressure effect of diffusictivation volumes
of 2.1 and 4.96 crhmol~1! for extrinsic and intrinsic Mg diffusion respectively wederived,
whereas for Si a negative activation volume for extrinsftudion was found implying that Mg
becomes the slowest diffusing species in the deeper pattte ddwer mantle.

The only experimental study performed so far was a studylicbsi self-diffusion in pure
MgSiOs by Yamazaki et al. (2000). These authors measured lattatgi@in boundary diffusion

coefficients D; andDgyp) and give for both types of diffusion an Arrhenius relatibips

_ 1

Dy (m?sec?) =2.74x 101°exp< 336(;‘_]|_m0r )) (1.18)
_ 1

8Dgp (M*sect) = 7.12x 10‘17exp< 311(;‘_]|_m0r >) (1.19)

whered denotes effective grain boundary width, R is the gas conhsaadT is temperature.

1.4 Aims of the present study

In order to have a better understanding of kinetic processesrring in the Earth (Section 1.1),

experimental diffusion studies in a multianvil apparatesevperformed

e to investigate the whole pressure stability range of oéviar a better constraint of the

activation volume for Fe-Mg interdiffusion and Mn and Nifds$ion,

¢ to determine the activation energy for Fe-Mg interdiffursio olivine at pressures close to

the stability limit,

e to constrain the activation energy of Fe-Mg interdiffusionvadsleyite,
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e to establish a database of Fe-Mg interdiffusion in ferrap@se at pressures between 6
and 23 GPa and temperatures between 1653 and 2073 K at ¢eohtoalygen fugacity

conditions,

¢ to derive for the first time Fe-Mg interdiffusion coefficisnh (Mg,Fe)SiQ perovskite, the

most abundant mineral of our planet.
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Chapter 2

Experimental Techniques

2.1 Introduction

For the determination of Fe-Mg interdiffusion coefficiemslivine, wadsleyite, ferropericlase
and silicate perovskite, diffusion couple experimentsensgrformed at high pressure in a mul-
tianvil apparatus. For diffusion studies, diffusion cagpbkhould have sample sizes of at least
~ 250 um diameter and- 100 um thickness, otherwise handling of the samples becomes ex-
tremely difficult. Therefore, the multianvil appartus i€tmost suitable technique for studying
the pressure range of 6-26 GPa, investigated in this stiebguse samples with volumes of 1
mm? can be easily accomodated. The upper pressure limit thabeaeached with this tech-
nique, employing sintered WC cubes as pressure transgitiedium, is about 27 GPa. With
sintered diamond cubes the pressure range can be exterasuliol0 GPa (Irifune et al., 2002).
Although the diamond anvil cell (DAC) can provide much higlpeessures, equivalent to the
whole pressure range of the lower mantle (23 - 137 GPa) andréoconditions (136-360 GPa),
the sample volume is in general to small for diffusion couptperiments (for a description of
the DAC see e.g. Eremets, 1996). In addition, temperat@a@ignts in laser heated DAC are to
high for precise diffusion coefficient determinations hesmof the strong dependence of diffu-
sivity on temperature (Section 1.2.5). In this chaptegeradkplaining the basics of the multianvil
technique (Section 2.2), the setup and the compositiortseadiffusion couples for the different
mineral systems are described (Section 2.3). For high presxperiments a suitable capsule
material has to be selected that does not destabilize thplsaand provides a mechanically

suitable (low stress) environment. The choice for capswdéenals employed in this study is

41
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outlined in Section 2.4. Section 2.5 describes the assembtied for the high pressure diffusion

experiments.

2.2 High pressure experiments: Multi anvil technique

The multianvil technique is described in detail in a numbepublications (Kawai and Endo,
1970; Kawai et al., 1973; Spain and Paauwe, 1977a; Graha®id, Chtani et al., 1987; Walker
et al., 1990; Liebermann and Wang, 1992; Rubie et al., 199Bjdr 1999; Irifune, 2002).

The principles of the multianvil apparatus are shown sclieaddy in Figure 2.1. The force
of a hydraulic press is exerted onto a set of 6 steel anvits§énan a cubic gap filled with 8 WC
cubes. Because the corners of the WC cubes are truncatgdiothe an octahedral pressure
chamber, which is filled by an MgO octahedron containing the@e capsule. All presses
installed at the Bayerisches Geoinstut with axial forcasvben 500 and 5000 t were used for
performing experiments in this study (Table A.1). More dstaf the technique are given in

Appendix A.

The maximum pressure that can be reached in an experimesndepn the force applied,
the edge length of the octahedron and the truncantion edgghleof the cubes. For synthe-
sis, experiments have been performed to produce startmglea of the high pressure phases
wadsleyite and (Mg,Fe)Sigperovskite (see Section 2.3 for details) employing 14/8 Hoid
assemblies where the first number is the octahedron edgthland the second number is the
truncation edge length. A schematic drawing of the syngh@ssemblies is shown in Figure 2.2.
Because of the wide range of pressures covered for diffustperiments in this study, a large
variety of assemblies were employed, to accomodate thesibifi couples, by modifying the
standard assemblies used at the Bayerischen Geoinstiteitddtails of these assemblies are ex-
plained in Section 2.5 after a description of diffusion desgSection 2.3) and sample capsules
(Section 2.4).
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Figure 2.1: Schematic cross section of a multianvil apparatus. Theduwfidr press is not

shown, but the compression axis is indicated. The innerccgap of the first stage anvil
system is filled with a set of 8 WC cubes used as second stagpression mechanism
and leaving an octahedral pressure chamber filled with thepleaassembly. Pyrophyllite
gaskets seperate the WC cubes and provide a pressure seaaMWCltcubes are isolated
from the steel anvils by epoxy sheets. The principal headimdjthermocouple circuits are
indicated by white lines.

2.3 Diffusion Couples
2.3.1 Diffusion couples: General remarks

The general strategy for an interdiffusion study is plading single crystals or polycrystalline
samples with different compositions in contact with eadteotand annealing this diffusion cou-
ple for a specific time that is long enough to generate a mabhkicompositional profile and

short enough such that complete homogenization is avoied (general theory of diffusion
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starting material
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Figure 2.2: Assemblies used for synthesis experiments. The figure sh@rsss section of
the octahedron which is surrounded by WC cubes in FigureVZRe TC denotes \W/Re3-
W+7sRes thermocouple

couples and the atomistic details in an interdiffusion expent, see e.g. Bocquet et al., 1983).
The last requirement is, in general, difficult to achievedtudies of rapid diffusion occurring
in silicate melts (Chakraborty, 1995) whereas the first regoent can be difficult to achieve
for diffusion studies in crystalline solids. The experirtedrconfiguration of a diffusion couple
is relatively close to the situation in nature where excleaofyjchemical components between
two or more phases occur to reach a new equilibrium state@hakraborty and Ganguly, 1992;
Ganguly, 2002).

In order to determine accurate lattice diffusion coeffitsethe use of single crystals is desir-

able for diffusion couples. When using polycrystalline gés, grain boundary diffusion may
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also occur and either the experimental setup should allovgdparation of the two effects or
bulk diffusion should be the dominant process (for the thexrgrain boundary diffusion see
Herzig and Mishin, 1998). The last case is generally truddime grain sizes and high tempera-
tures. In this study, single crystals were used in studiedicihe and ferropericlase, whereas for
wadsleyite and perovskite, polycrystalline starting mate were synthesized prior to diffusion

runs

The analysis of diffusion profiles after the diffusion expents is described in Chapter 3

and the mathematical treatment of the diffusion profilesescdbed in Chapter 4.

2.3.2 Diffusion couples: Olivine

All olivine diffusion experiments utilized samples frometkame two single crystals as starting
materials. One endmember was synthetic pure3ilQ,, forsterite, grown by the Czochralski
method by H. Takei at Tohoku University. It is the same cry®alled Fol) used by Chakraborty
et al. (1994), where also trace element contents are givea.FE€ content of this crystal is be-
tween 122 and 180 ppm. The Fe-bearing endmember was a raatglal crystal from San Carlos
with an average Mg-value M@Mg + Fe) = 0.94 with 3000 ppm NiO and 1500 ppm MnO. Both
crystals were oriented along the crystallographic c-dioedoy Laue backscatter diffraction such
that the c axis is perpendicular to the diffusion interfaktter the diffusion experiments the ori-
entation of the two crystals was redetermined by electrakdiztter diffraction (EBSD). The
c-axes for both crystals were found in the diffusion plangpedicular to the diffusion interface

with an error of less than°4

For preparation of the diffusion couples the crystals werteito polished thin slices with
a thickness ofv 250um. Discs were drilled out with a diameter of 2ffh (Au-capsule exper-
iments) or 95Qum (Ni-NiO capsules). Polishing of the olivine slices (anddsizyite as well)
was performed with diamond spray (Struers) down to 0.25en&r The two polished sides were

then placed together and inserted into the capsule (se®%&ct).
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2.3.3 Diffusion couples: Wadsleyite

Wadsleyite diffusion couple experiments employing a gnglystal as one endmember are de-
scribed by Chakraborty et al. (1999), but the synthesis ydtats large enough for this study
failed. Thus, polycrystalline wadsleyite samples weretlsgsized prior to diffusion runs as
starting material. For all synthesis experiments a 14/@rabty was used (for a description
of the high pressure assemblies see Section 2.5). A pobatliye pure M@SiO4 wadsleyite
sample was prepared by annealing forsterite powder at 15a@&4.673 K in a 1000 t multi-
anvil press employing a Re-foil capsule (Section 2.4). Toeger with forsterite composition
was kindly provided by D.J. Frost. For the Fe-bearing samgleingle crystal of olivine with
Fe/(Mg + Fe) = 0.84 from San Carlos, kindly provided by S. Mackwell, was usBtk conver-
sion from olivine to wadsleyite was performed at 15 GPa antB18, using a capsule prepared
of Re-foil. Another Fe-bearing wadsleyite sample was sysited from hot-pressed San Carlos
olivine powder at 15 GPa and 1673 K in a Re-capsule. To conhahthe synthesized samples
consisted of wadsleyite, the material was characterizeddwan spectroscopy (Fig. 2.3) using
a LabRAM microraman instrument (Jobin Yvon GmbH). X-ray rotiffraction patterns could
be easily indexed with the reference pattern of Moore andts(®b70). The X-ray diffraction
pattern contained only peaks that are attributable to vegdsel Unfortunately Moore and Smith
(1970) only collected data for the interplanar spadiggs in the range 69 > dgps > 0.9156.
Therefore assignment for low d-spacings (la@y&as not possible.

After synthesis the samples were removed from the high presssembly and the Re foll
was withdrawn. Subsequently they were cut into disc250 um thick and mounted on glass
slides to enable them to be polished in the same way as thee@bamples. After polishing,
small discs were drilled out for use in diffusion couples lasaaly described for olivine (Section
2.3.2).

2.3.4 Diffusion couples: Ferropericlase

Two ferropericlase single crystal slices (5@ thick) were obtained from S. Mackwell. They
had been synthesized by embedding a slice of a pure synsivagie crystal of MgO in (Mg,Fe)O
powder and annealing at controlled oxygen fugacity (Hdielgt al., 2003). The resulting nom-
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Figure 2.3: Raman spectra used to identify the (Mg /23D, phases produced in synthe-
sis experiments for wadsleyite. Representative spectia fsynthesis experiments per-
formed at 15 GPa, 1873 K (g§ and 1673 K (Fgg) are shown. The Raman pat-
terns can be identified as wadsleyite by comparing them todRapatterns of wads-

leyite and ringwoodite given in Figure 1 in McMillan and Algiq1987) and of forsterite

using data from the web-based database of the Californiitutes of Technology at

http://minerals.gps.caltech.edu/FILES/raman/Caltdata.

inal compositions werXreo = 0.07 andXreo = 0.35, whereXgep is mole fraction of FeO. The

diffusion interface was polished with alumina powders t8 ficrons. For the high-pressure
diffusion experiments, discs 1 mm in diameter and p@®thick were drilled out as starting
crystals. Electron microprobe traverses over the samplesexd heterogeneities of less than

1.5 mole% FeO along the entire length of the crystal and hemsdt 0.25 mole% over the 1 mm
diameter of the diffusion couples. On one side of the low gontent crystal a well sintered layer
with polycrystalline (Mg,Fe)O with the same compositiordanCaSiO, phase was observed

after the experiments, possibly due to contamination dusample preparation.
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2.3.5 Diffusion couples: (Mg,Fe)SiQ perovskite

Samples for diffusion runs were synthesized in Re-capsataploying a 10/4 assembly (Figure
2.2), at 2073 K and 25 GPa using synthetic MgS&Sgwder, (Mg,Fe)Si@ powder with vary-
ing Fe/Fe+Mg (kindly provided by D.J. Frost) and a singlestay of natural pyroxene (kindly
provided by S. Mackwell) wittKresig, = 0.136. The pyroxene contains only trace amounts of
aluminium and Calcium (850 ppm D3 and 2200 ppm CaO), hence all compositions of the

perovskite diffusion couples are restricted to the MgsKeSiQ; binary system.

The phase identity of the synthesis runs were checked by Rapectroscopy. Typical spec-
tra obtained by a Raman microscope are shown in Fig. 2.4. &dyelring perovskite two rela-
tively broad peaks occur at 727 and 894 wavenumbers. Thegsgmcal for samples containing
Fe (C. Liebske and L. Dubrovinsky, pers. communication) arelprobably attributable to a
second order Raman effect due to disorder in the perovgkitetare similar to that occurring in

manganites or rare earth element perovskites (Dubrovjpskg. communication).

After the synthesis the samples were removed from the adgeant the Re-foil capsule,
cut into discs~ 100umthick and mechanically polished. Because perovskitesrstable with
respect to mechanical preparation, in addition to mecla&pmlishing, chemical polishing with
a colloidal silica suspension (OP-S or OP-U suspensionirddafrom Struers A/S) was also
performed. To test the crystallinity of the polished suefcorientation contrast imaging and
electron backscatter diffraction (EBSD) were carried caihg a LEO Gemini 1530 scanning
electron microscope (SEM) equipped with a field emission@EG). Both methods are based
on scattering of electrons in the surface and hence can bdeasseprobe for surface crystallinity.
Figure 2.5 shows an orientation contrast image of a pure MgSample. The orientation con-
trast observed, reveals the good crystallinity of the sasdf the area of observation is reduced
significantly the surface becomes damaged by the electram l@nd the orientation contrast
quickly degrades. Yamazaki et al. (2000) reported that tieserved EBSD patterns for their
pure MgSiQ perovskite samples used to study Si self-diffusion altthoug example is given in
their work. For the samples of this study very weak EBSD pastenly appeared for a very short
time when scanning over a big crystal grain. A focused aededbeam immediately destroys the

surface of the crystal and no EBSD pattern can be obtained.
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Figure 2.4: Typical Raman spectra from different synthesis runs. Feloéaring perovskite
two broad bands appear at approximately 727 and 894 wavesrsnigee text for explana-
tion).
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Figure 2.5: Orientation contrast image of a MgSi@erovskite synthesized at 2073 K and 25
GPa for 2 hours. Ubiquitous twinning can be observed. The ebtwinning and structural
phase transitions is discussed in Sections 1.3.1 and 5.5.2

2.4 Capsules

Requirements for capsule materials

In previous studies of diffusion at high pressure severtiémdint capsule materials were em-
ployed (Béjina et al., 2003). The ideal capsule materi&sdoot interact chemically with the
sample (for example no Fe loss), buffers the oxygen fugawity is mechanically weak and
thus provides a hydrostatic environment to minimize dédferal stresses imposed on the diffu-
sion couple. It is difficult to meet all these requirementthatsame time with any one capsule
type. Therefore, different capsule materials were usetigdtudy. For most off the olivine
experiments, mechanically weak Au capsules were empl@agedescribed in Chakraborty et al.
(1999). To calibrate the oxygen fugacity conditions in the dapsules some experiments were
also performed using Ni capsules with added NiO. The addiioNiO buffers thef O, at the
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Au Ni-NiO MgO-Fe
ol X X
wds X
fp X
pv X X

Table 2.1: Employment of the different capsule materials. The ingedéid minerals are
olivine (ol), wadsleyite (wds), ferropericlase (fp), ariticate perovskite (pv). The capsule
materials used are gold (Au), Ni-foil with added NiO (Ni-Ni@nd MgO single crystals with
an addition of Fe-foil (MgO-Fe). See text for further defail

Ni-NiO buffer. The Ni-NiO capsules were also used for fegnplase, wadsleyite and some of
the silicate perovskite experiments. In the case of sdipatrovskite, for experiments at reducing
conditions, MgO single crystal capsules with added irohi@re employed. ThéO, in these
capsules is fixed by the incorporation of Fe in MgO (Fe saitumat If a capsule is used that
buffers thefOs it is necessary that the point defect chemistry of the phesestigated, reacts
much faster than the actual diffusion process such thataie gefect chemistry is in equilib-
rium. As argued by Chakraborty (1997), vacancy diffusidesan olivine are much faster than
cation diffusion (Nakamura and Schmalzried, 1983; Mackeehl., 1988) resulting in a very
fast point defect equilibration. In this study it is assurtteat this can be generalized to the other
mineral phases as well.

In the subsequent sections the details of the capsules amilwed, Fig. 2.6 shows a
schematic view of the capsule types used for diffusion erpants and Table 2.1 lists which

capsule materials have been used for different phases awlitions.

Re capsules

Re capsules were used solely for synthesis experimentsdpapng the starting samples for the
wadsleyite and perovskite diffusion couples (Section.2lBrefore, they are not listed in Table
2.1 or shown in Figure 2.6. The dimensions depended on tliedflinssembly used (see section
2.5). In case of a 10/4 assembly the outer diameter is 1.2 narthariength is 1.6-2.1 mm, in the
case of a 14/8 assembly the outer diameter is 1.6 mm and th#hl=2.7 mm. The preparation
of these capsules was performed by first folding the ends ogliadeical role of Re-foil and

cleaning this container in an ultrasonic bath. Then the moved crystal used in the synthesis
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P-XX MgO,
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S-XX MgO
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Be —
Au S-XX MgO Fe foil

Figure 2.6: Graphical representation of the three different capsydesysed for high pres-
sure diffusion runs. A: Au capsule, B: Ni-NiO capsule, C: M§® capsule. P-XX denotes
polycrystalline. S-XX denotes single crystal, and DC derdiffusion couple.

run is added and in case of the powder slightly compressddaviteel rod. Subsequently the

capsule is closed by folding the surmounting ends over antygeressing it together.

Au capsules

For preparation of the capsules a Au wire of 1Imm diameter willediwith a hole of 250um
diameter. Discs of the single crystals of olivine (see $&c#.3.2) were carefully inserted and
the capsule closed. Figure 2.6 shows the capsule schettyati&fter insertion of the diffusion

couple the sample was closed by deformation of the soft ¢ay€hakraborty et al., 1999).

MgO-Fe capsules

This capsule type was used solely for a set of experimentgiocats perovskite. A cylinder was
drilled out of a commercially available single crystal of Mgvith a diameter of 1.5 mm. Into the

cylinder an inner hole was drilled with a diameter of 1.0 mmtolthe bottom of the inner hole
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an Fe disc was inserted on top of which the two slices of pghtatline perovskite were placed.
Another single crystal MgO disc was added to be able to stothraction of Fe with MgO as
well, and then the rest of the capsule was filled with a polstaiine MgO disc. The reducing
conditions of this capsule type imposed by the Fe-distigoubetween Fe-metal and (Mg,Fe)O,
formed on the rim of the capsule, should mimic oxygen fugacitnditions prevailing during

core formation and at the present-day core-mantle boundary

Ni-NiO capsules

This capsule type was used for all phases investigated snsthidy (Table 2.1). The Ni cap-
sules were prepared by rolling Ni-foil (thickness 1#8,, 99.98%, Goodfellow) into a cylinder
and folding one end over to form the bottom of the capsule. tWeepolycrystalline slices of
wadsleyite or perovskite or single crystals of olivine arég@ericlase were inserted such that the
polished sides were together. NiO powder was added on tdpeddiffusion couple. The NiO
powder was previously dried at 1273 K in arp@®k-crucible to prevent water contamination. At
these conditions the crucible did not react with the powddotm Ni-Al spinel as confirmed
by microprobe analysis. The capsule was subsequentlyctlms®lding the end of the foil and
gently uniaxially compressing the capsule.

In this kind of capsule the oxygen fugacity should be clos¢ho Ni-NiO buffer system.
Ni+NiO was also used in the experiments of Farber et al. (R@@Muffer oxygen fugacity.
These authors claim that the Si@ctivity was buffered by the equilibrium of NiO and 28iOy,
which was also present in their experiments. By a similas@amng silica activity in this study
should be controlled in the case of olivine by formation ofia90O, component due to Mg-Ni
exchange at the NiO-olivine interface and subsequen Si@fering due to the equilibrium of

Ni-metal and N3SiOy4 dissolved in olivine.

2.5 Assemblies used for high pressure diffusion experimesit

For experiments at pressures between 6 and 15 GPa a 14/8 typanwil assembly and for
pressures between 15 and 26 GPa a 10/4 type multianvil absesmite used. In the 5000 t press

(Zwick, Table A.1), where sample volumes are significardigér, an 18/8 multianvil assembly
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14/8 10/4 18/8
ol | 6-12
wds| 15
fp | 8-12 16-23
pv 25-26 22

Table 2.2: Range of use of the different octahedral assemblies. Thebersrgiven for
each combination of mineral phase (ol = olivine, wds = wagdtde fp = ferropericlase, pv
= perovskite) and octahedral assembly (see text for exjtanaf assembly abbreviations)
denote investigated pressure range in GPa.

could be employed for two silicate perovskite diffusion esments at pressures of 22 GPa.
Table 2.2 shows the assemblies used and the pressure réagedafor the different minerals
investigated in this study. For a detailed description oftianvil assemblies see also Liebermann
and Wang (1992), Walter et al. (1995), and Rubie (1999).

Fig. 2.7-2.9 show the details of the multianvil assemblastiie different phases investi-
gated. The details are described in Appendix A. The 10/4nalslseemploys a straight LaCrD
resistance heater where temperature gradients can betashi00 K/mm (Trgnnes, 2000),
whereas all other assemblies use a stepped LaGe@ter greatly reducing temperature gradi-
ents (Rubie et al., 1993). In all cases a¥Rle3-W7sRexs thermocouple was used and tempera-
ture was not corrected for the pressure effect on the elactive force (for a discussion of the
maximum error involved, see Appendix A).

For pressure calibration, known phase transition poirgseanployed in order to calibrate
the oil pressure of the hydraulic system against the presstting on the sample. For the 14/8
assembly (olivine, ferropericlase and wadsleyite expenits) the coesite= stishovite (Zhang
et al., 1996) and the M&iO4 a = 3 (Morishima et al., 1994) phase transformations at 1473 K
were employed. The calibration for the 10/4 assembly (fericlase, (Mg,Fe)Si®perovskite
experiments) was based on the phase boundarigs-operovskite+ MgO, B =y, anda = 3
in Mg»SiO,4 (Akaogi et al., 1989; Morishima et al., 1994; Suzuki et abpQ) as well as the
ilmentite = perovskite phase boundary in the system MgSiOno et al., 2001). For the 18/8
assembly the MgSiO, a = 3, the M@SiO, B = y phase boundaries both at 1673 K (Morishima
et al., 1994), with the additional constraint of an unbrae#eoccurence of MgSi©perovskite

at 2273 K were used.
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\ Pyrophyllite
Mo

LaCrQ,

Al O,

210,

MgO
Au-capsule

Ni-Capsule

/[ NIO

—1mm 1 mm Q diffusion ro_-Fo_, ol

2% couple: Fo,-Fo,, wds
magnified

Figure 2.7: Pressure assembly used for olivine (ol) and wadsleyite Y @iffsision experi-
ments in this study. All dimensions are given in mm. For oléjithe sample consists either
of a diffusion couple of two single crystals enclosed in a Apsule or a single crystal dif-
fusion couple in a Ni-NiO capsule. For wadsleyite, experitaavere performed employing
polycrystalline diffusion couples in a Ni-NiO capsule. V&RC denotes W,Re3-W7sRexs
thermocouple, the composition of the diffusion couplesivemy as e.g. Fg = 94 mol%
forsterite component.
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theymacouple

10/4

‘ -« 1mm‘
1 MgO
I Ni-capsule
NiO
Mo 7. LaCrQ,

(Mg..fF&,)0-(Mg,.Fe.)O
ALO, & ZrG, diffusion couple

14/8

Figure 2.8: Pressure assemblies for multianvil experiments used énstioidy for ferroper-
iclase. At P< 16 GPa a 14/8 assembly (14 mm edge length of the octahedron;uWes
with 8 mm edge length corner truncations) and at B6 GPa a 10/4 assembly were used.
The sample capsule consists of Ni foil with the addition 0®No buffer fG
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Figure 2.9: Pressure assembly used for perovskite diffusion expetsriarthis study. An
18/8 assembly was employed in a 5000 t press at 22 GPa for tatupes higher than 2273
K. For lower temperatures a 10/4 assembly was used at pesssfi5-26 GPa in a 1000 t
or 1200 t press. Sgl-XX denotes single crystal, TC denotgdR@-W7sRes thermocouple,
and Py denotes pyrophyllite. In addition to MgO-Fe capsales Ni-NiO capsules were
employed in the 10/4 assembly for some of the experiments)asito the ferropericlase
experiments shown in Fig. 2.8.
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Chapter 3

Chemical analysis of diffusion profiles

3.1 Choice of analysis techniques

For determining interdiffusion coefficients using the d#fon couple technique, diffusion pro-
files have to be measured with an analytical technique witficgnt precision and lateral reso-
lution. For the purpose of profile analysis, after the ania¢dligh temperatures and pressures,
the sample is cut in a plane perpendicular to the interfacdtain access to the diffusion zone.
In practice, for multianvil experiments, the octahedromisunted in epoxy resin and polished
until the middle of the diffusion couple is exposed (Figurg)3

For measuring the diffusion profiles the samples are firgstigated by electron microprobe
analysis (EPMA) . The lateral resolution for a single poinalgsis is on the order of 2 pm
hence resulting in a minimum profile length ©f6 um (see Section 3.2). For profiles shorter
than the resolution limit of EPMA, the transmission elentroicroscope (TEM) equipped with
a Ge solid state energy-dispersive X-ray detector (EDX)seduSection 3.3). This technique
recently became an invaluable tool for studying short diffa profiles (Meif3ner et al., 1998). In
addition to the high lateral resolution, on the order of 10 nmcrostructural investigations can
be performed in conjunction with EDX analysis.

For thin film diffusion experiments, used in studies of tradiéusion, many other analytical
techniques with a very good depth resolution exist, sucheasrglary ion mass spectrometry
(SIMS), photoelectron spectroscopy, Auger electron spewtry, Rutherford backscattering, or
nuclear reaction analysis (an overview of these techniquigsrespect to diffusion studies can

be found in Philibert, 1991). These different methods affecdlit to apply for diffusion couple
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di ffusi on coupl e

pl ane of

thin section

for TEM anal ysi s

epoxy bl ock

Figure 3.1: After the interdiffusion experiment the octahedron canitaj the diffusion cou-
ple is mounted in epoxy resin and polished down until theigldh couple is exposed at
the surface (a 10/4 assembly is schematically shown as anmgacompare with Fig. 2.8
and 2.9). This block is directly used for electron micromamalysis. For investigations
of short diffusion profiles with a transmission electron rogcope a glass slide is glued on
top and the backside of the sample is polished away such ttrah alide with a thickness
of ~ 30 um remains, which can be further thinned to obtain an electrangparent sample
(Section 3.3).

experiments because the diffusion zone can not be invéstiga depth mode and the lateral

resolution of the aforementioned techniques often malkams timsuitable.

3.2 Electron microprobe analysis (EPMA)

Reviews about the method can be found in Reed (1975), Hhiand Newbury (1991), Scott
et al. (1995), or Newbury et al. (1984). During analysis, $henple is subjected to an incident

electron beam. Interactions of the electrons with the aiarttee sample give rise to a number of



3.2. ELECTRON MICROPROBE ANALYSIS (EPMA) 61

secondary signals, among them characteristic X-rays. FhayX can be detected either with an
energy dispersive or a wavelength dispersive system. Ttex laethod has much better energy
resolution and lower detection limits and is used for quatitie analysis in the case of EPMA,

whereas the TEM used for short profile investigations isgogd with an EDX system (see next

Section).

The lateral resolution depends on the diameter of the ictieravolume excited in the sam-
ple. The shape and size of the interaction volume can be maddsgl Monte Carlo simulations
(see literature cited in Scott et al., 1995). For operatiogditions of 10-20 kV, used in this
study, the smallest diameter of the interaction volume igh@norder of 2um if the beam is
carefully focused on the sample. The best focus was achleyvatigning the objective aperture
by means of a cathodoluminenscence spot on,SR@solution was optimized by correcting for
astigmatism at high magnifications. With this diameterfifg@onvolution becomes significant
for a profile length of less then8n. The mathematical treatment of deconvolution is evatiiate

in Ganguly et al. (1988).

In this work, a Cameca SX-50 equipped with 4 wavelength d&pe spectrometers and a
Jeol JXA 8900 RL at the Institut fur Mineralogie und Geocleruniversitat zu Koln, equipped
with 5 wavelength dispersive spectrometers, were employadles 3.1 and 3.2 list standards
and measurement conditions for EPMA. Samples were carbate@ddthickness- 12 nm) to
avoid charging of the surface. Olivine, wadsleyite, ringdite and ferropericlase were studied
at acceleration voltages of either 15 or 20 kV and probe atsrbetween 15 and 20 nA. All
phases are stable at these conditions. On the contrary @Y®® perovskite is very unstable
under the electron beam. To minimize beam damage the probentwas reduced to 5 nA at
15 kV. The clearly visible cathodoluminenscence spot o pgSiO; perovskite decays within

2 sec at these conditions, implying a very fast amorphinatio

The detection limits given in Tables 3.1 and 3.2 are caledléity the Cameca software (Ver-
sion 2.15). For major elements, normal working conditiond®20 kV and 5-20 nA ensure
sufficient relative precision below 1% at measurement times between 5 and 20 sec (Reed,
1996). Only for the trace elements Ni and Mn in olivine, it veaigical to extent the counting

time to 120 and 150 sec on the peak and 60 and 75 sec on the bacligrespectively. The
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Element Crystal St time, sec HV, kV  PC, nACnin, ppm
P B

Si TAP en,ol 20 10 15-20 15-20 637-1004
Mg TAP MgO,en,ol 20 10 15-20 15-20 635-1217
Fe LIF Fe,ol,FeO3; 20-30 10-15 15-20 15-20 520-4094
Ni LIF NiO 20 10 15-20 15-20 2194-4014
Ni LIF Ol 120 60 15-20 20 58-98
Mn LIF Ol 150 75 15-20 20 32-47

Table 3.1: Conditions of EPMA for olivine, wadsleyite and ferropesimd. For the trace
elements Ni and Mn longer counting times were necessarytkligacounting times for major
elements. Hence, in olivine counting times of 120 sec onghk position for Ni was chosen,
whereas in experiments in Ni-NiO capsules Ni was measuredniy 20 sec on the peak
position. Mn was only determined in olivine experimentsbr@ations: TAP = Thallium
acid pthalate (with 2d = 25.75 A), LIF = Lithium fluoride (wid = 4.028 A), en = enstatite,
ol = San Carlos olivine, G, = detection limit as calculated with the Cameca software
(Version 2.15), P = Peak, B = Background, HV = high voltage, @robe current, St =
standard.

Element Crystal St time, sec HV, kV  PC, nA Cpnin, ppm

P B
Si TAP en 5-10 2.5-5 15 5-10 1836-2585
Mg TAP en 5-10 2.5-5 15 5-10 1920-2716
Fe LIF  Fe,ol 5-10 25-5 15 5-10 2773-14000

Table 3.2: Conditions of EPMA for silicate perovskite. Abbreviatipase Table 3.1

relative statistical error of the measurement is less tRamPthese conditions (Petry, 1999b).
For some elements different standards were tested (Taldles8 3.2) to optimize analyses with

totals closest to 100 %.

3.3 Transmission electron microscopy

The technique and various applications are described aildetEdington (1976) and Williams
and Carter (1996). The principle of the method is based orfattethat very thin specimens
become transparent to an electron beam. Typically the eatin voltage is between 100 and

300 kV (but acceleration voltages as high as 1.4 MeV have heed) and the thickness of the
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sample should not be greater than a few hundred nanometefavdrable instances a resolu-
tion on the atomic scale can be achieved (High Resolutionsimgssion Electron Microscopy,

HRTEM), depending on lattice constants and the stabilithhefstructure.

Unlike EPMA, sample preparation is elaborate because timplea have to be thinned to
be electron transparent. Diffusion profiles in ferropesel and wadsleyite samples were long
enough to be analyzed by EPMA but some of the olivine expariseesulted in profiles which
might be susceptible to convolution effects (see Secti@h Silicate perovskite diffusion pro-
files could only be investigated by TEM-EDX (Section 5.5).uShsamples consisting of diffu-

sion couples in olivine and silicate perovskite were ththfeg TEM analysis.

For thinning, the microprobe blocks (Fig. 3.1) were firstganeed into thin sections approxi-
mately 30um thick. The thin sections were glued to the slide with La#tesa glue dissolvable in
acetone. Subsequently, grids of Cu or Mo (75 mesh) were redumith Araldite (Ciba-Geigy)
on top of the thin sections such that the region of interestiie analysis is in the center or
slightly off-center of a central mesh. After removing thengde from the glass slide by dissolv-
ing the Lakeside glue with Acetone, thinning is performead i@atan dual ion mill, model 600,
at an angle of 14 4 kV acceleration voltage and 1 mA beam current of the-f&am beam. Sam-
ples consisting of silicate perovskite were always coolé&t Viquid nitrogen to prevent beam
damage of the samples by the argon ion beam. The accelevaitage was reduced to 3.5 kV
at the end of the thinning process to further minimize beamatge. For silicate perovskite, nor-
mal thinning durations are on the order of 30-40 h, wheremslfeine the time for thinning is
significantly shorter, in the range of 15-20 h. The relagnehg thinning duration of perovskite
is due to the mechanical hardness of the material that ciatnath its structural instability with
respect to temperature. Although pure MgSierovkite is more sensitive to electron bombard-
ment, it is thinned slower than Fe-bearing silicate per@vkin samples where the difference in
Fe-content is relatively large, it is difficult to avoid adarthickness variation across the inter-
face. As for EPMA, samples have to be coated to avoid charifeupuon the surface. Carbon
coating was performed in a BAL-TEC, MEDO020, coating systdine thickness of the coating
is less than 5 nm (Lauterbach, 2000).

In this study a Philips CM20 FEG (field emission gun) TEM, @tigrg at 200 kV, has been
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used. The advantage of using a FEG is having a bright andeohswurce. Because of the high
brightness of a FEG, the detectability limits (smallest ant@f an element that can be detected)
are on the order of 0.1 % or less (Williams and Carter, 199&). &comparison of different
TEM gun systems see Table 5.1 in Williams and Carter (1996¢.ifstrument is equipped with
a scanning unit which was used for beam control during thé/aisgperformed in this study. A
Ge solid state detector with a Novar ultrathin film windowabkling the measurement of light
elements using for example the oxygenlke, was employed for EDX analysis.

In a pioneering work, Meif3ner et al. (1998) and Meif3ner (3@d0died the measurement of
short interdiffusion profiles in olivine, using the sametiament as in this study. The spatial
resolution of the instrument is thoroughly discussed infBeir (2000) and found to be between
10 and 26 nm diameter for spot sizes (on the surface of thelsabgiween 2 and 5 nm.

EDX spectra were collected for a total counting time of 60 &e200 kV. No peak overlap
occurs for elements analyzed in olivine or silicate perdestinalyses were preferably taken in
regions that result in a deadtime of 20-30%. Spectra weteatetl employing the EDX software
Vantage 1.4 (Noran). For the determination of intensities Filter-Fit fit method of the Vantage
software was used, which employs a digital top hat filter émnoving the background. The sam-
ple was always tilted at an angle of°l®ewards the detector. With aid of the Analysis Manager
of the Vantange software, line profile analysis was autaredtby specifying the startpoint, the
endpoint and the number of measurements.

For quantification of the measured intensities the Cliffibeer ratio technique with absorp-
tion correction was used. In the limit of an infinitely thinngple, where absorption or fluores-
cence can be neglected, the composition can be calculat@fibyams and Carter, 1996):

2—‘; =Ky (3.1)
wherecq andcg are the weight percentages of the elemerasid( respectivelyiq andig are the
intensities andk,g is the Cliff-Lorimer factor. This factor has to be deterndrfer each accel-
eration voltage and each element relative to a referenceegleby the parameterless correction
method of Van Cappellen (1990). Examples are described mgdmhorst (1995) and Meil3ner
(2000). Si was used as the reference element. For each dlarsenes of spectra on a standard

is measured at the same conditions as for the sample. Themwoation ofa, calculated with
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kyg = 1 is plotted against the raw counts per unit tirmps= (i +is;j)/t, which is a monotonous
function of thickness. A regression of this plot extrapethtorcps= 0 counts sec! leads to the
apparent concentration at zero thickness. The ratio ofadhect concentration and the apparent
concentration resulting from extrapolation gives thef@ldrimer factor.

Unlike EPMA only the absorption effect has to be corrected ifo TEM-EDX. The

absorption-corrected k factds@B can be derived by:
kﬁs =Kap - KA (3.2)

According to Williams and Carter (1996) the absorption eotion factork® can be expressed

as.

a B
KA — [%} spl 1= exp<_ [%} splpt COSG(QV)) (3.3)

[‘5‘} Spl 1—exp (— [‘5‘} :plpt coseaéy))

a
where the mass absorption coefficient for a specific X-rayl@henta in the sample[‘—g] |
sp

is calculated by summing the mass absorption coefficienthisfX-ray with respect to each

(of
elementin the sampl%ﬂ ~ times their concentratioq:
|

.3 )
Y spl I Pli

In Equation 3.3, values for the density, thickness and tdikengle have to be known inde-
pendently for each measurement spot. It is possible to ak@dlifficulty for ionic compounds,
according to Van Cappellen and Doukhan (1994), using thetreleeutrality constraint. Values
for the density and take off angle are fixed during the catmnaat 4 g/cni and 14 and then the

thickness is varied until the absolute sum of all positivarges just equals the absolute sum of

all negative charges:

Z | (Xcation‘Vcation) |t = Z | (Xanion'Vanion) |t (3-5)

cation anion
whereX is the atomic concentration of the anion or catidns the valence state of the cation or

anion, and t is thickness.
For quantifying EDX-TEM profile analysis, Equations 3.53vere incorporated into a
self-generated computer program, TEMQuant, that autaaltireads the intensities from the

datafile generated by the Vantage software. TEMQuant igidbesktin detail in Appendix B.
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For silicate perovskite, Mg-loss inevitably occurs duramalysis. This effect is especially
evident at very thin parts of the sample near the edge of the IMass balance calculations of

the analysis results reveal that the species lost is MgOS8egon 5.5.4 for further details.



Chapter 4

Mathematical treatment of diffusion
profiles

4.1 General remarks

The mathematical treatment of experimentally-determuoh#dsion profiles consists of solving
the diffusion equation (Eq. 1.2) for the appropriate inidiad boundary conditions of the exper-
iments. The diffusion coefficierd is then derived by fitting an analytical solution to the pofil
or by simulating the profile numerically and refining the dgiion coefficient until a suitable
goodness of fit parameter is optimized. Reviews of the thandysolutions for a wide variety of
initial and boundary conditions are given in Crank (1979 &arslaw and Jaeger (1946). For
practical reasons the concentrat@ix, t) at timet at a positiorx along the profile are normalized

before treatment of the profiles by:

C(x,t) —C
C -G

with C; andC; denoting the initial concentrations of the two endmembétiseodiffusion couples.

Chorm(X,t) = (4.2)

The initial conditions at timé = 0 of all experiments of this study can be expressed in terms of
normalized concentrations (the subscript norm is droppesdibsequent expressions for clarity)
as:

C=1x<0, t=0

C=0,x>0, t=0, 4.2)
where x = 0 at the original interface. For all experimentscdesd in this study, at time> 0,

the diffusion couple can be regarded as consisting of twa-gémite media where always a
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limiting valuex., exists for which:

C=1 X<Xwo, t >0,

C=0, X>Xw, t >0. 4.3)

These boundary conditions imply that the diffusion profibes not reach the end of the diffusion
couple at either side of the interface. In Section 4.2, thetem of Equation 1.2 subject to the
initial conditions 4.2 and boundary conditions 4.3 for afuifon coefficientD that does not
depend on composition is described. In this case an anallgtidution exists that can be directly
fitted to the diffusion profile, whereas no analytical sauatcan be derived D does significantly
depend on composition. The problem of a composition-degeindiffusion coefficient can be
treated either with the Boltzmann-Matano analysis (Secdic.1) or by employing numerical

techniques (Section 4.3.2).

4.2 Two semi-infinite media, D constant

The solution in this case can be derived by considering theiso to the diffusion equation
that describes the diffusion of a substance M, initiallyak@fed at time = 0 in the plane<=0
(Crank, 1979):

c= " EXD<_X2) : (4.4)
2,/TDt 4Dt
The way to proceed is to consider the semi-infinite diffusionple as an infinite number of line
sources and adding the individual contributions.
For performing the superposition of the individual line sms, a useful mathematical func-

tion is the error function, defined as:

erf(z) = %_[/Ozexp(_rﬁ) dn (4.5)

and the complimentary error function erfc, which is givendic(z) = 1 — erf(z). The solution

of Eq. 1.2 for the initial and boundary conditions given inuatjons 4.2 and 4.3 than becomes:

Cxt)-C 1 < X )
C=27 T Zerfe| — ). 4.6
G -G 2 2v/Dt (4.6)

Figure 4.1 shows an example profile calculated employingakion 4.6. The profile is symmet-
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Figure 4.1: Analytical solution, Eq. 4.6, with initial and boundary atitions given in Eq.
4.2 and 4.3 implying a step distribution at t = 0 and two senfirite media. Because the
diffusion coefficient does not depend on concentrationpthfile is symmetric around the
origin.

ric with respect to the origin of the coordinate system. A owon feature of solutions of the
diffusion equation (Eg. 1.2) is the linear dependence of x/t. This is further illustrated
in Figure 4.2. The diffusional length scale is defined her¢hasprofile length between nor-
malized concentrationS = 0.01 and 0.99. Therefore, the diffusional length scaleesponds
to the distance of two concentration boundaries movinggtbe constant concentration nodes
C = 0.01 and 0.99, respectively. In a diffusion experimentoiider to increase the diffusion
profile length by a factor of 2 the time of the experiment habddncreased by a factor of 4.
The length of a profile can be estimated by the linear relahignbetween the diffusional length
scalex and /Dt derived in Fig. 4.2x = 6.6 x v/Dt, but it has to be kept in mind that the pro-

portionality factor depends on the definition of the limgiconcentrations (0.01 and 0.99 in this
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Figure 4.2: The diffusional length scale x (as defined in the text) depéindarly on+/Dt

(D = 1x 10 m?sec’?) in this example. The triangles are spaced at a constant time
interval of 1 hour showing that with increasing time the teéla increase in diffusion length
becomes smaller. The proportionality factor of 6.6 betweamd+/Dt does not depend on
the units chosen or the absolute value of D, but on the defingf the limiting concentrations
(see text for details).

case). For a time duration ¢dxp = 24 hour and a profile length of gm, corresponding to a
typical minimum profile lengthxmin, of EPMA, the minimum diffusion coefficier®,, that can
be measured is- 10717 m? sec’!, whereas in the case of EDX-STEM, wik,in, =~ 150 nm,

Dmin= 6 x 10721 m? sec'! ~ 10720 m? sec'? (texp= 24 hour).
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4.3 Semi-infinite media, D concentration-dependent
4.3.1 Boltzmann-Matano analysis

The Boltzmann-Matano analysis is an exact formulation thescribes the composition-
dependent diffusion coefficient in terms of the derivatine ghe integral of the concentration-

distance function (for example Shewmon, 1989):

c

D(C) = —% (3—2)%_/0 xdC 4.7)
whereD(C*) is the diffusion coefficient at the concentratiGn, t is the duration of the diffusion
annealx is the position along the profile, afizlis normalized concentration. The zero point of
the spatial coordinateis defined by the Matano interface to satisfy the condition:

C=1
/ xdC=0 (4.8)
C=0

Hence, the Matano interface is the plane through which etjuads flowed to the right and left.
As a consequence, the area under the profile funationis the same on both sidesx# 0. A
graphical interpretation is given in Figure 4.3. Equationéan be derived using the Boltzmann
transformation employing the variable substitutios x/+/t in Eq. 1.2 (Philibert, 1991). Thus,
it must be possible to express the initial and boundary ¢mmdi of the experiments in terms of
the transformed variabl®. It is not necessary that the concentration distributiotoistinuous
to apply the Boltzmann-Matano analysis as long as a diswontis function at > 0, where
more than one discontinuity may exist, results from a stefrilution att = 0 (Jost and Hauffe,
1972). Therefore, diffusion taking place at the same timih \&i phase change or a reaction
can be treated by Boltzmann-Matano analysis. In the case¢ht@anolar volume difference of
the diffusion couple is larger than 10% a generalized BadtzmMatano formulation is given
in Wagner (1969). In this study the difference in molar volumas always below 10% and
therefore Equation 4.7 was used.

For computing the derivative in Eq. 4.7 from the experimedéda, a smoothing function is
required. Different functions, normally used for sigmdigeowth models (Ratkowsky, 1983),

were applied :
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Figure 4.3: Graphical interpretation of Equation 4.7. To calculate ttliéfusion coefficient
at a specific composition'®ne needs the inverse slope and the integral given by thadwtc
area. Note that the Boltzmann-Matano interface at@and defined by Eq. 4.8 is in general
not at C= 0.5. This would be only true for a symmetrical profile, when D doesdepend
on composition.

Richards type
Py
= 4.9
Y [1+exp(P,— P?,X)]l/P4 (4.9)

This type of equation, with an additional addeRgifor shifting the curve along the y-
axis, was used by Petry (1999b) and subsequently by Maclktvall (2004) for analyzing
the composition dependence of Ni diffusion in olivine dgion couples with varying Fe-

contents and for ferropericlase interdiffusion experitagrespectively.

e Morgan-Mercer-Flodin type

_ PP+ |:)3XP4

Sy (4.10)
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e Weibull type
y = P1— Prexp(—Psx™) (4.11)

The fits of experimental data are not significantly differemtploying the different fit func-
tions given in Equations 4.9-4.11. Due to the strong noaliitye of these functions, precise
fitting can be problematic as shown in Chapter 5. As an altemaf fitting a single function

over the entire profile length is difficult, a combination @iynomials can be used.

4.3.2 Numerical simulations: Finite difference method

Numerical simulations of phenomena governed by partidedihtial equations are becoming
more and more important for many applications in sciencetaaknology such as continuum
mechanics, thermal conduction or diffusive mass transjoffierent techniques for computation
exist, for example the finite element and the finite diffeeeneethods. For simulating diffusion
profiles numerically in this study a finite difference metheads applied. The principle of the
technique is the discretization of the composition funti(x,t) in space and time and the ap-
proximation of the partial derivatives that arise in thefuifon equation, Eq. 1.2, by a Taylor
series expansion between the space and time nodes. Sewa@jraphs describing this method
in detail exist, e.g. Smith (1985) - a short introductionlsoagiven in Crank (1979) and Ghez
(1988). To illustrate the technique, an example with an eagptial composition dependence,
used for most of the composition-dependent problems ierlaggctions, is described here. An
example program for computation is given in Appendix C.

The diffusion equation, Equation 1.2, with D depending exqrdially on composition, can

be written as:

oc o0 oC
=2 (ooemac)ly). (4.12)
which after differentiation gives:
€ _ a-Do-exp(a-C(x)) oc 2—|—D -exp(a-C(x)) - 62_0 (4.13)
o P ox 0 P '

Several finite difference schemes for solution may be engaloylhe simplest method for

approximation of the partial derivatives is the explicitrfaulation, also used in this study. An
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alternative would be for example an implicit finite diffecenscheme (Smith, 1985). The advan-
tage of this method is the unconditional stability but thavavack is that a large set of linear
equations has to be solved simultaneously. Therefore, #thaod is far more difficult to imple-
ment. Because no significant improvements of computatgpedd or accuracy are expected for
profiles investigated in this study, only the explicit meth@as implemented and is described
in the following paragraphs. The arguments for using thdiexnstead of the more efficient
implicit method follow the same line of reasoning as in Gaetad Watson (2002) in their study
of diffusive reequilibration of melt inclusions.

For implementation of an explicit finite difference scheries space coordinate of a diffu-
sion profile is divided into stepd and the time coordinate is divided into stepqFig. 4.4).

Expanding the concentration in time into a Taylor serieggjiv

o . oC
C(I,J+l)=0(l,1)+5tg

1 9%C
+5 (8t)% =

=7| T (4.14)

i

i
If higher than linear terms are neglected the time derieatan be written as:

_Cl,j+t) —c(,j)
ot

oC
ot

(4.15)

i
which according to Smith (1985) is first-order accuratétinThe first derivative of the concen-
tration with respect to the space coordinate is expressédasymmetric expression where the
Taylor series is used in the negative and positive x-dioecti

20X

a_c
[1)4

(4.16)

i
This expression has the advantage of being second-ordanaéemdx and is therefore preferred
to simple backward or forward approximations (Ghez, 1988Yaylor series expansion in the
x-direction truncated after the term containing the secdedvative of the concentration with
respect to distance leads to an expression of the secondiilaxiof the compositiol© with

respect toc
*C| _ Cli+1,j)—2C(i,j)+Cli—1,])
0x? i (8)°

where the leading error is on the orderdsf (Smith, 1985).

(4.17)
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Figure 4.4: Grid for performing the explicit finite difference methocadh node in space x
and time { represents a concentration(&,t;). The solution is propagated along the time
axis by calculating the unknown concentration c(i,j+1) énrhs of the known concentrations
C(i-1,j), C(i,)), and C(i+1,j) with the aid of Equation 4.18
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Inserting these finite difference approximations into thi&usdion equation employing an

exponential composition dependence, Eq. 4.12, and rean@finally results in:
C(i,j+1) = C(i,j)+---
+%K.aD(i,j) Ci+1,j)—C(j -1+
+K-D(i,])[C(i+1,j)—2C(i,]) +C(i — 1, )] (4.18)

whereD(i, j) = Doexp(a-C(i, j)) andk = &t/(&x?). The conditiornk - D(i, j) < 0.5 has to be
fulfilled, otherwise the algorithm becomes instable.

A numerical simulation is performed by applying Equatioa8irepeatedly for each grid-
node of a new timestep until all timesteps add up to the duratf the experiment. As goodness
of fit criterion of a simulation, the sum of squared differeadetween the measured concentra-
tion C, and the simulated concentrati@g at each distance-stq)(cm—cs)2 is calculated and
minimized by iteratively changinBo anda. >

As a test of accuracy, Figure 4.5 compares simulations féerdnt values ok - D and an
analytical solution for composition-independéhi(settinga in Eq. 4.12 equal to zero) using
a typical average value for ferropericlase diffusion expents (Section 5.4) and 1200 sec of
diffusion. At values ok - D > 0.5 oscillations of calculated concentrations appear whagidly
increase towards infinity for only slightly increasing vaduofk - D, whereas for alk - D < 0.5
the overall deviation from the analytical solution is lekart random scatter corresponding to
an analytical uncertainty of 0.1%. Hence, within the expemtal error for the profile measure-
ments all simulations fok - D < 0.5 give accurate results in this example. This is in geneual tr
for time scales up to 16 h, which is the longest timescale pégrents resulting in asymmetric
profiles investigated by finite difference simulations irststudy.

As a second test of accuracy, Figure 4.6 and Table 4.1 condgaursion coefficients derived
by the Boltzmann-Matano method, as a function of compasitgerformed on profiles first
derived by numerical simulations with varying D values for a composition dependence of
D = 0.06-exp(3.4-C). The numerical simulations generate smooth input profiliésout any
statistical scatter, hence to avoid inaccuracies due tavgirial fit-function, for Boltzmann-
Matano analysis an interpolation function supplied by tbeputer program Mathematica was

used as smoothing function.
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Figure 4.5: Simulation for a diffusion profile with a constant diffusigoefficient D of
0.1 2 sec’! and 1200 seconds of diffusion. Only one half of the profilehmasm. For
valuesk - D equal or slightly larger than 0.5 the simulations beconstable whereas for all
values less than 0.5 the solution agrees well with the aialysolution, Eq. 4.6, keeping in
mind the statistical scatter in the profile analysis (see (@baga3).

In this test, two completely independent methods are usdidstogenerate the profile and
second to re-determine the composition-dependent diifusoefficient. Thus, the consistency
between the results and the expected input diffusion caaftis given byD = 0.06- exp34-C,
on the order of 0.3 % (Table 4.1), indicates the accuracy ¢ boethods. If one assumes
that the errors arising in the Boltzmann-Matano analysshanch smaller than the deviation of
the numerical simulations, because a smooth dataset wdeysdpthan the deviations between
calculated diffusion coefficients and input diffusion dasénts solely originate by round-off and
discretization error in the numerical algorithm. The di#ece(Dyea — Dcaic)/Dreal in Table 4.1
is slightly larger for largek - D and compositions in the steeper part of the asymmetric profil

The overall variation of this deviation between 0.17 andb04 is ~ 2 orders of magnitude



78 CHAPTER 4. MATHEMATICAL TREATMENT OF DIFFUSION PROFILES

-11.6 - . - . - . - .
-11.8

12+
-12.2
-12.4 +
-12.6
-12.8

Log(D, m? sec'l)

NoT =4800,k =0.25 +
NoT =12000,k =0.1 X
-13.2 5
NoT =1.2-107, Kk =0.001 o
_134 . 1 . 1 . 1 . 1 .
0 0.2 0.4 0.6 0.8 1
composition, C

Figure 4.6: Diffusion coefficients calculated by Boltzmann-Matanohoétusing numerical
simulations with varying number of timesteps (Na&Tyalues corresponding to 1200 sec of
diffsuion and a composition-dependent diffusion coeffici® = 0.06- exp(3.4-C).

smaller than the experimental error on® 80 %, see Chapter 5).
Therefore, the two different tests for a constant and a caitipao-dependent D confirm that
as long ax - D < 0.5 the numerical simulation is consistent with the diffuseguation, Eq. 4.12,

and accurate enough, within experimental error, for thearpents performed in this study.
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Chorm DS]_, 1013 i DS’Z, 1013 m Dgg, ]_013 m Dreal, 1013 m DreaI*Dcalc’ %

sec sec sec sec Dreal
NoT =4800 NoT =12000 NoT = 1200000 S1 S2 S3
K=0.25 K=0.1 K =0.001
0.1 0.84 0.84 0.84 0.84 0.33 0.30 0.28
0.2 1.18 1.18 1.18 1.18 0.46 043 042
0.3 1.66 1.66 1.66 1.66 0.41 0.39 0.38
04 2.33 2.33 2.33 2.34 0.37 035 0.34
0.5 3.27 3.27 3.27 3.28 0.31 0.30 0.29
0.6 4.60 4.60 4.60 4,61 0.27 0.25 0.25
0.7 6.47 6.47 6.47 6.48 0.24 0.22 0.23
0.8 9.09 9.09 9.09 9.11 0.22 0.19 0.19
0.9 12.8 12.8 12.8 12.8 0.21 0.17 0.17

Table 4.1: Comparison of diffusion coefficients calculated by Boltzm&latano analy-
sis using a finite difference simulation with a composititapendent diffusion coefficient
Dreal = 0.06 x exp(3.4 Crorm), Where Gorm is @ normalized composition between 0 and 1,
as the input-profile. Three simulations were performed, efo8l-S3, for a varying number
of timesteps (NoT) and correspondikgalues px = 1 um), given in the topline of the table,
to test if the resulting diffusion coefficients are consisteith each other.
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Chapter 5

Results

5.1 Introduction

In this chapter, the results of the diffusion experimenesdascribed for olivine (Section 5.2),
wadsleyite (Section 5.3), ferropericlase (Section 5.4y silicate perovskite (Section 5.5). The
observations include backscatter electron images of tfiestin couples and capsules, pro-
file examples measured by electron microprobe analysis @RM¥d transmission electron mi-
croscopy equipped with an energy dispersive detector (HEX4), and variation of diffusion
coefficients with pressure and temperature. Because mdbeddiffusion experiments have
been performed at different P-T conditions in capsules a/liee oxygen fugacity is buffered
by a solid state buffer system (either Ni-NiO or MgO-Fe, seet®n 2.4), diffusion coefficients
are determined at variable oxygen fugacity conditions. deament of diffusion coefficients
D along a buffer system at different P and T conditions intoaduvariability from two sources
into the diffusion data: (I) AsfO, changes along a buffer with temperature, the chand@ in
due to this variation inf O, is absorbed into the temperature dependence, resultindpighar
activation energy determined in an Arrhenius plot compé#odtie true activation energy at con-
stant temperature. (Il) ThEO,-T relation itself shifts with a variation in pressure imjply that
experiments carried out at the same temperaturd @duffer but at different pressures are not
equivalent. Ideally, corrections should be made for botthege effects in order to represént
as a function of the independent variables P, T &04.

In a review of garnet diffusion data (Chakraborty and Gapgii®91), obtained along the
graphite-Q buffer, it is estimated that at pressures up to 4 GPa thetedfe@l) is neglegible

81
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implying an insignificant difference either if the activaii volume is determined using values
along the buffer or at constafO,, whereas the effect of () yields an activation energy that i
~ 10% larger than the value at constd@,. In the studies of Farber et al. (2000) and Holzapfel
et al. (2003), where diffusion coefficients were determiakxhg the Ni-NiO buffer, no attempt
was made to normalize the results to a constant oxyen fygdwithis case, the values derived
for the activation energy and the activation volume are osallyd at conditions of the buffer
system used. The reason not to normalize the results to gacdnalue off O, in Holzapfel
et al. (2003) was the relatively large uncertainty in cadtinlg the fO, at high pressures. In
addition, the fact that the absolut€®, of a solid buffer system changes with P and T implies
that the relativef O, scale fOo relative to a buffer system) is a better indicator for theosestate
of the system than the absolut®, scale itself. Thef O, inside the Earth most likely changes
subparallel tof O, curves equivalent to solid state buffers (Frost, 1991). el@w, the activation
energy and activation volume are physical quantitieststranly defined at a constant oxygen
fugacity. Hence, in the present study, the effects of a cimgnfO, of the Ni-NiO buffer as a
function of P and T (cases (I) and (1) defined above) is edchasing thermodynamic data of
the redox reaction in order to correct diffusion coefficeeabtained using Ni-NiO capsules at
pressures below 24 GPa.

In Figure 5.1 the variation of the Ni-NiO buffer with pressuand temperature is shown
using values of Huebner (1971), Ride (1991), O’Neill and Rogby (1993), and Pownceby and
O’Neill (1994). Ride (1991) lists an expression for the fezeergy changAGP of the oxidation

reaction of Ni:

Ni+%02: NiO. (5.1)
The oxygen fugacity of reaction 5.1 can than be calculatddoatr by
20G°

At elevated pressures, Equation 5.2 has to be rewritten as:

2 (AG° + [T AVO(P,T)dP)
RT In(10) ’

log(fOy) = (5.3)

whereAVO(P, T)dPis the volume change of Reaction 5.1. In model [1] in Figufieesconstant

volume change of reaction 5.1 was assumed using molar vslainii and NiO also given in
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Figure 5.1: Variation of oxygen fugacity as a function of pressure amdperature. Refer-
ences are: [1] Huebner (1971), [2] Ride (1991), [3] 1 bar: C&ll and Pownceby (1993),
P > 1 bar: Pownceby and O’Neill (1994). See text for further dision.

Ride (1991). The equation given in Huebner (1971) alsazatilia constant volume change of the
oxidation reaction (Equation 5.1), whereas Pownceby aidell’(1994) employed results for
the thermal expansivity and compressibility of Ni and Nibshed in the literature to calculate
the integralfl'z,arAVTo’PdP in Equation 5.3. For the three different models, the oxygeradity
imposed by the equilibrium of Ni and NiO increases with iragi@g temperature and pressure.
Values calculated by Ride (1991) are approximately 0.2 3o@y-units lower than the results
of Huebner (1971). The oxygen fugacity calculated usingftileexpression of O’Neill and
Pownceby (1993) is closer to the resultes derived usingegadfi Ride (1991) at lower pressures
whereas at higher pressures they nearly coincide with thdtseof Huebner (1971). However,
the expressions used by O’Neill and Pownceby (1993) areetemploying experimental re-

sults at pressures and temperatures lower than in the prasely. In addition, the difference



84 CHAPTER 5. RESULTS

between the different models seem to be insignificant, onlyhe order of 0.3 log units for an
absolute variation of oxygen fugacity by approximately dess of magnitude between 0 and 24
GPa. Therefore, in subsequent calculations the oxygercityga calculated using the expres-
sion derived from Ride (1991).

An overview and comparison of diffusion coefficients as action of pressure and temper-
ature for the different mineral systems are given in Sedi@n Establishing absolute diffusivi-
ties allows the effect of temperature gradients on the siifiiu profiles to be discussed (Section
5.7.2) and the influence of diffusion taking place duringithigal heating of the experiments to
be characterized (heating effect, Section 5.7.3). Computggrams implementing explicit finite
difference schemes for investigations of heating effedtghtrbe used for other studies where

very rapid diffusion occurs, e.g. diffusion in silicate risel

5.2 Olivine

5.2.1 Conditions of experiments

The pressure and temperature conditions of all olivineudifin experiments, together with the
capsule types used, are listed in Table 5.1. Both Au and Ki-ddipsules were employed (Section
2.4). Au capsule experiments are limited to lower presshyethe melting point of Au, about

1673 K at 8 GPa (extrapolated values given in Young, 1991) 3eries of experiments were
performed employing Au capsules: The first isothermally&t3LK and pressures between 8
and 12 GPa and the second isobarically at 12 GPa between 1688 k823 K. The Au capsule

technique was developed by Chakraborty et al. (1999), valsdhee design of the Ni-NiO capsules
was developed in this study. The main purpose of using Ni-b&Psules, in addition of Au-

capsules, was to constrain th®, conditions prevailing inside the Au capsules to enable gbet
comparison of results of this work and of Chakraborty et EH90) with results of other studies
in the literature (see also Section 1.3.2 and 2.4). For @éerments a 14/8 assembly in a 500 t

Walker style multianvil press was used (see Section 2.5).
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Sample  Capsule T,K P, GPa t, min Iog(DFLLMg/gC) Iog(DNi/gc) Iog(Dmn/gQ
1CS12 AU 1673 12 1440 16.23) 216.5(4) -16.1(5)
2CS10 Au 1673 10 1440 -16.4(3) -15.5(4) -16.4(5)
3Cs8 Au 1673 8 1440 -15.6(3) -15.7(4) -15.8(5)
4CS11 Au 1673 11 1440 115.5(3) 115.7(4) -15.4(5)
5CS12 Au 1673 12 1440 116.3(3) -16.4(4) 116.1(5)
6CS10 Au 1673 10 1440 -16.3(3) -15.5(4) -16.5(5)
7CS115  Au 1673 115 1440 -16.1(3) -15.8(4) -16.2(5)
8CS105  Au 1673 105 1440 -16.1(3) -15.5(4) -15.9(5)
9Cs11 Au 1673 11 1440 -15.3(3) -15.4(4) -15.5(5)
10CS11.5 Au 1673 115 1440 116.3(3) 116.1(4) 116.3(5)
13CS12  Au 1773 12 1440 -15.9(3) -16.1(4) -16.0(5)
14CS12  Au 1723 12 1440 -16.1(3) -16.3(4) -16.2(5)
15CS12  Au 1823 12 1440 -15.5(3) -15.6(4) -15.6(5)
16CS12  Au 1623 12 4320 -16.8(3) -16.9(4) -16.5(5)
17CS12  Ni-NiO 1673 12 1443 116.7(3) -16.6(4) 116.7(5)
18CS6  Ni-NiO 1673 6 1440 -15.7(3) n.m. n.m.
20CS6  Ni-NiO 1673 6 1440 -15.4(3) -15.4(3) -15.5(5)

Table 5.1: Results and conditions of the olivine high pressure difiusuns - Diffusion
coefficients are given ifog,o(D), n.m. denotes not measured (see text for explanation,
Section 5.2.3)

5.2.2 Characterization of diffusion couples after the expements

To detect and exclude irregular artifacts along the difnsnterface due to possible instabilities

of the diffusion front, all samples have been studied by mggolution backscattered electron

imaging (Figure 5.2) and elemental mapping. Diffusion tsoare usually regular and paral-

lel to the crystal interface. In one experiment, 20CS6, @@l part of the diffusion couple

sheared between two cracks (formed probably during initimhpression) and recrystallized.

Grain boundary diffusion is evident in backscatter elattimages and elemental maps. For

measuring diffusion profiles, undisturbed areas outsidestiear zone were investigated, where

the original single crystal structure remained intact.

Sometimes, the two crystals of the diffusion couple sepdrat the interface due to decom-

pression and/or sample preparation. The length scale ©&#paration is much less themqrh

and therefore insignificant with respect to profile shapelandth (normally> 10 um, see be-

low).

The thermocouple and the capsule in the 14/8 assemblieSd®&c5) used for the olivine
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Figure 5.2: Backscattered electron images of the two capsule types BAsgold capsule, B
Ni-NiO capsule (see Section 2.4). For all experiments a d4&:mbly was employed. The
step of the inner LaCr@furnace-part is visible in A and B.

experiments were effectively shielded from each other byg®Misc (Fig. 2.6 and 5.2) and no

Ni contamination could be detected in the thermocouple hWitNiO capsules, prevention of
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this effect is utterly important because otherwise Ni cdfuge into the thermocouple, seriously
influencing the temperature reading. In initial experinseeimploying Au capsules, instead of
using a lid covering the capsule and the MgO cylinder sepay#he capsule from the furnace, a
MgO plug was used on top of the capsule. In this case, the Audsd from the capsule between
the plug and the inner wall of the MgO cylinder into the boréeksmf the ApO3 thermocouple
sleeve. Because the Au did not react with the thermocoulpdetemperature reading was not
significantly effected.

Water potentially influences diffusion rates in olivine d®wn in the study of Mei and
Kohlstedt (2000) for diffusional creep, which depends odi8usion. To characterize the water
contents of the crystals, infrared spectra were measursdmople 8CS10.5 employing a Bruker
IFS 120 HR high resolution FTIR spectrometer. The syntHetisterite contained no detectable
amounts of water whereas the San Carlos olivine had on thex of®25 ppm by weight water

based on the absorption correction of Paterson (1982)tattexxperiment.
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5.2.3 Profiles and diffusion coefficients

Example profiles for Fe, Mg, Ni, and Mn are shown in Figure 5Te profiles analyzed by
EPMA are symmetrical for the experiments described her@reds strongly asymmetric pro-
files were observed by Chakraborty (1997). This apparentelmncy can be explained by the
limited compositional range, kgo-Fog4, used in this study (Section 2.3.2). Hence, the composi-
tion dependence of diffusion cannot be resolved in the éxyats reported here using profiles
determined by EPMA (for analysis employing EDX-STEM seeg| and the diffusion coeffi-
cient is representative of the average composition of tfiesion couple (Mg# = 0.97). This is
the case for the Fe-Mg interdiffusion coefficient and alsoMo and Ni diffusion. The length of
the diffusion profiles is approximately 10-2n and therefore much smaller than the length of
the single crystals forming the diffusion couple. Thus, phefiles were analyzed with Equation
4.6, the analytical solution of the diffusion equation (Btian 1.2) using initial and boundary
conditions given by Equations 4.2 and 4.3. For fitting thdif@® to Equation 4.6 the nonlinear
least square fit routine supplied by the computer progranhbtaatica (Version 4.2.0.0) was em-
ployed for solving for 2/Dt and the position of the interfa@g with respect to the lab reference

frame {qap, for a discussion of different reference frames see Bra@y5h):

1 —a
C(x,t) = = erfc Nab— 4

2 2v/Dt

The fitted function was always checked by eye and startingegabr number of iterations were

(5.4)

systematically changed if necessary.

Diffusion coefficients derived by the procedure just owdtirare listed in Table 5.1. The error
was estimated first by the scatter associated with diffgneiiie measurements on the same sam-
ple and with profiles measured on samples at the same camsl{ggperimental reproducibility).
This error is on the order of 0.2 log-units for Fe-Mg intefdion, corresponding to a relative
error of 50%. For Ni and Mn, errors of 0.3 and 0.4 log-unitspextively, were estimated. The
increased error of Ni and Mn diffusion coefficients compated-e-Mg interdiffusion coeffi-
cients is caused by the larger analytical scatter for thettace elements (see Fig. 5.3). As
shown later in Sections 5.2.4, 5.2.5 and in the ferropes&ckystem (Section 5.4) the error for
high pressure multianvil diffusion experiments is somewaer because of errors in pressure

and temperature. Hence, the overall error for the high pressxperiments in the olivine system
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Figure 5.3: Diffusion profile examples for olivine measured by EPMAdib® microprobe).
The experiment was performed at 12 GPa, 1623 K and annealét2fh (16CS12). In (A)
the Fe and the Mg profiles are shown together. The Fe-Mg iiftesibn coefficient can be
derived from either of the two profiles (Section 1.2.3). Ihtt® Mn profile and in (C) the Ni
profile are shown.
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Xe B—tc % error
7 0.96 4
6 0.95 5
5 0.93 8
4 0.89 12
3 0.80 24
2 0.56 79

Table 5.2: Error of the true diffusion coefficient Dgiven in % deviation of Pfrom the
diffusion coefficient Bdetermined from a convolved profile. The ratig/D. was calculated
employing Equation (20) given in Ganguly et al. (1988, sse &q. 5.5). Xdenotes half-
length of the profile in microns.

is on the order of 0.3 log-units for Fe-Mg interdiffusion40og-units for Ni and 0.5 log-units
for Mn diffusion.

Because some of the profiles are orlY8— 10 um long, they may be susceptible to convo-
lution effects. The possible effect of profile broadeningg tb the finite excitation volume of the
X-rays (Section 3.2), was estimated using the algorithneldged by Ganguly et al. (1988). The
standard deviation of the X-ray excitation volume, assuming a Gaussian intgmkstribution,
was determined to be better than Op#B. This value was derived by scanning across thAd
MgO boundary between the thermocouple sleeve and the Mg@deyl (compare with Figure
2.7) in the low-temperature part of the assembly. The etiéaonvolution can be estimated
employing Equation (20) of Ganguly et al. (1988):

D¢ £\?

D 1_8(X_C) (5.5)
whereDy is the true diffusion coefficienfD. denotes the apparent diffusion coefficient deter-
mined from the profile subject to convolution broadening Zpds the half width of the profile.
This equation is only valid for a composition-independafiudion coefficient. Table 5.2 shows
errors as percent deviation from the true diffusion coeffit; for profile half widths between 2
and 7um. If an error of 12% is considered as acceptable, keepingxtperimental uncertainties
in mind (see above), profiles as short gm8still give reliable diffusion coefficients.

To verify these calculations, two samples, 6CS10 and 17G%4l2e 5.1), with diffusion
profile lengths of 10 and fm, respectively, were analyzed by EDX-STEM following the ex
perimental procedure developed by Meil3ner et al. (1998)dasdribed in Section 3.3. Figure
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5.4 shows the profiles for both samples. In both cases theréifte for diffusion coefficients
determined by fitting a composition-independent diffustaefficient is on the order of 30%,
somewhat larger than estimated in Table 5.2. As outlinedabwe difference in D for different
profiles determined on the same sample is as large as 0.hitgeorresponding to a relative
error of~ 50%. Therefore, profiles measured by EPMA, show no significanvolution effects
with respect to the average diffusion coefficient of the peofi

However, Figure 5.4 shows also that the composition-degrecelof diffusion can be resolved
by EDX-STEM, whereas the subtle asymmetry of the profilesotsdetectable by EPMA. For
both samples shown in Figure 5.4, 6CS10 and 17CS12, an aggyfitemploying a composi-
tion factor of ex{{6.9 Xre,sio,), Observed at 1 bar (Chakraborty, 1997, Dohmen, pers. c@n.),
fully compatible with the TEM profiles. Hence, to correct Megr interdiffusion coefficients at
Xre,sio, = 0.97, as determined in this study, Xge,sio, = 0.90, the average olivine composition
in the upper mantle, requires the addition of 0.2-0.3 logsun

Sample 18CS6 at 6 GPa and 1673 K (Table 5.1) employed a $ligifficrent Ni-NiO cap-
sule than originally developed in this study (Section 2.Wistead of using Ni-foil, a Ni-wire
was drilled similar to the Au capsule design. After the dsftan experiment the olivine diffusion
couple showed Mn contamination along the rim of the crystald across the diffusion zone.
Hence, a peak-shaped Mn distribution developed acrosstidace (up to 3.7 wi% MnO). This
phenomenon can only be explained by Mn or MnO contaminatiom fthe capsule. Because
the capsule was produced from high-purity Ni-wire, the Mmtemnination of the capsule pre-
sumably occurred during drilling (e.g. by a Mn-bearingldiit). Therefore, only the Fe-profile
was analyzed in this sample, because 3.7 wt% MnO does notlatéhermodynamic factor for
Fe-Mg interdiffusion significantly, implying no change betFe-Mg interdiffusion coefficient as
compared to the Mn-free system. This is not clear for Ni diiin. Therefore, Ni profiles were

omitted for sample 18CS6 when deriving diffusion coeffitsen
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Figure 5.4: Comparison of Fe-profiles (normalized concentration) niead by EPMA and
EDX-TEM for samples 6CS10 (A) and 17CS12 (B, see Table 5at)fitling the data an
analytical solution (Eq. 5.4) was used {fds) or a simulation employing an exponential
composition dependence {Dqep), as discussed in the text.
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5.2.4 Pressure dependence at constant temperature (1673 K)
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Figure 5.5: Diffusion coefficients as function of pressure for Fe-Mdghexge at 1673 K. In
addition, a linear fit using results of experiments emplgyWi-NiO capsules and a linear fit
of results obtained from Au capsule experiments are shownthE latter, the datapoint at
11 GPa was excluded as discussed in the text.

Diffusion coefficients listed in Table 5.1 at 1673 K and press between 6 and 12 GPa are
plotted together with literature values at 1 bar (Chakrghdr97; Petry, 1999b) as function of
P in Figures 5.5-5.7. Considering the experimental erroguabned above, values determined
using Ni-NiO capsules and therefore buffered close to th&li buffer, are close to the values
determined from Au capsule experiments, implying that thegen fugacity conditions in the
Au capsules are close to the oxygen fugacity imposed by tHdi®ibuffer. Nevertheless, the
deviation seems to be systematically to slightly lower galalthough this conclusion is mainly

based on the outcome of experiment 17CS12 at 12 GPa (Tablétedce activation volumes are
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Figure 5.6: Diffusion coefficients as function of pressure for Ni at 1&73n addition, a

linear fit using results of experiments employing Ni-NiOstdps and a linear fit of results
obtained from Au capsule experiments are shown. For ther]dtte datapoint at 11 GPa
was excluded as discussed in the text.

calculated for both the complete dataset and for the exgatsrperformed in Ni-NiO capsules

alone to be able to judge if a statistically-significanteliéfnce exists.

For comparison, diffusion data for Fe-Mg exchange at 1 bartaken from Chakraborty

(1997), where an Arrhenius plot is given fordg@nd F@, compositions at an oxygen fugacity

of 10712 bar (Fig. 5 in Chakraborty, 1997). The logarithm of the Fe-Mtgrdiffusion co-

efficient at 1673 K anre,sio, = 0.08 is log Dre_mg) = —15.36. Taking the compositional

dependence, as discussed in the previous section (Sec®d@),3nto account, the correspond-

ing value for F@y is approximately 0.3 log-units smaller. Thejf@ffect is corrected with an

oxygen fugacity exponent of 1/5, consistent with recenteexpental results of Dohmen (pers.

communication). Hence, the logarithm of the Fe-Mg intdugiion coefficient at 1 bar, 1673
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Figure 5.7: Diffusion coefficients as function of pressure for Mn diffnsat 1673 K.

K and log fO2) = 5.79, equivalent to the Ni-NiO buffer at these conditions ¢otdted with
data from Ride, 1991), becomes @Mg = —14.42. For Ni diffusion, values derived from
olivine diffusion couple experiments at 1 bar from PetryqaB) and Petry et al. (2003) were
chosen, employing a similar correction procedure. At 167&8nd log fO,) = —11 the loga-
rithm of Dy;j is -15.2 (Fig. 38 in Petry, 1999b, see also Petry et al., 2008 compositional
dependence is slightly less pronounced and a correctiorldbg-units was employed, whereas
the fO, exponent is equal to 1/4.25, somewhat larger than for FesNtgdiffusion, leading to
Iog(DE?W) = —14.0. For Mn diffusion no rigorous correction scheme for i@ and composi-
tion dependence can be employed for 1 bar data. Hence, anhyigh pressure data were fitted
for retrieving the activation volume.

In Figures 5.5-5.7 it is evident that diffusivities at 11 G#ta significantly faster than a linear

relationship between Id®) versus pressure would imply, especially for Fe-Mg intéudgiion.
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Exp AVa(Fe—Mg) Error AVa(Ni)  Error AVa(Mn)  Error
Ni-NiO (ex 1 bar) 6.1 1.4 6.4 n.d. 6.4 n.d.
Ni-NiO (in 1 bar) 6.1 0.6 7.0 0.4 - -

Au (ex 1 bar) 5.3 2.2 55 4.0 2.5 3.1
all (ex 1 bar) 51 1.0 5.2 2.1 4.6 1.7
all (in 1 bar) 54 0.6 5.9 1.0 - -

Table 5.3: Activation volume&V, for Fe-Mg interdiffusion, Ni diffusion, and Mn diffusion
in olivine using linear fits for the data shown in Figures 5~ Ni-NiO denotes results
obtained in Ni-NiO capsules (including, in, or excluding, €lata at 1 bar), Au denotes
results obtained in Au capsules and all denotes the comgidteset.

This effect is also evident in the preliminary results of Kiadorty et al. (1999) as shown later
in Fig. 5.14. The cause for this “spike” is uncertain, but tiadue at 11 GPa is derived from
more than one experiment and thus cannot be regarded sim@ysangle outlier of the data.
Careful electron imaging reveals a separation of both alystfter the diffusion experiments in
this study, but the gap is smaller tharnudnand any correction would only shift the datapoints
slightly towards lower diffusivities &< 0.1 log-unit). Because no physical explanation for a
real peak at this pressure is evident, the data at 11 GPa weteled in the linear fit to calculate
the activation volume. The linear fit is therefore desigredeproduce the remaining values as
a function of pressure using the most simple model and imoguthe results at 11 GPa would
artificially shift the fit line. Hence the activation volumdsrived in the following text gives a
constant, average apparent activation volume that candattagalculate data at higher pressures

empirically, irrespective of its microscopic significance

Table 5.3 lists the results for the activation volume of Fg-Mterdiffusion, Ni diffusion
and Mn diffusion employing Ni-NiO capsules only, Au capsutenly, and the whole dataset
determined using a linear fit according to Fig. 1.1. Depegdin the data chosen, the activa-
tion volume lies in the range of 5.1 - 6.1 émol~1. The quoted errors in Table 5.3 are the
asymptotic standard deviations of the fits given by the cdemorogram gnuplot employing a
Levenberg-Marquardt algorithm. Although this technigsi@ honlinear least-square regression,
the results are the same as obtained by simple linear régmessd the asymptotic standard devi-
ation becomes equal to the normal standard deviation faetiression parameters as calculated

by for example formulas 5.60-5.61 in Sachs (1997). Consigehe magnitude of the errors, the
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difference between the activation volumes derived in Taldas not statistically significant. In
addition, the difference in absolute diffusivities and #xérapolation towards a pressure of 1 bar
implies that the values derived from Au capsule experimargsepresentative for diffusivities

at an oxygen fugacity close or slightly higher than the NGMiuffer.

For Ni-diffusion the data for the activation volumes aretie tange of %+ 1.0 cn?® mol—!
to 7.0+ 0.4 cn® mol~1, for a fit of results employing Au capsules and a fit for Ni-NiGfflered
data (including the 1 bar value of Petry et al., 2003), resypalg. The uncertainty of the results
obtained for Ni diffusion is much larger than for Fe-Mg irdigfusion. Hence, the activation
volumes determined for Fe-Mg interdiffusion and for Ni dsfon are very close to each other
within error (Table 5.3). The same statistical argumentssasl for Fe-Mg exchange with respect
to the fO, conditions prevailing inside the Au capsules experimepisyafor Ni diffusion as
well. Thus, diffusivities determined using Ni-NiO capsui@nd Au capsules are very close to

each other.

For Mn diffusion, the activation volume using results of esments performed in Au cap-
sules is 54 3.1 cn® mol~1. The large analytical scatter of the Mn results, is the nedspthe
large uncertainty. Only a fit using all data results in a staally significant activation volume of
4.6+ 1.7 cn® mol~1, fully compatible with values derived for Fe-Mg interdifion (Table 5.3).
Therefore, in Figure 5.7, the fit for Fe-Mg interdiffusiongsown in addition to the fit for the
Mn diffusion coefficients. Within the scatter of the dateae tiegression of Fe-Mg interdiffusion
coefficients if fully compatible with the results for Mn. Tleatrapolated diffusivity at 1 bar is

log(Dmn) = —14.7, which is close to the value of Fe-Mg interdiffusion (ide_mg) = —14.4).

Based on the results presented in this section it can beuwetkhat the diffusion coefficients
determined for divalent cations in olivine are close to aattier, as already observed in studies at
1 bar (e.g. Petry et al., 2003). This is also true for the attm volume of diffusion which, for all
three diffusion processes, lies in the rang®-47.0 cn?® mol—. Because no statistical significant
difference between diffusion coefficients determined frexperiments employing Au capsules
and from those employing Ni-NiO capsules was found, thevatitin volume derived by a fit of
all diffusion data in one system is regarded as the best astiof the true activation volume at

1673 K and arf O, close to the corresponding value of the Ni-NiO buffer. Hetlmemost likely
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value for Fe-Mg interdiffusion is $4 1.0 cn® mol~1. This would be the recommended value
to use for the other elements as well, although consideratidormal errors suggests 4-7 ém
mol~1 based on data from various trace elements. This best fit imhlso essentially the same
as found for Fe-Mg interdiffusion by Misener (1974).

As discussed above, the values for the activation volume 1§ interdiffusion, Ni diffusion
and Mn diffusion so far derived are valid along the Ni-NiO feuf Therefore, the values &4
include the variation of O, representative of the Ni-NiO buffer. Strictly, the actieatvolume is
defined for a constant oxygen fugacity. This is only possitilee oxygen fugancity variation of
the Ni-NiO buffer can be calculated as a function of pressmetemperature. Literature values
published so far can only be used as an approximation becdusticulties of measuring the
oxygen potential at high pressures. Using values given de RL991), the variation of O, at
1673 K is between lofO, = —5.8 at 1 bar to logO, = —2.5 at 12 GPa, assuming a constant
volume of the oxidation reaction of Ni (see Section 5.1 fatHar explanations). This change
in fO, corresponds to a change of 0.7 log units of diffusivity. Hfiere an activation volume
of 5.6 cn? mol~1 along the Ni-NiO buffer corresponds to a value of 7.4enol~* at constant

oxygen fugacity.

5.2.5 Temperature dependence at constant pressure (12 GPa)

To constrain the temperature dependence at elevated pressuperiments at variable temper-
atures between 1623 K and 1823 K have been performed emgléyincapsules. Diffusion
coefficients for Fe-Mg interdiffusion, Ni diffusion and Mnffdision are given in Table 5.1 and
are displayed in Arrhenius plots in Figures 5.8-5.10. Ircalles a linear trend without any sig-
nificant kink is observed indicating that the diffusion macism does not change for divalent
cations at 12 GPa in the temperature range 1623-1823 K. ©pe sliver this temperature range
is interpreted to be representative for the transition etainsic (TaMED) regime (Section
1.2.3). Hence, the activation energy is close to, but nottixdahe migration energy.

The activation energy at high pressuig, calculated from the slope of the regression lines

in Figures 5.8-5.10 is related to the activation energy airlfy, by:

<6InD> B} El+PAV,
P

—0% R R (5.6)
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as shown in Section 1.2.6 and Figure 1.1, assuming that gexponential factor is pressure
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Figure 5.8: Diffusion coefficients as a function of inverse temperatard=e-Mg exchange
at 12 GPa using Au capsules.

independent. In addition, as shown in the last section, iffiestbn coefficients obtained using

Au capsules follow a trend compatible with a changé @p consistent with the Ni-NiO buffer,

rather than representing values at consfadi. Therefore the slope determined from a plot of

logD

versus inverse temperature must also consist 60a contribution. Formally this con-

tribution can be derived by considering the total differaintdf log(D) with respect to inverse

temperature andlO, at constant pressure:

olnD 1 oinD
fOZ,P P P’

T $
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Figure 5.9: Diffusion coefficients as a function of inverse temperatoréi at 12 GPa using
Au capsules.

Equation 5.7 can be rewritten as:

Esa/.1 olinD dinfO, 1
(dinD)p = ——= (0—) + ( ) < i ) <6—) . (5.8)
Hence, the activation energy at high pressure includingtteet of f Oy, E;, is:
Ei =ER°—R ( aﬁi’:g ) (a'nf102> , (5.9)
2/p\ 9T ) \nop

whereHEC is the activation energy at high pressure and condt@at From recent experimental
results, the dependence of the Fe-Mg interdiffusion cadefficon oxygen fugacity can be de-
scribed with an exponent of 1/4.5 - 1/5.5 (Petry et al., 2003nce, an average value of 1/5
is assumed in this study. The temperature dependence oénxygacity corresponding to the

Ni-NiO buffer (NNO) at 12 GPa is much less well constrainetla tonstant volume change,
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Figure 5.10: Diffusion coefficients as a function of inverse temperafaravin at 12 GPa
using Au capsules. The solid line is a linear fit of the Mn d&a. comparison the dashed
line shows the fit of the Fe-Mg interdiffusion data (Figur8.5.

independent of pressure, of the Ni oxidation reaction ism&sl, the apparent activation energy
at 12 GPa‘Eé’12 including the change ifiO, can be described according to Equation 5.8 using
values of Ride (1991) as:

Ex12 = Eq+72kImoll. (5.10)

In the following paragraphs it will be tested if the actiwatienergy including afiO, correction
according to Equation 5.10, and considering the activatimome due to the pressure effect
(Section 5.2.4), can describe the results of diffusionfamehts at variable temperatures at 12
GPa employing Au capsules.

For Fe-Mg interdiffusion, the slope of a linear fit of the riksishown in Figure 5.8 leads

to an activation energ§; at 12 GPa of 317 23 kJ moft. The activation energ§; of Ni
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diffusion is 3394+ 37 kJ mof! (determined using Figure 5.9) and for Mn diffusion a value of
214+ 55 kJ mol ! (Figure 5.10) is derived. The errors correspond to tlestandard deviation
of the linear fits. Considering the relatively small tempera range investigated, this error
slightly underestimates the true experimental error, avigent by the fact that a change of 0.1
log units of the datapoint for Fe-Mg interdiffusion at 1623Kanges the value ¢t; from 317

to 340 kJ mot L. In addition, the fit of the Fe-Mg interdiffusion coefficisntan relatively well
describe the Mn data within the error of the measuremengsi(€i5.10), although the difference

in the best fit value oE; between Fe-Mg interdiffusion and Mn diffusion is 100 kJ mlol
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Figure 5.11: 95% confidence bands for Fe-Mg interdiffusion (dashed )inéke solid line
is the linear fit of the data as described earlier in this sect{page 101). The line labelled
Ea has a slope consistent with the 1 bar pressure activatiomggnd he other lines take the
variation of fQ with pressure at constant temperture;(EP V) and the variation of f@
with temperature at 12 GPa ¢&- P AV, + C(f0O,) into account.

Figure 5.11 shows results of Fe-Mg interdiffusion coeffitgeat 12 GPa obtained using Au
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Figure 5.12: Superposition of results for Fe-Mg interdiffusion, Ni d#fon and Mn diffusion.

capsules together with the 95% lower and upper confidencedsoaf a linear fit calculated with
the computer program Microcaf Origin™ (see also Sachs, 1997) superimposed. The solid line
is the linear fit obtained earlier (Figure 5.8). The line l#xbE, has a slope corresponding to the
1 bar value of 229 kJ mol (Chakraborty, 1997). Considering the confidence bounesii#vi-
ation of this line from the best linear fit can still be intezfed by the error of the measurements
although the slope appears to underestimate the obsemwvgetature dependence. To account
for the pressure effect, a terifix AV; is added to the low pressure value (lieg+ P AV; in Fig-

ure 5.11), using the activation volume along the Ni-NiO bufif~ 5.5 cn® mol~! determined in
Section 5.2.4, hence including the variationfi@, due to pressure at constant temperature. This
line is very close to the variation of log(D) versus inversmperature observed in Figure 5.11.
If the oxygen fugacity inside the Au capsules would vary ia #ame way as the Ni-NiO buffer

then the contribution due to a changef@, with temperature at 12 GPa has to be included in the
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activation energy (Equation 5.10, line ternt&gt- P AV, +C(fOy) in Figure 5.11). The slope of
this line is slightly higher than the linear best fit but stilscribes the experimental results very
well considering the limits of the confidence bounds. Thipligs that within the error of the
experimental results, Fe-Mg interdiffusion coefficienetedmined using Au capsules, are very
close to conditions imposed by the Ni-NiO buffer in the exmental range of 1623 K to 1823
K at pressures between 6 and 12 GPa.

Figure 5.12 shows a superposition of results obtained favigenterdiffusion, Ni diffusion
and Mn diffusion in order to compare the diffusvities of thi#etent components to each other.
The data plotted in Figure 5.12 are overlapping to a largergxmplying that within the tem-
perature interval investigated, diffusivities of divaleations are very similar to each other as
already observed at 1 bar (Petry et al., 2003). Therefordidrénterdiffusion coefficients can

be used as a proxy for divalent cation diffusion at high pres olivine.

5.2.6 Model of diffusion in olivine

In Section 5.2.4 the activation volume for Fe-Mg interdsiflon along the Ni-NiO buffer was
constrained to lie in the range of 5.1 to 6.1%tmol~1. Therefore, a value of 5.6 0.5 cn?
mol~1 is taken as the best fit value for the activation volume of Fegierdiffusion along the
Ni-NiO buffer. This value corresponds to a true activatiaiume of 7.4+ 1.0 cn? mol!

at constant oxygen fugacity (Section 5.2.4), estimatedguaimodel forfO, as a function of
pressure with a constant volume change of the oxidatiortiozaof Ni. Combining these values
with existing results at 1 bar (Chakraborty, 1997, Dohmemspnal communication), allows to
formulate an Equation for Fe-Mg interdiffusion coefficig@ss function of pressure, temperature,

composition and oxygen fugacity in olivine along the c-axis

~ 229000+ 0.74 P(bar)
8.31441T(K)

Y 1
Dre Mg = 9.48x 107/ soc (f02)8 exp< ) exp(7 Xre,si0,) - (5.11)

In Figure 5.13, Equation 5.11 is compared to Fe-Mg inteugifin coefficients determined
at temperatures between 1623 K and 1823 K employing diffusauples contained in Au cap-
sules at a pressure of 12 GPa. Within the error of the epxets@egood consistency is observed.
Diffusion coefficients derived for Ni and Mn are very simitarvalues derived for Fe-Mg inter-

diffusion (Section 5.2.4, 5.2.5). Therefore, diffusiorefficients calculated using Equation 5.11
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Figure 5.13: Fe-Mg interdiffusion coefficients are consistent with a glazbmbining the
activation volume determined in this study with results bad (Equation 5.11). See text for
further details.

are very close to the diffusion coefficients of Ni and Mn at $hene conditions.

5.2.7 Comparison with previous results

The results for Fe-Mg interdiffusion obtained in this stuahg shown together with literature
values of Misener (1974), Farber et al. (2000), and Chaktgled al. (1999) in Figure 5.14.
Misener (1974) performed high pressure experiments upst@&®a in a piston cylinder ap-
paratus. Fe-Mg interdiffusion data at 1373 K aXgk,sio, = 0.4 were taken from Fig. 6 in
Misener (1974). A temperature correction to 1673 K emplgyan activation energy of 229 kJ
mol~1 (Chakraborty, 1997) was performed. The composition depecelwas taken into account

with a correction of -1.0 log-units consistent with the etation of diffusivity and composition
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Figure 5.14: Comparison of the results obtained in this study for Fe-Migrtiffusion
(Equation 5.11) with results of other high pressure studiiethe literature. All values are
normalized to Xe,sio, = 0.03, 1673 K at an fQ corresponding to the Ni-NiO buffer.

shown in Fig. 4a of Chakraborty (1997). The oxygen fugaciaswot corrected because the
experiments of Misener (1974) were performed in silica sulvbere the oxygen fugacity most
likely is close to the quartz-fayalite-magnetite buffeiH@) which is within one order of magni-
tude of thef O, imposed by the Ni-NiO buffer at 1 bar (Frost, 1991). The dagdiavery good
agreement with the correlation found in this study for bbghd@bsolute value of the diffusion co-
efficients and the pressure trend. The activation volume®Ea? mol—1 originally derived by
Misener (1974) is identical within error to the value dedve this study (56(1.0) cm® mol—1,
along the Ni-NiO buffer).

In contrast, the values of Farber et al. (2000) are appraeiyd.8 log-units higher. Farber

et al. (2000) give no explanation for the difference but iinieresting to note that in their dis-
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cussion they conclude that the results of Buening and BugEXk3) are consistent with their
results although the diffusion coefficients of Buening ans&k (1973) are almost an order of
magnitude faster. Hence, the establishement of consistessdl in Farber et al. (2000) seems to
be rather ambiguous. In addition, the fact that the redoxlitimms prevailing in the experiments
of Misener (1974) are different than in Farber et al. (2080)ampletely ignored in the discus-
sion of Farber et al. (2000). The water content of the difnstouples of Farber et al. (2000)
was only established for the single crystals of olivine. Monportant would have been at least
a qualitative estimate of the water content of the polyetdjisie parts of the experiments because

of possible water enrichment on the particle surfaces.

Partly, the difference between the results of this studyFrarther et al. (2000), could be due
to grain boundary diffusion in the experiments of the lattdrich utilized a single crystal of
forsterite and polycrystalline fayalite as the diffusicsuple. Based on estimates of the grain
boundary width in olivine and grain size, Farber et al. (20&flculate that effective diffusion
coefficients (representing a combination of grain boundauy bulk diffusion) might be up to 5
times greater than the true volume diffusion coefficienttfair experiments. In addition, the
composition space investigated by Farber et al. (2000) csegpthe whole compositional range
of Xre,sio, between 0 and 1. This might lead to some inaccuracies whenlatihg diffusivi-
ties at the more extreme ends of the diffusion couple. Bexther values are all normalized
to Xre,sio, = 0.15, the diffusion coefficients were adjustedXgs,sio, = 0.03 by substracting
0.5 log-units. The oxygen fugacity was close to the Ni-NiGf@uas in this study because
Ni containers with NiO were used. The experiments perforiogdrarber et al. (2000) for
Fe-Mg interdiffusion in olivine only span the pressure rangp to 3.3 GPa. The pressure de-
pendence of Fe-Mg interdiffusion given in Farber et al. (@0@ith an activation volume of
5.4(4.0) cm® mol~! along the Ni-NiO buffer is in good agreement with the resplessented in
this work (56(1.0) cm® mol=1).

In Chakraborty et al. (1999) three experiments performedlurtapsules using a similar as-
sembly to that employed in this study were reported. Theperaxents were performed at the
Bayerisches Geoinstitut using 1200 t multianvil presseathan the 500 t press used in this

study (see Section 2.2). The profile in Fig. 2A for olivine ihaB&raborty et al. (1999) leads to
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a composition-dependent diffusion coefficientf= 2.2 x 10~ 1%exp(14.2 Xresio,), reinves-
tigated with the numerical algorithm developed in Secticdh2l The composition dependence
is significantly stronger than observed at 1 bar as alreadgdnio Chakraborty et al. (1999).
A closer investigation of one of their samples by EBSD reséahat only the Fe-rich olivine
was oriented along the c direction whereas the forsteriteam@nted along the a axis generally
showing slower diffusion coefficients. From EBSD-mappihg thange in orientation occurs
on a length scale belowdm, implying no long range misorientation profiles. This eip$ the
strong asymmetry observed in the profiles of Chakraborty. ¢1899), although no kink in the
profile is observed. The comparison of data at 9, 11 and 12 GHaetMg interdiffusion given
in Chakraborty et al. (1999) shows a good agreement witHtsestithe present study although
interestingly the value at 11 GPa is again much faster thpea®d by a simple linear relation-
ship between loD and pressur®. The error bars were taken as large as in the present study
because the experimental procedure was the same in bothf ssgseriments.

It is difficult to compare the values of Jaoul et al. (1995)tamted between 0.5 and 9 GPa,
with the results reported here. In the present study, ddfug/as determined in the c¢ direction
whereas Jaoul et al. (1995) investigated diffusion alomghttaxis. The activation energy de-
rived is only 147 or 62 kJ molt, depending on the model describing the diffusion regime of
the experiments. It was claimed that these low activaticrgias are due to the experiments
being performed at low temperatures (873 K - 1173 K) in aniesit regime, whereas other
experiments at higher temperature would be in an intriregame. The experiments of Buening
and Buseck (1973), from which a kink in the Arrhenius plota73 K is observed, are taken as
evidence of this transition. This conclusion is contragticby the conclusions of Chakraborty
(1997). According to his study, diffusion in Fe-bearingvoie occurs in laboratory experiments
always in a transition metal-extrinsic (TaMED) regime hesmadiffusion rates depend on oxygen
fugacity (Section 1.2.3). The kink observed by Buening anddgk (1973) is thus attributed to
the transition from a bulk to a grain boundary diffusion doated regime. Hence, it is not clear
how to correct the data from Jaoul et al. (1995) to the highptmature conditions of this study
and they are thus omitted in Figure 5.14.
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5.3 Wadsleyite

5.3.1 Conditions of experiments

The conditions of the wadsleyite diffusion experiments giesented in Table 5.4. They were
conducted at temperatures higher than in the previousestwdiChakraborty et al. (1999) and
Farber et al. (2000) in order to extend the currently avélalataset on Fe-Mg interdiffusion

coefficients to better estimate the activation energy. arsion experiments, Ni-NiO capsules
have been used, bufferingD, close to the Ni-NiO buffer. As shown in the previous section o
olivine, diffusion coefficients determined using Au cagsu(this study and Chakraborty et al.,
1999) are similar to results for experiments performed WitNiO capsules. In addition, the

agreement between Fe-Mg interdiffusion coefficients ofsieyte derived by Chakraborty et al.
(1999), employing Au capsules, and by Farber et al. (2000hguNi-NiO capsules, show that
experiments using both types of capsules are directly caabpato each other without ariyO,

correction.

Due to the restricted pressure and temperature stability diewadsleyite (Akaogi et al.,
1989), experiments in this study were conducted at a conptassure of 15 GPa, which is
the same pressure used by Chakraborty et al. (1999). Theasitiop of the diffusion couples
ranges fromXge,sio, = 0 to 0.16 as shown in Section 2.3.3, whe&§g,sio, is mole fraction of

FeSiO4 in the (Mg,Fe)SiOy solid solution.

Sample CapsuleT,K P,GPa t, min Dre-Mmg
2
Do, % a
C45 Ni-NiO 1773 15 16 0.047 11.79
C49 Ni-NiO 1673 15 20 0.049 13.89

Table 5.4: Results and conditions of the wadsleyite high pressureudiiff
runs. Composition-dependent Fe-Mg interdiffusion cdefiis are given as R-mg =

Do exp(a Xeesio,) resulting from numerical simulations of the diffusion dw&nt as de-
scribed in Section 4.3.2.
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5.3.2 Backscatter images and sample characterization

Backscatter images of Fe-Mg interdiffusion experimentpleying presynthesized polycrys-

talline wadsleyite samples (Section 2.3.3) are shown iuréig 5.15 and 5.16. Careful ob-

Ni -
capsul e

cold _
conpressi o
crack

WD= 15mm EHT = 20.00 kV

Figure 5.15: Backscatter image of sample C45, performed at 1773 K, 15 @P6fminutes

in a 14/8 assembly. Presumably during initial compresstba, diffusion couple broke into
two parts. Profiles were investigated, where the diffusiontfis regular, away from the
cracked zone.

servations of the diffusion zone by backscatter imagingelachental mapping does not reveal
any significant disturbances of the diffusion front, whicbuld be expected if grain boundary

diffusion plays an important role. Orientation contrasaging reveals that grain sizes on the
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Figure 5.16: Backscatter image of sample C49, performed at 1673 K, 15 @Pfminutes
in a 14/8 assembly. Wds denotes wadsleyite, Rgwd denotpgaddlite, and En denotes
enstatite.

Fe-rich side are on the order of 2. On the Mg-rich side, grains of approximately g
are found which show a pervasive deformation microstrectdre large grains are recrystal-
lized into subgrains of~ 1 pym during the high-pressure, high-temperature anneal.nBalig
this could lead to enhanced diffusion as was chown for tresfer system by Yund and Tullis
(1991). Sometimes, diffusion along subgrain boundariteesf very short profiles< 500 nm)
in perovskite diffusion experiments (see Section 5.5.8},i® probably not significant in the

wadsleyite experiments discussed here, as no effect istddtrom element mapping.

The backscatter image of samples C45 and C49 (Figures 5dL5.46), together with ele-
ment mapping, reveal the presence of a silica-rich phadeemistatite stoichiometry (hereafter
called enstatite), in addition to wadsleyite, on the Fe-B&le of the interface. In this case this

phase is interpreted to result from the synthesis wheretthehsometry of the starting mixture
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was not in the exact proportions.
On the Fe-rich side of the diffusion couples, the presence leé-rich phase is observed in
sample C49 and also in minor quantities in sample C45. Thasglwas identified as ringwood-

ite by Raman spectroscopy (Fig. 5.17). The amount of ringliteaepends on the temperature

C49, Wds |
C49, Rgw

Intensity, a.u.

300 400 500 600 700 800 900 1000 1100 1200
1

Raman shift, cm

Figure 5.17: Raman spectra for the Fe-rich side of sample C49: The hosttzavadsleyite
(C49, Wds) with newly formed inclusions of ringwoodite (CRGw).

of the experiment with less ringwoodite occurring at highemperature, consistent with the
wadsleyite stability field in the MgsiOs-FeSiO4 phase diagram (Akaogi et al., 1989). The
composition of the wadsleyite matrix in sample C4¥is,sio, = 0.15 and that of the ring-
woodite inclusions iXre,sio, = 0.22, placing an additional constraint on the pressure duhag
experiment. Employing the compositions of coexisting vieylte and ringwoodite and using
Fig. 8 in Akaogi et al. (1989) and a linear temperature irdéafion of the phase boundaries
between 1473 and 1873 K, the estimated pressur€ ferl673 K is 155+ 0.5 GPa. This value
is slightly higher than but within error of the nominal pressof 15 GPa. The volume decrease

during transformation and corresponding pressure dropensiynthesis experiments explains
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why ringwoodite inclusions are not evident in the synthedisamples prior to the diffusion
experiments.

Because wadsleyite can potentially accommodate sevenasdmd ppm of water (Kohlstedt
et al., 1996; Bolfan-Casanova et al., 2000; Litasov and @h2®03), IR-spectroscopy was per-
formed on sample C45, resulting in water concentrationsadrad 35 ppm for both endmem-
bers (employing the absorption correction procedure oéBanh, 1982). This is an extremely
low water content for wadsleyite showing that the resulespnted here are representative of dry
wadsleyite. Preliminary results of Shimojuku et al. (208@ygest that there may be a strong

influence of water on Fe-Mg interdiffusion in wadsleyite.

5.3.3 Profiles

Figures 5.18 and 5.19 show representative Fe and Mg coatientiprofiles for samples C45
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Figure 5.18: Representative Fe and Mg profiles measured by EPMA on san#ile per-
formed at 15 GPa, 1773 K for 16 minutes.

and C49 (Table 5.4). Both profiles show a marked asymmetplyimg that the Fe-Mg interdif-
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Figure 5.19: Representative Fe and Mg profiles measured by EPMA on sani8le per-
formed at 15 GPa, 1673 K for 20 minutes. The large analyticatter on the Fe-rich side of
the profile results from the presence of inclusions of ringgite (see text), which are smaller
than the resolution limit of the profile analysis.

fusion coefficient is strongly composition-dependent. ¢tgtior retrieving diffusion coefficients
numerical simulations had to be performed, also shown in Fig8 and 5.19. It was found that
an exponential composition dependence, qualitativeighadso for olivine (Chakraborty, 1997),
well reproduces the observed asymmetrie of the profiles.

On the Fe-rich side of the profile shown in Figure 5.19 for expent C49, performed at
15 GPa and 1673 K, the crystallization of ringwoodite, ascdbed in the previous section,
causes the analytical scatter. For the simulation of thél@the composition of the wadsleyite
is taken for profile normalization (Section 4.1) and the wigdite is assumed to have formed
immediately after heating the experiment. This assumpsiqustified because the wavelength
of the inclusions is roughly a factor of 10 smaller than thiéudion profile. Therefore, the time
of equilibration of the ringwoodite in the wadsleyite matshould be approximately a factor of

100 faster than the establishment of the diffusion profitgigeated fromx 0 v/Dt, see Section
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4.2). In addition, because the crystallization of ringwb®@anly occurred on the most Fe-rich
side of the diffusion couple, most of the profile length is affected. Hence, the role of ring-
woodite crystallization for the determination of diffusiooefficients should be negligible. Even
if the composition of the wadsleyite on the Fe-rich side gfeaduring the diffusion experiment,
from Xre,sio, = 0.165, the average composition of the wadsleyite of sample 46h is al-
most unaffected by ringwoodite crystallization Xge,sio, = 0.153, the average wadsleyite com-
position of C49, the composition-dependent Fe-Mg intéudibn coefficient would be between
4.9 x 10~ 1%exp(12.96 Xre,si0,) M? sec'! and 49 x 10~ 4exp(13.89%re,si0,) M? sec?, result-
ing in a change of loDre_mg from -12.47 to -12.41 (foXre,sio, = 0.15) at most. This is well
below the overall uncertainty of diffusion experimentshe tmultianvil apparatus, established for
the olivine experiments in Section 5.2.3. Therefore, alisadliffusivities determined for sam-
ple C49 were included for the determination of the activagoergy (see Section 5.3.4). More
critial is the value in the exponent of the composition dejggte. Because of a possible change
in the composition of the wadsleyite during the experimsae(above) and a higher dislocation
density in grains affected by ringwoodite crystallizati@mly for grains withXge,sio, > 0.14)
this value might be slightly higher than the true value. Efare, the composition dependence
determined for sample C45, is regarded as the best fit vatubdocomposition dependence of
Fe-Mg interdiffusion in wadsleyite.

The relatively strong asymmetry of profiles observed in Bid8 and 5.19 contrasts with the
symmetric profile shown for wadsleyite interdiffusion exipgents in Fig. 2A of Chakraborty
et al. (1999). This difference results from the much smaltenpositional range investigated by
Chakraborty et al. (1999) and is further investigated inribgt section, after establishing the

activation energy for Fe-Mg interdiffusion in wadsleyite.

5.3.4 Temperature dependence at 15 GPa

An Arrhenius plot showing the logarithm of the Fe-Mg intéfaision coefficients l0Bre_mg
versus the inverse temperature, is given in Figure 5.20 reghlts performed in this study and
Chakraborty et al. (1999). The experiments of Chakrabdrgl.€1999), performed in Au cap-

sules, are believed to be at an oxygen fugacity close to thdi®ibuffer as the experiments
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Figure 5.20: Logarithm of the Fe-Mg interdiffusion coefficient for waalste at 15 GPa as a
function of inverse temperature obtained in this study an@€bakraborty et al. (1999). The
data of this study are recalculated t@¢gsio, = 0.14, the average composition of the earlier
study of Chakraborty et al. (1999). As described in the tivet activation energy is derived
by fitting all data simultaneously.

in this study employing Ni capsules as discussed in SectiBrL5 The diffusivities given in
Chakraborty et al. (1999), employing a composition-inaej@nt analytical solution to the dif-
fusion equation, Eq. 1.2, are representativX@fsio, = 0.14, the average composition of their
diffusion couples. Thus values of this study were recatedl@oXre,sio, = 0.14 employing the

composition dependence given in Table 5.4 for the compagsown in Figure 5.20.

The activation energy at 15 GPEL® = E; + P x AV,, whereAV; is the activation vol-
ume along the Ni-NiO buffer, an, is the activation energy at 1 bar, calculated from a
linear regression using the combined dataset of this studlyGhakraborty et al. (1999) is
EL®> = 2604 50 kJ motL, significantly larger than the preliminary estimate of 14bnkol!
derived by Chakraborty et al. (1999). It should be emphasibat this activation energy was

determined along the Ni-NiO buffer and therefore also dosta contribution due to a change
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of fO2 with temperature at 15 GPa. The combined results of this/sind of Chakraborty et al.
(1999) are in agreement with Farber et al. (2000) with resfpegbsolute diffusivities as shown
in Fig. 8 of Farber et al. (2000). It should be noted, that iifficult to understand the data
reduction scheme employed by Farber et al. (2000), becdludata of Farber et al. (2000) are
recalculated tXyg = 0.85 as stated in the text, but at 10 GPa, and 1473 K ringwodlitetista-
ble but a spinel datapoint is listed in Table 1 of Farber et24100) and plotted in their Figure 8.
Presumably diffusion coefficients were extrapolated actios phase boundary. A combined ac-
tivation volume is given for wadsleyite and ringwooditeetiger, employing only 1 datapoint for
wadsleyite. Hence, the determination of the activatiomrad in Farber et al. (2000) is question-
able. Therefore, for wadsleyite itself, no precise actratolume is available, and no pressure
correction of the activation energy was performed and theevaf 260 kJ mot? is strictly only

valid at pressures of 15 GPa for oxygen fugacity conditidasecto the Ni-NiO buffer.

In Section 5.3.2 it was reported that element mappings acksiattered electron images do
not reveal any grain boundary component. This is in agreémigh the results of Chakraborty
et al. (1999) where a significant grain boundary contributi@s observed at 1373 K, but not at
1473 K because the contribution of grain boundary diffusgdecomes smaller with increasing

temperature.

The results obtained in this study for Fe-Mg interdiffusiomvadsleyite show an exponential
composition dependence which is stronger than observealifome (Table 5.4, Equation 5.11).
In order to test if the composition dependence observedsrsthdy is compatible with the pro-
files measured by Chakraborty et al. (1999), simulationsitpthe value of the exponent of the
composition dependence of sample C45 (Table 5.4) and argweential factor consistent with
the average diffusion coefficient of710~1° m? sec'! observed at 1473 K in Chakraborty et al.
(1999) were performed and compared to an example profilengpleaH654, kindly provided by
S. Chakraborty in Figure 5.21. The simulated and measuieidgs agree very well with each
other, implying that the composition dependence obserge fwider range of compositions

in this study is consistent with the results of Chakrabottgle(1999), using a much smaller

1As evident in Figure 2 A of Chakraborty et al. (1999) the saapkere switched in the original discussion.
Sample H696, performed at 1373 K showed a significant carttab of grain boundary diffusion, whereas the
profiles of sample H654, performed at the higher temperatiitd 73 K result from lattice diffusion only.
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Figure 5.21: Comparison of a numerical profile simulation using valuegtie composition

dependence obtained at high temperature in this study, asritbed in the text, and an
example profile of sample H654 of the study of Chakraborty. €1899), kindly provided by
S. Chakraborty.

compositional range.
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5.3.5 Summary: Fe-Mg interdiffusion in wadsleyite

The preferred model for the Fe-Mg interdiffusion coeffidi®xe_mg in wadsleyite at 15 GPa,
along the Ni-NiO oxygen fugacity buffer, determined frone fiit of all data shown in Fig. 5.20,

combined with the composition dependence obtained for Ea@yb, is:

2 2
Dre mg = (3.6+1.3) x 10°° exp((118+1.5) Xrosi0,) exp(_ 60000+ 50000) m

RT(K) sec
(5.12)

Hence, the activation energy along the Ni-NiO oxygen futydaiffer at 15 GPa for wadsleyite
has been shown to be 260 kJ mbcombining the data of this study and of Chakraborty et al.
(1999). This value is in much closer agreement with activagnergies of “normal” silicates,
as the preliminary estimate of 145 kJ mbldetermined earlier in Chakraborty et al. (1999). If
the activation energy is calculated on either dataset akheevalue is much different, showing
that for the determination of diffusional properties thege of conditions should be as large as
possible due to the relatively large uncertainties of higgspure diffusion experiments.

Figure 5.22 shows the difference in the Fe-Mg interdiffasiaoefficient for olivine and
wadsleyite at the same temperature of 1673 K using Equafidrdisand 5.12. The difference is
roughly 4 orders of magnitude. This value is in agreement Wérber et al. (2000) and larger
than estimated in Chakraborty et al. (1999), because ofigfehactivation energy determined in
this study compared to the preliminary estimate of Chakmahet al. (1999). This large change
in diffusivity across the olivine-wadsleyite phase bouyd@-emphasizes the conclusions that
reequilibration becomes much faster in the transition zbae in the upper mantle, originally

drawn by Chakraborty et al. (1999, see also Chapter 6).
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Figure 5.22: Comparison of results of Fe-Mg interdiffusion experimertaploying
(Mg,Fe)SiOy olivine and wadsleyite solid solutions. Ol denotes olivamel Wds denotes
wadsleyite. The value for olivine diffusion at 1 bar is takem Chakraborty (1997).
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5.4 Ferropericlase
5.4.1 Conditions of experiments

The initial compositions of the crystals and the experirakobnditions are listed in Table 5.5.
The experiments were performed at temperatures betweeh drgd 2073 K, at pressures be-
tween 8 and 23 GPa, and composition¥gfo between 0.07 and 0.37, wheXesodenotes mole
fraction of FeO in (Mg,Fe)O. In addition, one experiment \wasgormed where pure MgXfeo
= 0) was one endmember of the diffusion couple. This crysddl ot been oriented previously
but otherwise prepared in a similar fashion to the Fe-bgasingle crystals. For a characteriza-
tion of the crystals forming the diffusion couple see Set®d3.4. All diffusion couples were
enclosed in Ni-NiO capsules for buffering tli®- close to the Ni-NiO buffer (Section 2.4). At
pressures below 15 GPa a 14/8 assembly was used, whereasl&bhGWPa a 10/4 assembly was
employed. For a description of the assemblies see Secton 2.

The experiments were performed in the 1000 t or 1200 t pressti(iis 2.2 and Appendix
A). For the short duration experiments (LO minutes annealing time), heating was performed
automatically with PID parameters of the Eurotherm temioeeacontroller optimized in earlier

experiments. The proportionality band (P) was usually s€2@00%, the integral time (I) to

Table 5.5: Experimental conditions, initial compositions of diffusicouples, parameters
Do, D1 and a for the equation B= (Do + D1 - (Xreo)*1’) - exp(a- Xreo) (c.f. Eq. 1.16),
and Fe-Mg interdiffusion coefficients fogeo = 0.2. D; was only fitted for sample C64 in
which pure MgO was one end member. For all other results tiveepdaw contribution of
the compositional dependence is not significant;vias therefore set to 0 (Eq. 1.17). All
values are averages of simulations of at least two profileasmed on each sample. As an
example Fe-Mg interdiffusion coefficients fafe§ = 0.2 are given in the last column.

Sample P,GPa T,K Assembly time, min Xgeo Xreo Do, ”S’“Ti Dy, ‘;”%; a Iog(D/(m2 secl))
crystal 1 crystal 2 Xreo= 0.2
C48 23 2063 10/4 40 0.079 0.363 0.037 0 7.23 -12.80
C51 23 1851 10/4 183 0.080 0.370 0.0048 0 7.49 -13.67
C53 23 1656 10/4 961 0.077 0.359 0.000454 0 6.82 -14.75
C55 23 2073 10/4 21 0.079 0.362 0.035 0 7.38 -12.81
C62 16 1873 10/4 45 0.082 0.356 0.053 0 7.54 -12.62
Cc64 8 1873 14/8 20 0.00 0.354 0.0168 1.20 4.00 -12.35
c67 8 1873 14/8 5 0.087 0.350 0.12 0 8.92 -12.15
C68 12 1673 14/8 48 0.085 0.354 0.0063 0 10.66 -13.27
C72 12 1873 14/8 20 0.077 0.335 0.042 0 8.87 -12.60
C73 23 1923 10/4 46 0.082 0.340 0.028 0 7.41 -12.91
C81 8 1873 14/8 15 0.086 0.363 0.132 0 8.66 -12.13
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4 sec, and the derivative time (D) to 1 sec. Consequently,veosboot in temperature larger
than 2 K occurred at any heating rate. At the same time automesiording of temperature and
pressure was employed for a precise determination of therewpntal duration. Heating rates
ranged from 2.5 K sed for long duration experiments to 40 K sécfor experiment C67, run

for only 5 minutes (Table 5.5). From the knowledge of the imgatates, time durations of the
experiments, diffusion parameters such as activatiorggreend activation volume (determined
in Section 5.4.4 and 5.4.5), a computer code was develogsdrided in Section 5.7.3) to predict

the amount of diffusion taking place during initial heating

5.4.2 Sample characterization

Figure 5.23 shows a backscattered electron image of an Fexdigliffusion experiment per-
formed at 16 GPa, 1873 K for 45 min in a 10/4 assembly (C62,€erab). The diffusion
interface is regular and no serious crack formation is iasiblhis observation holds true for
all of the interdiffusion experiments. Nevertheless, m@ion contrast imaging of the samples
reveal that experiments performed in 14/8 assemblies slawarystallization, whereas experi-
ments employing a 10/4 assembly usually reveal recryssaitin with grain sizes of 50-104m

on the Fe-rich side and formation of a subgrain microstmectin the Mg-rich side. However,
the straight and regular diffusion interfaces observedl iseanples (Figure 5.23) and the smooth
correlation of diffusion coefficients with pressure (se®bg rule out any significant variation

of the diffusion coefficients due to deformation.

To determine the F& content of the samples, Mossbauer analysis was performedraple
C55, annealed at 2073 K and 23 GPa for 21 minutes, using aecitos 100um thick. The
Fe** content was approximately 2-3 atomic% of the total Fe cdnt@ine same sample was
also used for Fourier transform infrared spectroscopy.y@mé crystal with a low Fe content
could be examined because of severe absorption on the liFreidie. Most analysis points gave
a water content of around 12 ppm by weight employing the gitsor correction of Paterson
(1982); only one measurement point near the edge of the sashpived 60 ppm of water. The
total water content is therefore low and consistent witlvioes water solubility measurements

(Bolfan-Casanova et al., 2002).
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Mag= 114X EHT =20.00 k¥ WD= 15mm Signal A = RBSD

Figure 5.23: Backscattered electron image of the pressure assemblyaaf@ropericlase
diffusion experiment. Conditions of the experiment wer&sPa and 1873 K with an an-
nealing time of 45 min. The diffusion couple is seen surredray the Ni capsule. The NiO
used for buffering f@also interacted chemically with the end of the diffusionpiewver a
distance ok 150pum

5.4.3 Profiles and diffusion coefficients

Profiles of Fe and Mg in ferropericlase are strongly asymimas shown by an example of an
experiment performed at 8 GPa, 1873 K for 15 minutes in a 1¢¢8rably in Figure 5.24. The
lengths of the profiles, measured on different samples,eréegween 80 and 23@m. Hence,

diffusion profiles can be easily investigated by EPMA. Farivdeg the composition-dependent
diffusion coefficient, both methods described in Secti@ Boltzmann-Matano analysis (BMA)
and the numerical finite difference method (FDM), were agpli A comparison of diffusion

coefficients derived using both methods is given in Figugs5The numerical simulation very

precisely reproduces the asymmetry of the profile wheresaftting function fails to adequately
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Figure 5.24: Fe and Mg profiles for sample C81, performed at 8 GPa, 1873 KLfomin.
Xmgo,reodenotes mole fraction of FeO or MgO. Also shown is a profilaiktion employing
a finite difference algorithm (see text and Section 4.3.2)

describe the profile at very low and very high Fe contentssitnably this happens because the
middle part of the profiles contributes more to the sum of seggideviations minimized during
the least square nonlinear fit of the fitting function. Thisdsdrue for all fitting function types
described in Section 4.3.1. The fitting might be also prolaliéerbecause of the high nonlinearity
of the fitting functions. Hence, the detection of the globaimum becomes difficult. As a
consequence diffusion coefficients derived by BMA and by F&vkee very well at intermediate
compositions whereas at the extreme ends of the profile ammgsic deviation of~ 0.1 log-
unit was observed (inset of Figure 5.25). Based on these aosgns, all diffusion coefficients
reported for ferropericlase were derived by FDM and fittechpeeters for the constarg and

ain Eg. 1.17 are also listed in Table 5.5.

For sample C64, in which an MgO single crystal was used as adenember, the nu-

merical model, using only an exponential composition depece (Equation 1.17), slightly
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Figure 5.25: Comparison of diffusion coefficients derived by Boltzmifatano analysis
and finite difference simulations for sample C51 (Table.5Bg profile is shown onto which
the fitting function for the Boltzmann-Matano analysis dmel tesults of the numerical sim-
ulation are superimposed. The inset shows the logarithnhefdiffusion coefficient as a
function of normalized Fe-content.

overestimates diffusivities at the MgO-rich end of the peofFigure 5.26). In this region the
composition power law dependence contributes signifigaatthe diffusivity (see Eqg. 1.16 and
Mackwell et al., 2004). This implies a change in the chargenadity condition for point defects
when approaching the MgO rich end of the solid solution. &fae the profiles for this sample
were reanalyzed with a composition dependenc® ef (Do + D1 (Xreo)t!7) - exp(a- Xeeo)

(cf. Eqg. 1.16), where the constamtvas fixed at a constant value of 4, consistent with the results
at 1 bar (Mackwell et al., 2004), and the constddgsandD1 were allowed to vary. The result

of this simulation is also given in Table 5.5. The detailslo$ tsimulation are further described

in Appendix C.

To test the inter-experiment reproducibility a time senégxperiments was performed at

constant temperature of 1873 K and constant pressure of §&¢a5.27). The three experi-
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Figure 5.26: Fe profile measured on sample C64, performed at 8 GPa, 1878
minutes employing a diffusion couple®k Xgeo < 0.35 (see Table 5.5). The inset shows
the region of low Fe concentrations, where a simulation \&iffure exponential composition
dependence of the diffusion coefficient (Exp) does not adelgueproduce the profile and
a simulation with a power law dependence in the preexpoalefactor (PL + Exp) had to
be employed (see Equations 1.16 and 1.17 and text for fuetk@anations).
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ments were performed for 5, 15 and 20 minutes using diffdreating rates, multianvil presses
and types of diffusion couples as indicated in Figure 5.23 sikstematic variation of diffusivity

as a function of time was observed and the overall scattéreofiata was found to be better than
+ 0.3 log-units. Therefore, at these conditions no zero-tinfecétlue to heating was observed

experimentally.
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Figure 5.27: Logarithm of the diffusion coefficient at constant tempeeabf 1873 K and
constant pressure of 8 GPa. The dashed lines show the aveahges of diffusivity, recalcu-
lated for %¢0=0.1 and 0.3. The time series shows that the effects of thatiar of heating
rate (hr), multianvil press (1000 t or 1200 t), and compasit of the diffusion couples (DC)
on the results are negligible.
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5.4.4 Pressure dependence at constant temperature

The composition-dependent Fe-Mg interdiffusion coeffit[@ at high pressure can be described

D=Dg- exp(A' XFGO) .exp(— Bat (P—Per) ~AVa) (5.13)

by:

R-T R-T
where the constam describes the compositional dependenggo is the mole fraction of FeO,
AVj is the activation volumek; is the activation energy is the pressurele+ is the reference
pressure (= 1bar), antl is absolute temperature (compare with Equations 1.14 d).1As
discussed by Poirier (2000) the pressure dependence ohthepi term is neglected in this
formulation. Equation 5.13 is consistent with Eq. 1.16 ke from point defect considerations,
as long axreo > 0.07 (see Section 1.3.2). Strictly, Equation 5.13 is onlydraticonstant oxygen
fugacity. Because the experiments of this study were pmedrat oxygen fugacity conditions
close to the Ni-NiO buffer, values derived later for the aation energy and the activation volume
will also include a contribution due to changefi®,.

Figures 5.28 and 5.29 show the pressure dependence ofialiffirem which the value of
the activation volumeé\Va (Eq. 5.13) has been determined using the slope of a lineagseg
sion. Diffusivities at different compositions were calatdd for each experiment by using the
constantsaa andDg in Eq. 1.17 listed in Table 5.5. The constanin Eq. 1.17 corresponds to
A/(R-T)in Eq. 5.13. At 23 GPa, Fe-Mg interdiffusion coefficients eeecalculated to 1673
K and 1873 K using the temperature dependence given in Fig0. 5At 8 GPa and 1873 K
three experiments have been performed, one of them usinfjusidih couple of a pure MgO
single crystal as one endmember (C64 - Table 5.5) and twoagmmgl a diffusion couple with
Xreo= 0.09 andXreo= 0.35 (C67, C81). No significant differences in the diffusioeffizients
derived using the different kinds of diffusion couples abserved (Fig. 5.27). Hence the result
from C64 was included in all calculations presented belawntFig. 5.28 values for the activa-
tion volume of 34+ 0.5 and 33+ 0.5 cn® mol~1 at 1673 and 1873 K respectively are evaluated
from the slopes of the regression lines. Figure 5.29 shosisttil873 K the activation volume is
3.0+0.5 cn® mol~t atXreo= 0.1, 3.3+0.5 cn® mol~t atXreo= 0.2, and 35+0.5 cm?® mol 1
at Xreo= 0.1. The error on the activation volume was estimated from thgta standard de-

viation of the fit of logD versus pressure at a fixed temperature and composition.uBecthe
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Figure 5.28: Pressure dependence of diffusivity at 1673 K and 1873 K arahatant com-
position of X0 = 0.2 (using data from Table 5.5). Data at 1 bar are from Mackwéal.
(2004). At 23 GPa, data-points are recalculated to 1673 K 28d3 K from the correlation
shown in Figure 5.30. Individual fits to the datapoints atletemperature, calculated using
values from Table 5.5, are shown by the solid lines. The didities show a global fit of Eq.
5.13 with the parameter values detailed in the text.

total variation is not larger than the 1 sigma standard dieviait is concluded that at the exper-
imental conditions the activation volume does not depegdiicantly on either temperature or

composition.

5.4.5 Temperature dependence at constant pressure

Figure 5.30 shows an Arrhenius diagram for ferropericlaffasion coefficients at 23 GPa. In
the case of ferropericlase, where the diffusion coeffictlgends on concentration as given in
Equation 5.13, the slope in the Arrhenius diagram (& — A Xreo+AVa (P—Pet)/(2.3026 R)
(see also Figure 1.1). The activation eneffgyat 23 GPa can be determined using the calculated
activation volumé/, and the average constahtletermined using Table 5.5 whekéEq. 5.13) =

a(Thl. 5.5, Eq. 1.17) x RT, which at 23 GPa is 1.1610° J mol1, from a plot of logD against



130 CHAPTER 5. RESULTS

'10 T T T T
XFeO:O'l —ah—
Xeon=0.3 —e—
-10.5 . JFeOTY
individual fits
11 global fits ---------

-11.5
-12
-12.5

Log D(m2/s)

-13
-13.5
-14 T=1873K

_145 1 1 1 1 1
0 5 10 15 20 25

Pressure, GPa

Figure 5.29: Logarithm of the Fe-Mg interdiffusion coefficient as a fumctof pressure at a
constant temperature of 1873 K recalculated for the comjors X0 = 0.1, 0.2, and 0.3
(Table 5.5). Data at 1 bar are from the study of Mackwell e{2004). At 23 GPa data-points
are recalculated to 1873 K from the correlation shown in Fag6.30. Individual datapoints
are shown for X0 = 0.1 and 0.3. The solid lines are fits to the individual datiap® at X0
=0.1, 0.2, and 0.3 calculated from the values in Table 5.% dbtted lines show the global
fit of Eq. 5.13.

10*/T (Fig. 5.30). At 23 GPa, the activation energy is 2530 kJ mot for Xgeo = 0.1,
260+ 53 kJ mot ! for Xreo = 0.2, and 27155 kJ mot* for Xgeo = 0.3.

As stated in the analytical section the crystal wifro = 0.07 had some CaO-SiCcon-
tamination on one surface. This surface was always on thesmepside of the crystal to the
diffusion interface. Results obtained from sample C64,cwidid not employ this crystal, and
from samples C72 and C73, where the contamination layer @masved prior to the diffusion
anneal are consistent with the other experiments. Therélf@ contamination has no effect on

the determined diffusion coefficients.

Using data recalculated top¥po = 0.1, 0.2 and 0.3 (Table 5.5) and including 1 bar data at
1673 K and 1873 K from Mackwell et al. (2004), a global fit of ExJ13 was performed, lead-
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Figure 5.30: Logarithm of the diffusion coefficient as a function of imestemperature.
Individual datapoints, recalculated fore¥o = 0.1 and 0.3 using parameters listed in Table
5.5, are shown for experiments performed at 23 GPa and 16813 X. In addition, for
Xreo = 0.1, 0.2, and 0.3, individual fits of the datapoints at thesaditions are shown by
the solid lines. At the same conditions the results of thballéit (Eq. 5.13) are shown by
the dotted lines.

ing to A = 132+ 13 kJ mot!, activation energyE, = 255+ 16 kJ mot !, activation volume
AV, = 3.3+£0.1 cn® mol~%, and the preexponential fact®y = (9.8+0.7) x 107 m? sec™.
The quoted errors are standard errors from the Mathema#gcaion 4.1.0.0, Wolfram Research)
package LinearRegression. From the deviation of the caledland experimentally determined
values the overall error is estimated to be 0.3 log-uniteesehvalues for Eq. 5.13 are valid for
an oxygen fugacity corresponding to the Ni-NiO-buffer ascdssed in Section 5.1. The experi-
mental conditions for deriving these parameters were presof 0 - 23 GPa and temperatures
of 1656 - 2073 K.

The value of 3.3 crimol~! is in good agreement with the activation volume of 3.0

cm® mol~! determined for Mg tracer diffusion in the experiments of \@iman et al. (2003).
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5.4.6 Oxygen fugacity

All experiments reported here have been performed in Niwapsn contact with NiO powder
(Fig. 5.23). Therefore Eq. 5.13 is only valid at oxygen fugas corresponding to the Ni-NiO
buffer. Because f@at the Ni-NiO buffer varies with temperature and presstnms,dependence
is implicitly built into Eqg. 5.13 (Section 5.1).

According to Mackwell et al. (2004), Fe-Mg interdiffusiomfierropericlase varies with #O
by the factor of (fQ)%22. To test if the high-pressure, high-temperature depereleh&e-Mg
interdiffusion is independently consistent with the 1 batadfrom Mackwell et al. (2004), Eq.
5.13 was refitted without including the 1 bar data. The défere between diffusivities calculated
at 1 bar using the back extrapolation of the high pressura, @aid those calculated from the
results of Mackwell et al. (2004) at an $@orresponding to the Ni-NiO buffer, ranges from 0.01
log units at 1673 K aniXreo = 0.1 to 0.58 log units at 2073 K fofreo = 0.3. Considering the
experimental error of 0.3 log-units and the fact that theeexpental data are extrapolated over a
pressure range of 8 GPa, these differences indicate goaistamcy between the high pressure
results and data obtained at 1 bar.

The results of a similar fit as in the previous section butidiig f O, values calculated using

data of Ride (1991) is presented in the next section.

5.4.7 Summary: Ferropericlase

Fe-Mg interdiffusion in ferropericlase has been studieprassures between 8 and 23 GPa and
temperatures between 1653 K and 2073 K, using a multianpuagius. The compositions of
the single crystal diffusion couples wexXgeo = 0.07 for one crystal an&reo = 0.37 for the
other, although in one case pure MgO was used insteXggf= 0.07. Fe-Mg interdiffusion at
oxygen fugacities buffered by Ni-NiO, including 1 bar datd 673 K and 1873 K of Mackwell

et al. (2004), can be described for 08 7%Xreo < 0.37 by:

132 +1 X
DFe—Mg = 9.9(i0.7>X10_6 exp( 3 OOQ 3OOQ FeO) )

8.31441T (K)
exp ( 255000416000 -+ 0.33(+0.01) P(bar)) m?

—. 5.14
8.31441T (K) sec ( )
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These results will be used in Section 6.2.1 to constrain gesterdiffusion coefficients of fer-

ropericlase in the Earth’s lower mantle.

In addition to the fit of results corresponding to an oxygegeaftity of the Ni-NiO buffer,
values for the activation energy and the activation voluneeewalso derived for constamnO,.
For this purpose, the absolute oxygen fugacity of the erpamnts was calculated using values
given in Ride (1991), as discussed in Section 5.1. The mesiilthis recalculation depend on
the fO, exponent of the oxygen fugacity dependence of the Fe-Mgdiftesion coefficient
(e.g. Equation 1.6). In Section 1.2.4 an exponent of 1/6 veasweld for a vacancy mechanism
of diffusion. In this case the activation volume is 4.8%mol! and the activation energy
becomes 178 kJ mol. Mackwell et al. (2004) derived an experimental value of3.fr the
f O, exponent (Equation 1.16) leading to an activation volun®tn? mol~! and an activation
energy of 153 kJ mot* at constant oxygen fugacity. In both cases, the value of ¢tieagion
energy is significantly smaller than the 1 bar value of 2065@@l 1 (Mackwell et al., 2004).
Therefore, it is concluded that the temperature dependgfrtbe oxygen fugacity of the Ni-NiO
buffer is not accurately predicted at pressures up to 23 Gy @xisting data for the Ni-NiO

buffer obtained at 1 bar and pressures below 4.5 GPa.

In a recent paper by Yamazaki and Irifune (2003) Fe-Mg intiersion in ferropericlase was
studied between 7 and 35 GPa. These authors found absdlutawiliies similar to the values
observed in this study but the pressure trend was much weadating in an activation volume
of 1.8 cn? mol~1. For experiments up to 28 GPa Yamazaki and Irifune (2003) Bsecapsules
and assumed that the oxygen fugacity is close to the Re>Refier. Although it was shown by
Frost and Langenhorst (2002) that this is a reasonable gégumat pressure of approximately
24 GPa, the data of Yamazaki and Irifune (2003) indicate tihiatassumption does not hold
true at lower pressures. The Fe-Mg interdiffusion coefficeg 1 bar consistent with an oxygen
fugacity of the Re-Re@buffer is 53 x 1012 m? sec! using values of Mackwell et al. (2004,
see also Section 1.3.2), which is more than a factor of 1@tatgan calculated using the model
of Yamazaki and Irifune (2003). Hence, the oxygen fugagaityide the Re capsules used by
Yamazaki and Irifune (2003) changes from reducing conagtiavell below the Ni-NiO buffer

at 1 bar to oxidizing conditions consistent with the Re-RdéXQffer at pressures of 25 GPa.
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Therefore, a completely different variation in diffusivdue to a change ifO, with pressure is
built into the apparent activation volume determined by #aaki and Irifune (2003) compared
to the results of this study and consequently the activat@uames determined in both studies

cannot be compared directly to each other.
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5.5 (FeMgi1_,)SiO3 Perovskite
5.5.1 Introduction, conditions of experiments

The conditions of all experiments are summarized in Tale Bxperiments were performed at
temperatures between 1973 K and 2273 K at pressures in the cdr22 to 26 GPa, employing
diffusion couples in MgO-Fe and Ni-NiO capsules (Sectigf).2High temperature runs-(2173

K) were performed in the 5000 t press using an 18/8 assemblyler to achieve a better temper-
ature stability. However, the absolute pressure in thisrabdy is smaller compared to the 10/4
assembly, as revealed by partial back-transformation afys&ite to majorite (Section 5.5.2).
Because of the higher pressures in the 10/4 assembly endaloyiee 1000 t and 1200 t presses,
the pressure of the experiments varies slightly betweed&@@Pa (Table 5.6), depending on the
press and assembly used. When comparing diffusivitiesrofys&ite determined using different
presses and assemblies in latter sections no pressurelizatina was employed because the
activation volume of Fe-Mg interdiffusion in silicate peskite is unknown. The resulting dif-
ference in diffusivity due to a pressure variation of 4 GPaildde on the order of 0.5 log-units,
assuming a typical activation volume for silicates of 5°amol~1 (e.g. in olivine).

The diffusion couples used for the perovskite diffusionexkpents consisted of pure presyn-
thesized MgSi@ perovskite and Fe bearing samples synthesized prior thesidih experiments
employing either synthetic polycrystalline enstatite anadural single crystal bronzite as dis-
cussed in Section 2.3.5. For the high pressure diffusioeanthe diffusion couples were en-
closed either by MgO-Fe capsules (Section 2.4) for buffetive oxygen fugacity at reducing

conditions or by Ni-NiO capsules (Section 2.4) for attaghmore oxidizing conditions.

5.5.2 SEM and EPMA investigations of perovskite diffusion gperiments

After the high pressure experiments, samples were mounteglaxy and polished until the mid-
dle of the diffusion couple was exposed (Figure 3.1). Phases identified using Raman spec-
troscopy. For all experiments performed in the 10/4 assgthll perovskite was well preserved.
In the 18/8 assembly, employing only MgO-Fe capsules, thevs&ite adjacent to the metal was
transformed to majorite consuming half of the original psikate in sample C30 (Table 5.6).

Figure 5.31 shows backscatter electron images of diffusiqueriments performed in MgO-
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Figure 5.31: Backscattered electron images of perovskite diffusiomplesuperformed in
MgO-Fe capsules. The experiment in A was run at 25 GPa, 2078 R40 min employing
a 10/4 assembly, the experiment in B was run at 22 GPa, 22738 B7f®min using an 18/8
assembly.
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Table 5.6: Conditions of the perovskite diffusion experiments. P maa pressure, T is
sample temperature as indicated by the thermocouple omastid by the power reading
(only C76), t is the duration of the experiment at high terapge, capsule is the capsule
type (Section 2.4), 5o is the mole fraction of FeO in the rim of the MgO capsule for ex-
periments performed in MgO-Fe capsules, an@, is the oxygen fugacity relative to the
iron-wustite buffer defined in Eg. 5.19 and calculated by assundieglity in Eq. 5.20 (only
for experiments performed in MgO-Fe capsules).

Sample press P,GPa T,K t,min capsule Xreo Afo,
C13  Sumitomo 24 2043 240 MgO-Fe 0.069 -2.33
C19 Hymag 24 2023 483 MgO-Fe 0.027 -3.14
C22 Hymag 24 2073 900 MgO-Fe 0.035 -2.91
C23 Hymag 24 2123 720 MgO-Fe 0.022 -3.33
C28 Hymag 24 2133 1430 MgO-Fe 0.048 -2.64
C30 Zwick 22 2273 373 MgO-Fe 0.116 -1.87
C61 Hymag 26 2073 10 Ni-NiO

C70 Hymag 26 2173 60 Ni-NiO

C76 Hymag 26 1973 570 Ni-NiO

Fe capsules. Fig. 5.31-A shows a cross section of an exparam@5 GPa, 2073 K run for 240
min in the 1000 t (Hymag) press employing a 10/4 assemblyredsein Fig. 5.31-B a cross
section of a sample at 22 GPa, 2273 K run for 373 min in the 5d@Wick) press employing
an 18/8 assembly is shown. In most cases the iron showsgtesdndicative of melting like
intrusion along grain boundaries of the capsule and betwapsule and sample but not in the
polycrystalline perovskite diffusion couple (Figure 5:.B). Stishovite crystals and iron oxides
are often found in the metal. In the 10/4 assembly in most x@ats a perovskite reaction
rim is observed adjacent to the MgO of the capsule which isrpmeted as reaction of S0
dissolved in the metal with the MgO during quench. Becaussgures in the 18/8 assembly are
significantly lower, reaction rims observed adjacent toMgO consists of ringwoodite in this
case (Figure 5.31-B). At the same time, for experiment C2ZbIE'5.6) performed in an 18/8
assembly, the perovskite is partially consumed and majdoitmed (Figure 5.31). Although
simultaneous solution of Si and O in metallic iron is limit@fNeill and Palme, 1998) it seems
to be sufficient to precipitate stishovite and a silicatetiea layer on MgO during quench.

Inclusions in the (Mg,Fe)Si®perovksite can be identified in all samples. The inclusion
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phases are stishovite, ferropericlase and, in the casepefiexents performed in MgO-Fe cap-
sules at low oxygen fugacities (see below), metallic irome presence of metallic iron inclusions
in perovskite at low oxygen fugacities is consistent wité tasults of Liebske et al. (2003).
Because silicate perovskite is unstable with respect tcirele bombardment, traces of cir-
cular spots due to electron microprobe analyses (EPMA) eaddntified in Fig. 5.31-B. These
traces are amorphous regions within perovskite.The Mg®&ovskite is more susceptible to
this effect than the Fe-bearing endmember of the diffusauptes. To minimize beam damage,
EPMA was performed at 15 kV and 5 nA beam current. Althoughrgimaation always occurs
during EPMA measurements, even at very low beam currengssttsichiometry of the analy-
ses is consistent with the ideal formula (Mg,Fe)SiCHence, there is no significant Mg loss
during microprobe analysis. The electron microprobe msfgdhow that diffusion profiles are
shorter than fum (resolution limit of the technique, see Section 3.2) whgcalso evident in the
backscattered electron images (Fig. 5.31) which showsrp sleatrast change at the interface.
Samples from experiments performed in Ni-NiO capsules gdiyeshow the same sharp
contrast across the diffusion interface at grain-graint@cts but a light component on the Mg-
rich side of the diffusion couple is observed along graimiaries (Fig. 5.32). This effect might

be explained by grain boundary diffusion. If this is trueg thllowing condition is fulfilled:

0 << 4/Dtexp<< dg (5.15)

whered is the width of the grain boundarsy, is the annealing time of the experiment ash

is the grain diameter, consistent with B type kinetics adoay to the classification of Harrison

(1961). Also, in (Mg,Fe)O inclusions at a distance of up tquuBDaway from the surface, a NiO

component is observed, which is also attributed to a graim8ary transport process. It cannot
be excluded that this fast grain-boundary diffusion pregegyht also be due to amorphization
during sample preparation, localized to the grain bouedarand rapid diffusion along these
amorphized regions during initial heating. However, irstbase it is not clear why this process
does not operate in the diffusion couples employing MgO-&@sales. Transport along such
amorphized regions would immediately stop when they reéalyze at high-pressure and tem-
perature. Figure 5.32 also shows a reaction layer betwaengiete and the Ni-NiO capsule but

the resulting phases are too small to be identified by EPMAf(fidher discussion see Section
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Figure 5.32: Backscattered electron images of a perovskite diffusiapleoperformed in a
Ni-NiO capsule. The experiment was conducted at 25 GPa, K¥68570 min.

5.5.3).

Figure 5.33 shows an orientation contrast image of the Mg®&dovskite endmember of
sample C13. The grain size is on the order of 50 - @®) whereas on the Fe-rich side the grain
size is smaller, between 5 and . Similar dimensions were found in all other experiments.
The large grains of the MgSgJperovskite show an elongation perpendicular to the diffiusi
interface, parallel to the furnace axis (Fig. 5.33). Manyh&f crystals are twinned with varying
thicknesses of the twin lamellae. Sometimes multiple tiigrcan be observed. Twin lamellae
are also visible by optical microscopy. It is not fully ungi&od whether the twinning is due
to a phase transformation on quenching (a ferroelasticeptiassition) or if the twins originate
during the primary crystal growth (see also Section 1.3Myst of the twins, run through the

whole crystal and terminate at the grain boundaries. Chexiatic arrays of needle shaped twins
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Figure 5.33: Orientation contrast image of sample C13 run at 25 GPa, 2048rk40 min.
The image shows the MgSiQerovskite. The cylinder axis of the furnace was in a velrtica
direction.

in more than one orientation, which are normally presenti d¢ase of a ferroelastic phase

transition (Salje, 1990), are not observed. This would faroorigin by growth.

The fO2 conditions prevailing during the experiments performedligO-Fe capsules can
be estimated from the FeO-content of (Mg,Fe)O adjacentdad-th(compare with Figure 2.6),
assuming that the layer of perovskite (10/4 assemblieshgwoodite (18/8 assemblies) formed
during quenching. In general the oxygen fugacity is goveimethe distribution of iron between

a metal (me) and an oxide (ox) by the equilibrium (e.g. Hold{£996)):

Fame ;. %oz — FeO™. (5.16)
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The equilibrium constaris 16 of Equation 5.16 is:

Adre0,0x

Ks.16 = 2 (5.17)

areme- fO;
wherea. is the activity of the component c. For the iron-wistitefeuthe activities of Fe and

FeO are equal to 1 and the equilibrium const&tg becomes:
Ks.16= fO2(IW) /2, (5.18)

wherefO,(IW) is the oxygen fugacity of the iron-wistite buffer. Thenefathe oxygen fugacity

relative to the oxygen fugacity of the iron-wustite buffeéefined as:
Ato, =log(fO2) —log(fO2(IW)), (5.19)

which is characteristic for the equilibrium in Equation, is given by:

Ato, = —2l0g Fe0o, (5.20)

Areme

Only in the case of an ideal mixture do the activities equdlenfiractions. Calculated values for
Ato, assuming ideal mixing behavior in the metal and the oxidegaren in Table 5.6. Values
for A¢o, range from -3.3 in experiment C23 to -1.8 in experiment C3énd¢¢, oxygen fugacity
is on average slightly smaller than but within 1 log-unit bétoxygen fugacity characteristic
of the present day core-mantle boundary, which is estimatdst atAso, = —2.3 (Holzheid,
1996), taking Fe abundances for the mantle and the core givglcDonough and Sun (1995)
into account.

The oxygen fugacity in the Ni-NiO capsules is close to theNND buffer (Section 5.1). Due
to the pressure effect, the difference in oxygen fugacitwben the iron-wistite and the Ni-NiO
buffers at high pressure (25 GPa) and temperature (2073 K)1s5 log-units compared to 4
log units at room pressure. These values were calculated @&bbs energies of formation of
metal oxides and molar volumes from Ride (1991), assumirgnatant reaction volume. If this
assumption is correct, the differencefi@®, between experiments performed in MgO-Fe capsules
and experiments performed in Ni-NiO capsules is on the avtiérog-units.

The difference between Fe-Mg interdiffusivities in perates and ferropericlase can be es-

tablished by comparing the relative diffusion length of Mg-profiles in the same sample. In
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all samples the diffusion length of Fe-Mg exchange in the Mg@he capsule material result-
ing from reaction with the metallic Fe is on the order of 3®#h (see contrast in Figure 5.31),
whereas the diffusion length of Fe-Mg exchange in silicai®pskite for experiments performed
in MgO-Fe capsules is on the order of a few 100 nm (as shownatdseb.5.4). Hence, because
the length of a diffusion profile scales with the diffusiorefficient byx 0 v/D t, the Fe-Mg inter-

diffusion coefficient of ferropericlase compared to silecperovskite is approximately 4 orders

of magnitude faster at the same oxygen fugacity.

5.5.3 TEM characterization of the samples

As discussed earlier (section 5.5.2), concentration gofire shorter than the resolution limit
of the electron microprobe. In addition, the existence bbimogeneities on the Fe-rich side of
the diffusion couples leads to an increased scatter in Reeng measured by EPMA, because
inclusions are often smaller than the interaction voluméhm electron microprobe (Section
3.2). Thus, diffusion couples were prepared for analytidaM measurements following the

procedure described in Section 3.3.

Samples with a large difference in Fe-content preservedge leesidual differential stress
between the two perovskites. Therefore, like a bimetaldifiesion couple bent upward during
thinning, loosing coherence with the surrounding matefTddus, after accomplishing approxi-
mately 2/3 of the thinning, the diffusion couple was remofredh the surrounding material and

remounted on a new grid.

As already observed in backscattered electron imagesyimgds performed in MgO-Fe
capsules contain metallic Fe-inclusions on the Fe-rich &dnsistent with Liebske et al., 2003).
Twinning is also an ubiquitous feature on the TEM scale (Bi§4). No attempts were made to
characterize the twin laws in the samples of this study berawetailed study of twin laws for
silicate perovskite already exists (Wang et al., 1992)filesoacross twin lamellae and composi-
tional mapping did not reveal any significant disturbandas® diffusion profiles caused by the
twin lamellae. In some of the samples, subgrain boundaoiesdd by dislocations are visible,
affecting the diffusion profile (Fig. 5.34). The profile shmim Fig. 5.34 crosses three subgrain

boundaries. There are two asymmetric maxima visible alopigp@ile that crosses the two sub-
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Figure 5.34: EDX-TEM profile on sample C22, annealed at 24 GPa, 2073 K forrah.
Individual measurement points are clearly visible due tdboa contamination and amor-
phization. The microstructure consists of three subgrainruaries and one twin lamella
terminating at the diffusion interface.

grain boundaries subparallel to the diffusion interfacee Tong tail of the asymmetric profile is
directed towards the interface implying that the subgrainrlaries originated at the interface
and were mobile during the diffusion experiment. Becausespeeferentially incorporated in
the subgrain boundary, the tails are left behind. In Shew(®889) a similar effect is described
for diffusive enrichment along a moving grain boundary dgrzincification of iron. In this case
the diffusing component is constantly replenished alorggtain boundary that was oriented

perpendicular to the surface.

The influence of the subgrain boundaries on the shape of thusidn profiles, as demon-
strated in Figure 5.34, stresses the fact that observatidhs microstructure are of great impor-
tance when measuring short concentration profiles. Suamgohena might be easily overlooked

when using methods such as the ion microprobe which avemaggsa certain area. When, in
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addition, grain boundary diffusion plays an important iblaight become especially difficult to
distinguish between subgrain boundary, grain boundarybatiddiffusion.

Fe3+/zFe ratios were determined by EELS spectroscopy using thie,geedges and the
universal curve of van Aken et al. (1998). On sample C28,goeréd in a MgO-Fe capsule, at
24 GPa and 2133 K for 1430 minutes 187 % F&* was found, whereas for experiment C70,
performed in a Ni-NiO capsule, at 26 GPa and 2173 K for 60 nesithe F%ﬂzFe ratio is
slightly higher with 20+ 6 %. These values are within error consistent with th&"Feontent
determined in Lauterbach et al. (2000) and Frost and Largsh{R2002) for Al free perovskite
performed in Re and Fe capsules.

The reaction rim visible in Fig 5.32 has been identified by EDEXM as stishovite finely
intergrown with an oxide with (N\MgyFe,)O composition. The symplectitic rim can be under-
stood in terms of the binary phase diagram of perovskite revperovskite becomes unstable
at high Fe contents and forms stishovite and ferroperigldsagnloz and Thompson, 1983). The
recent experiments show that in the corresponding terngstem MgSiQ-FeSiG-NiSiO3 a

similar disproportionation reaction occurs at high Ni @oris.

5.5.4 Profiles and diffusion coefficients

Profile measurements were carried outin the TEM using a G@@ouble tilt specimen holder
cooled by liquid nitrogen following the analytical procedwescribed in chapter 3.3. The tem-
perature indicated by the thermocouple of the holder wast1@4&K. Selected EDX-spectra are
shown in Appendix E. In practice, profiles were automatcaileasured in the STEM (Scan-
ninng Transmission Electron Microscopy) mode making ustnefAnalysis Manager software
module supplied with the Vantage software.

Due to the convergent beam used for obtaining a high spaalution, Mg loss occurred
during the analysis. This effect is most severe if the samsplery thin. Hence, the measurement
spots are clearly visible after the analysis due to the ampagion effect and contamination by
deposition of cracked hydrocarbons on the locally heatetpss as is evident in Figure 5.34.

The degree of Mg loss was further investigated with timeeseginalysis on a single measure-

ment point. Figure 5.35 shows a series of spectra obtainedunyting repeatedly for a lifetime of
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Figure 5.35: Mg loss, investigated by EDX-STEM time series analysis oimglespoint
of sample C23, performed in a MgO-Fe capsule at 24 GPa and KL&% 720 minutes.
Spectra were measured repeatedly for a lifetime of 5 sed(itea was approximately 30%).
Three spectra are shown after 5, 10, and 90 seconds of Idetitearly revealing the loss in
intensity of the Mg peak.

5 sec at the same point of the MgSQif@erovskite of sample C23, performed at 24 GPa and 2123
K for 720 minutes. Clearly, a decrease in intensity of Mg isated for lifetimes between 0
and 90 sec. Mass balance calculations using the analysgestufjat the component lost during
electron bombardment is MgO. Hence, to obtain the correde finaction of the Fe component

in perovskite Xresiq,, the amount of MgO necessary to get a stoichiometric arsalyas added

to the raw data. The results of this correction show that liselate Fe concentrations are essen-
tially unaffected, no matter if the MgO loss correction isfpamed or not, whereas meaningful
profiles for Mg can only be obtained by using the correctiomug; only Fe concentrations were
used in subsequent profile investigations for diffusionffocent determination. The Iﬁé/zFe

ratio, determined in Section 5.5.3 was not taken into actbecause the effect is negligible for
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the total Fe concentrations involved.

Figures 5.36 and 5.37 show representative profiles measureshmples from Fe-Mg in-
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Figure 5.36: Fe and Mg profiles measured by EDX-STEM analysis on sampler@iat
25 GPa and 2023 K for 483 min. Mg loss was corrrected as diszlias the text. The
lengths of the profiles of this sample range from 150 - 300 nms@ are the shortest profile
lengths measured in this study. The curves drawn in the figigditted diffusion profiles
with logD = —19.43. Due to variation in the lengths of the profiles, the averagfusion
coefficient of this sample is -19.1 (Table 5.7).

terdiffusion experiments employing MgO-Fe capsules. Tiwdilps are symmetrical and were
therefore fitted with a composition-independent diffusamefficient (Eq. 4.6). The compo-
sition of the Fe-bearing perovskite, synthesized usindhstit pyroxene as starting material,
is not always homogeneous over a scale larger tham %or diffusion experiments performed
in MgO-Fe capsules. This problem arises because of the @gnsmall diffusion coefficients

in silicate perovskite as revealed by the short diffusiaofifgs. Hence, inhomogeneities in the
starting material could not be completely homogenizeduyttie synthesis and the diffusion ex-

periments. However, it is assumed that local equilibriuomsistent with the initial and boundary
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Figure 5.37: Fe and Mg profiles obtained by EDX-STEM analysis on sampler@2&t 24
GPa and 2133 K for 1430 min. Mg loss was corrected as discussie text. The length of
the profiles of this sample are the longest measured foiasdiperovskite in this study. The
fit is drawn for a constant diffusion coefficient with log(D)}%7.62.

conditions given in Equations 4.2 and 4.3, exists at thetpaifithe profile analysis. The compo-
sitions on both sides of the profiles and the diffusion coeeffits, derived by fitting Equation 4.6,
are listed in Table 5.7. Profiles of sample C22 are alwaysidistl by subgrain boundaries, as
shown in Figure 5.34. Therefore the diffusivity of C22, ab&l by excluding points influenced
by subgrain boundary migration, is shown in subsequentdgyaf diffusion coefficients versus
inverse temperature, but is rejected in the determinatidheoactivation energy. The error of
a single measurement in log-space is estimated as half gwutd difference in the logarithm
of the Fe-Mg interdiffusion coefficient of samples C23 andB(@erformed at nearly the same
conditions (10 K difference in temperature) and is founddmh the order of 0.4 log-units.
Samples run in Ni-NiO capsules generally show evidence aingooundary diffusion, as
seen in Figure 5.32. The EDX-TEM profiles on sample C61, deddar only 10 minutes at
26 GPa and 2073 K, show diffusion tails on both sides of therfate of varying extent with
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Table 5.7: Results of the different perovskite diffusion experimeXggsiq is the compo-
sition of the Fe-bearing endmember of the diffusion couplethe Mg endmember no Fe is
present at begin of the diffusion experiment, dur denoteatitdun, and unc is the uncertainty
of the Fe-Mg interdiffusion coefficientd yg in log-units.

Sample P,GPa T,K dur,min capsule Xresioqy Dre-mg uNc
C13 24 2043 240 MgO-Fe  0.06 -188 0.4
C19 24 2023 483  MgO-Fe 0.02-0.05 -19.1 0.4
C22 24 2073 900 MgO-Fe  0.04 -182 0.4
c23 24 2123 720  MgO-Fe 0.02-0.03 -184 0.4
C28 24 2133 1430 MgO-Fe 0.06 -176 0.4
C30 22 2273 373  MgO-Fe 0.05-0.07 -18.2 0.4
C61 26 1800 10 Ni-NiO  0.10-0.12 n%.

C70 26 2173 60 Ni-NiO 0.09 170 0.4
C76 26 1973 570 Ni-NiO 0.11 -18.2 0.4

I notincluded in calculations, as discussed in the text
2 thermocouple break, temperature estimated from the lpptiwer
3 not determined, because no measurable profile developgd5Bi8)

respect to distance (Fig. 5.38). This observation is imétgal as a grain boundary diffusion
component and its varying extent is due to the distance oflitfiesion profile from the next
grain boundary. A sharp step in composition is observedetémter of the diffusion profile,
which is representative of the true bulk diffusion coefintieBecause diffusion coefficients of
silicate perovskite are very small (Table 5.7), virtualty diffusion profile due to bulk diffusion
developed during the annealing time of 10 minutes. Theeefample C61 can be regarded as a
zero time test.

Sample C76, performed at 26 GPa and 1973 K for 570 min, alseskail contributions
but the profile due to bulk diffusion can be clearly resolvEd)( 5.39). Most profile analyses
of sample C70 also show evidence of grain boundary diffusiéor this sample, the shortest
profile was regarded to represent the true lattice diffusmefficient. However, this still might
be an overestimation, because only one profile was takeraatunt for deriving the diffusion
coefficient. Hence, it is not unequivocally demonstrateat this diffusivity does not include a
grain boundary diffusion contribution.

From this discussion, it becomes clear that in polycryisialkilicate perovskite diffusion
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Figure 5.38: Profiles measured on sample C61, run at 26 GPa, 2073 K for 10 e
profiles are superimposed on each other to show the varyitenexof the diffusion tails
on each side of the diffusion interface. Note the sharp stegmposition at the diffusion
interface.

couples, various factors influencing the measured diffusigefficients, such as grain bound-
aries or subgrain boundaries, play an important role. @nhiadsleyite (Section 5.3), bulk dif-
fusion in perovskite is so slow that the experiments weréopered in a regime where all these
different processes operate at the same time to a similanextn addition, problems due to
inhomogeneities and exsolution of other phases exist.efbier, physical quantities, such as for
example the activation energy, derived by fitting the diffascoefficient as function of intensive
thermodynamic variables such as temperature (see neidrgeste associated with larger errors
than for the other, in terms of microstructure and chemisttys complicated systems (olivine,

wadsleyite, ferropericlase).
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Figure 5.39: Three different profiles measured on sample C76, anneal@®é &Pa, 1973
K for 570 minutes, superimposed onto each other. Note thsistency of the profile at
intermediate concentrations and the tails on both sideb®frterface. The dashed line is a
fit of Equation 4.6 with log(D) = -18.16.

5.5.5 Temperature dependence of Fe-Mg interdiffusion at 2&Pa

Figure 5.40 shows Fe-Mg interdiffusion coefficients of (Mg)SiQ perovskite as a function

of inverse temperature (Arrhenius diagram). Most of theeeixpents were performed at 24
GPa (Table 5.7). Only experiment C30 was at slightly lowespure (22 GPa), employing an
18/8 assembly, whereas experiments employing Ni-NiO dapsuere performed at 26 GPa in
order to stabilize the Fe-containing perovskite. As disedsin Section 5.5.1, the difference
in diffusivitiy due to the pressure effect should be nedjigj much smaller than the analytical

error. Thus, no attempt was made to correct for the effectegqure. All evidence presented in
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Figure 5.40: Fe-Mg interdiffusion coefficients (Table 5.7) as functidrthe inverse tem-
perature of the experiments. The fits for elucidating thévatibn energy at high pressure
(Ea+ P V,) are explained in the text.

Section 5.5.4 points to the conclusion that the compositieffiect, at least for & Xgesig < 0.11
(range of compositions studied here, see Table 5.7), ignifgiant, because profiles due to bulk
diffusion were always found to be symmetrical within the Igtieal uncertainty (Figures 5.36,
5.37, and 5.39).

The activation energy at high pressure was determined usiogprocedures. A fit of the
results of those experiments employing MgO-Fe capsulassiéa a value ofE; + P AV, =
328+ 230 kJ mot! (dashed line in Figure 5.40), whel is the activation energy at 1 bar and
AV;, is the activation volume. As discussed in Section 5.1 thieatdn energy at high pressure
also contains a contribution due to a changd ©p of the buffer systems used. To include the
results of experiments performed in Ni-NiO capsules, it assumed that the activation energy

is independent of the absolute value of the oxygen fugadithe buffer systems. This should
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be the case becaus®, determines the abundance of point defects but not theigarseof
formation or migration (see Equation 1.6 and Section 1.2Hénce, the diffusivities of C70
and C76 (Table 5.7, open triangles in Figure 5.40) were esthiftystematically towards lower
diffusivity until the error of a linear fit of all data is simaneously minimized. Determined by
this procedure, the overall activation energy at 24 GPa4st4D44 kJ mot? (for a shift of 1.2
log-units, solid lines in Figure 5.40). This value is valat buffer systems with ahO» variation
parallel to the Ni-NiO or Fe-FeO buffer, respectively. Thftsof 1.2 log units corresponds to
an fO, exponent of 1/3.3 if the absolute valuesf@d, differ by 4 log-units (Section 5.5.2). It
has to be emphasized that this value is subject to much anugrtiue to the extrapolation of the
fO2 values for the solid state buffers. Therefore, no attempst mvade to interpret the oxygen
fugacity exponent in terms of point defects (see the dadmgiresented in Section 1.2.4).

The preferred model for Fe-Mg interdiffusion coefficiege_mg of (Mg,Fe)SiQ per-
ovskite at 24 GPa and reducing conditioAsd, ~ —2.7, Table 5.6) is:

~ 404000144000\ m?
D —3.3(1.2) x107° — — 21
Fe-mg = 3.3(1.2) x 10 eXp( 8.31441T (K) ) sec (5.21)
and at an oxygen fugacity corresponding to the Ni-NiO buffer
~ 40400@14400Q\ m?
D —5.1(2.0) x 1078 — —. 5.22
Fe-Mg = 5.1(2.0) x eXp< 8.31441T (K) ) sec (5-22)

The preexponential factor was derived by fixing the actbraginergy at 404 kJ mot. If Dre-mg

has to be calculated at other oxygen fugacity conditiori€.g/3-3

correction might be employed
but it has to be kept in mind that this correction relies onabeuracy of the extrapolations of the
oxygen fugacities of the Ni-NiO and Fe-FeO buffers, whiah jaoorly constrained at present.

Equations 5.21 and 5.22 do not take any directional dep&edi@to account because from
a structural point of view the directional dependence sihbel relatively weak (Section 1.3.1).
However, some of the scatter observed in Figure 5.40 migée &rom variations in crystallo-
graphic orientation.

At 1973 K and 24 GPa, for oxygen fugacities close to the Ni-Ni@fer, the Fe-Mg in-

terdiffusion coefficient of (Mg,Fe)Sig)perovskiteDE‘:'fwg is 1.0 x 1018 m? sec’! (Equation
fp

Fe—Mg

is 21 x 10714 m? sec'? for Xeeo = 0.05 (Equation 5.14). Hence, the rali} ,,,/DE,; is

5.22). At the same conditions the Fe-Mg interdiffusion &ioefnt for ferropericlaséd



5.5. (FExMG;-x)SIO; PEROVSKITE 153

2 x 10%, nearly the same value that was estimated in Section 5.52. sflicon self-diffusion
coefficient of silicate perovskite at 1973 K and 24 GPa.5>3101° m? sec! using data of
Yamazaki et al. (2000). Hence, silicon self-diffusion atgl conditions is only approximately
a factor of 3 slower than Fe-Mg interdiffusion estimated &@ying Equation 5.22. If the Si
self-diffusion coefficient is compared to Fe-Mg interdgfan at reducing conditions (Equation
5.21, 67 x 1022 m? sec?) it is found that Si self-diffusion is faster than Fe-Mg irdiéfusion.
This has important implications for the rheology of the lowentle which in a diffusional creep
regime is determined by the slowest diffusing species. Auceng conditions the slowest dif-
fusing species might be diffusion of the divalent catiortieathan Si diffusion. This situation
is totally different from relative diffusion rates at cotidns of the upper mantle, because for

minerals such as olivine, Si diffusion is much slower thasMeginterdiffusion (Béjina, 1999).
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56 Overview

In Figure 5.41 a comparison of Fe-Mg interdiffusion coeéfidis for olivine, wadsleyite, fer-

Temperature, °C
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Figure 5.41: Overview of Fe-Mg interdiffusion coefficients for olivineadsleyite, ferroper-

iclase, and silicate perovskite. Two datapoints for sticperovskite obtained from experi-

ments in Ni-NiO capsules lie 1 order of magnitude above data obtained in MgO-Fe cap-

sules.
ropericlase and (Mg,Fe)Sigperovskite is shown. The fastest Fe-Mg interdiffusion tioeits
are observed in wadsleyite, the mineral that dominates pperuransition zone. According to
the results of Farber et al. (2000) interdiffusion in ringwide is as fast as in wadsleyite. The
diffusive exchange of Fe and Mg is approximately two orddrenagnitude slower in olivine,
which is the main constituent phase of the upper mantle. érddwer mantle, Fe-Mg interdif-
fusion in perovskite is several orders of magnitude slowantin the main constituent phases
of the upper mantle and the transition zone. However, femofase shows relative fast Fe-Mg

interdiffusion of a magnitude intermediate between okvand wadsleyite. Because the lower

mantle likely consists of- 80 vol.% perovskite (Poirier, 2000), processes dependinigesMg
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interdiffusion should be governed by very slow diffusiggi(see further discussion in Section

6.5.2).

5.7 Diffusion experiments at high pressure: Experimental
complications

5.7.1 High pressure versus low pressure experiments

At 1 bar, diffusion experiments are performed in furnaced tltave a comparatively large hot
spot region. Hence, at the position of the diffusion coupesignificant temperature gradients
are observed. In high pressure sample assemblies (Se2trsd 2.5), the region of the hot
spot is significantly smaller, potentially leading to siigrant thermal gradients. Knowing the
diffusivities of the minerals investigated in this studye¢8ons 5.2 - 5.5), enables the effect of
thermal gradients to be investigated by numerical simutat{Section 5.7.2). Another point of
interest (at 1 bar and at high temperature) is the contobutf diffusion during initial heating

of the experiments, especially if absolute diffusivities eelatively large and experimental du-
rations short. As with temperature gradients, if diffusemefficients are known, the role of the

heating effect can be further investigated by numericabations (Section 5.7.3).

5.7.2 Temperature gradients

Temperature gradients in the 10/4 assembly can be as laff®dé mnT! (Trgnnes and Frost,
2002). The longest profiles investigated in this study wérgeoved for ferropericlase (Section
5.4), with a profile length of 100-20am. Therefore, Fe-Mg interdiffusion profiles in ferroperi-
clase are most likely to have been affected by thermal gnéglecross the diffusion zone. With
a temperature gradient of 100 K mrand a profile length of around 100-20, the temper-
ature variation along the diffusion profile is on the orded 6f20 K. Numerical simulations by
finite differences using Equation 5.13, but allowing the penature to vary linearly along the
profile, were performed for the range of diffusivities obtil in this study. The temperature of
the experimenTexpWas taken to be representative for the original interfaddeiffusion pro-
file. At the hotter end of the profile of the simulation, the pErature can then be expressed as

Ti = Texp+grad 1/2 Iy, wheregrad is the temperature gradient alyds the length of the profile
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simulation. For the simulation, Equation 5.13 is inserte&quation 1.2:

Ea—A-Xpeo+ (P—Pret) - AVa
(oo (= )

oc_ o9
ot dx

aC
&) (5.23)

Figure 5.42 illustrates the simulation at the conditionsxgeriment C48 (Table 5.5), which re-

sulted in the longest profile observed in a 10/4 assemblygrsthdy. The simulations employing

2120
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Figure 5.42: Effect of thermal gradients in the 10/4 assembly. The teatper varies lin-
early along the profile (left y axis, shown for a temperaturadient dT/dx of 100 K/mm).
The simulations (right y axis) are shown for dT/dx = 0, 100d d®00 K/mm. The inset
shows a blow up of the profiles in the region of 50-120 um to dghevextent of maximum
profile lengthening.

Equation 5.23 show that effects of profile lengthening ortgrong are negligible~ 3 um at the
hot end and« 1 um at the cold end of the profiles) for a thermal gradient of 10@0#. The dif-
fusion coefficient akreo = 0.3, due to the thermal gradient~Ns2.8 % larger. This deviation is a
factor of 10 smaller than the experimental error080 % (0.3 log-units, Section 5.4.3). Hence,
even for temperature gradients of 100 K/mm and a profile keaft- 200 um, the results would

not be significantly affected. For temperature gradientshmarger than 100 K/mm, the error
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would become significant, for example approximately 30%hatgrofile ends for 1000 K/mm
with a displacement of the profile ef 48 um at the hotter end (Figure 5.42).

Aside from pure distortion due to a change of diffusivitynggerature gradients can poten-
tially also lead to Soret diffusion. For ferropericlasestbffect would be different in the two
assembly types used in this study because temperaturegradi the 14/8 cell are much smaller
in comparison to the 10/4 cell. Therefore a kink or discamtinwould appear in the pressure
correlation if the Soret effect leads to a significant cdmition of the diffusional flux. Such a

kink is not observed however (Figs. 5.28, 5.29), so sigmfiGoret diffusion can be excluded.

5.7.3 Heating effects

Some diffusion inevitably occurs while the sample is beiegted. However, at 1873 K and 8
GPa, results of the time series shown in Fig. 5.27 indicaetthis has little or no effect on the
derived diffusion coefficients at these conditions. Thetgbuation to the diffusion profiles during
heating at all conditions was simulated by finite differesnasing Eq. 5.13. In an initial heating
phase the temperature was varied from room temperature fm#d temperature using the actual
heating rates of the experiments. In practice this is aelddy approximating the heating with a
step like temperature profile. At each step, normally wittepsize of 1 K, diffusion is simulated
and the resulting profile is taken as the initial distribatfor the next temperature step. If the
experimental temperatuiyp is reached, the calculations are continued in the same way as
all other profile simulations. Figure 5.43 shows an exampteé@ferropericlase system, taking
a heating rate of 3.5 K/sec which is slightly smaller thatabtial heating rate of 5 K/sec (worst

case scenario).

The simulations show that diffusion profiles with lengthsseferal microns, depending on
the heating rate and mineral system, develop during irigating ¢ 25 um for the example
in Figure 5.43). The difference between simulations emplpyhese extended profiles as the
initial condition and simulations using an ideal step fumctas the initial condition vanishes
very quickly, however, with progressive diffusion. Aftesk than 5 minutes no significant differ-
ences can be observed for the combinations of heating retileigh temperature annealing times

used in this study. For C55, even for a longer heating tima tha real heating time (Figure
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Figure 5.43: Effect of diffusion occuring during initial heating of expeent C55 (Table
5.5). The dashed line shows an ideal step function as inttieldition (Eq. 4.2). The
black dots show the profile that developes in the simulatadels due to the heating effect
with a heating rate of 3.5 K/sec, slightly smaller than theuatheating rate of 5 K/sec. The
diamonds represent the profile taking the heating effeotastount and are compared to the
profile simulated without heating effect (solid line). Thavidtion between the two profiles
after 21 minutes (experimental duration) is on the order.8fjgm only.

5.43), the deviation of absolute diffusivities is smallean 3 %, corresponding to better than
0.02 log-units (with an experimental error of 0.3 log-uhitExperiments employing diffusion

couples of olivine, wadsleyite and silicate perovskiteeveerformed always with a larger ratio
of experimental duration at high temperature to heatingtirilence, the effect of heating is
even smaller for these minerals as compared to ferropseclBherefore the profiles observed in
this work only contain information about the diffusionabperties at high temperature and it is
mathematically justified to use an ideal step function asriti@l condition in the simulation of

the profiles.
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Discussion

6.1 Introduction

The results obtained in this study can be used to calculatddg-aterdiffusion coefficients at
the oxygen fugacity of the Ni-NiO buffer for olivine in the per mantle, wadsleyite in the tran-
sition zone and ferropericlase and silicate perovskitbénuppermost part of the lower mantle.
The temperature and pressure conditions of the experinagnatstly correspond to the condi-
tions prevailing in the mantle to a depth of 700 km. For canstng diffusivities and a better
understanding of kinetics in the lower mantle, results &ardpericlase (Section 5.4) and sili-
cate perovskite (Section 5.5) are extrapolated over theegmessure and temperature range of
the lower mantle in Section 6.2 using ab initio calculatiomsonstrain the activation volume at
pressures- 25 GPa (Ita and Cohen, 1997; Wright and Price, 1993). Takingdsabatic model
of temperature and the Preliminary Reference Earth ModRE(R, Dziewonski and Anderson,
1981) for the pressure variation with depth into accourifiigiion coefficients, characteristic for
the depth range of O to 700 km, are calculated in Section @8ther with estimates for the
lower mantle. The slow Fe-Mg interdiffusion rates of site@erovskite exert strong limitations
on the experimental investigation of multiphase elemertitming involving this mineral. This
problem is further discussed in Section 6.4.

The following sections highlight selected geological aggions of the diffusion coefficients
determined in this study. Olivine and wadsleyite Fe-Mg rdiféusion coefficients are used in
Section 6.5.1 to constrain the kinetics of the olivine-weayise phase boundary in the Earth’s

mantle. Because the lower mantle consists mainly of ferioclase and perovskite, the diffu-

159
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sional properties of a minor phase (ferropericlase) eméeda a matrix with a much smaller
diffusion coefficient (perovskite) is investigated in Sent6.5.2. These results are then used
to constrain the lifetime of heterogeneities of varyingesim the lower mantle (Section 6.5.3)
and the possible extent of interaction at the core-mant@dary during Earth’s history (Section
6.5.4). The final section (Section 6.5.5) gives an estimitiesoextent of possible reequilibration

in the lower mantle during core formation following an eamagma ocean stage.

6.2 Extrapolations towards lower mantle conditions
6.2.1 Ferropericlase

In order to calculate Fe-Mg interdiffusion coefficients efrbpericlase over the entire pressure-
temperature range of the lower mantle, the results of thidysare combined with results of ab
initio calculations on how the activation volume evolvesdanction of pressure up to the pres-
sure at the core-mantle boundary, which is approximate/GBa (Dziewonski and Anderson,
1981).

Theoretical considerations predict that the activatidnwe should decrease with increasing
pressure (Karato, 1981; Poirier and Liebermann, 1984 sMillal., 1991). Ita and Cohen (1997)
calculated free energies for vacancy pair formation andaign of Mg and O in pure MgO at
pressures from 0 to 140 GPa and temperatures from 1000 tok006ing these data together
with calculated lattice parameters enabled these autheeddulate the decrease in the activation
volume of the intrinsic Mg self-diffusion coefficient withé¢reasing pressure. However, experi-
mental and theoretical evidence shows that Mg diffusion gOvbccurs by an extrinsic diffusion
mechanism at all experimental conditions so far investig@Sempolinski and Kingery, 1980;
Wuensch, 1983; Vocadlo et al., 1995; Van Orman et al., 2008is is also likely to be the case
for the Fe-Mg interdiffusion experiments reported in thisdy. Hence, to compare the results
of Ita and Cohen (1997) with experimental results only thgration volumeVy, = 0Gy,/0P,
whereGy, is the free energy of migration of the diffusion mechanisas to be used. The acti-
vation volume of 30 cn® mol~1 for Mg tracer diffusion determined by Van Orman et al. (2003)
agrees well with the migration volume of13cm® mol~1 calculated employing free energies of

migration by Ita and Cohen (1997) between 0 and 20 GPa at 2000wl be assumed here
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that the data for the free energy of migration reported irattd Cohen (1997) can also be used
to constrain the pressure dependence of the activatiomebf (FeMg1_x)O ferropericlase at
pressures greater than 23 GPa.

The migration entropygy, calculated asSy = 0G,/0T from the values of Ita and Cohen
(1997) is approximately constant between 0 and 140 GPaatidgethat the preexponential factor
is pressure independent. In this case the activation volWp@P) at any pressure P and constant

temperature is given by (Poirier, 2000):

r70IND(P) _ 9AHA(P)

AVa(P) = —RT—35— =%

(6.1)

whereD(P) is the diffusion coefficient at pressure P ahl,(P) is the activation enthalpy at
pressureP. As an approximation, the average activation volume betwlebar and pressure

was estimated from:
_ AHa(P) — AHg(1 bap

AVZ(P) P—1 bar

(6.2)

Values for the activation enthal@yH,(T, P) at temperaturd and pressur® can be calculated
employing the results of Ita and Cohen (1997) frak, (T, P) = AGy(T,P) + T - ASn(P), where
AG(T,P) is the migration free energy at temperatilirand pressur® andASy(P) is the migra-
tion free entropy at pressurRe Between 0 and 140 GPa at 3000 K an average migration volume
of 1.35 cn? mol~1 was derived in this way for extrinsic Mg self-diffusion. Asging a similar
pressure effect on the activation volume for Fe-Mg intéudibn leads to an average activation
volume of 14 cnm? mol~1 for calculation of diffusivities at the core mantle boundar

The average activation volume between 0 and 140 GPa of 134wt ! together with the
experimentally determined value between 0 and 23 GPa ofr833wol~! (Section 5.4) can be
used to constrain the pressure dependence of the actiwatiome of Fe-Mg interdiffusion in

ferropericlase making a linear approximation:
AVy = AV2 + P x AV, (6.3)

The value for the zero pressure activation volulg is 0.367 J bar! and the pressure derivative

AV/ becomes-1.624x 10~7 J bar.
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6.2.2 Silicate perovskite

Extrapolation of perovskite diffusion data to pressuresxoess of 26 GPa is less well con-
strained than for ferrropericlase because the activatdumwe of diffusion in silicate perovskite
could not be determined by the experimental results of ttudys This is due to the very re-
stricted pressure range within the silicate perovskitbiktyfield that can be generated by the
multianvil apparatus employing sintered WC cubes. In aoidjtquestions concerning the struc-
tural stability of this phase still remain unsolved (Sectih3.1). Therefore, in the following
sections two models of the activation volume of Fe-Mg iniféudion in (Mg,Fe)SiQ perovskite

are considered:

e The magnitude of the activation volume is considered to e.z&hus, the activation
energy determined at 24 GPa (404 kJ mplEquation 5.21 and 5.22) is valid over the

entire pressure and temperature range of the lower maotig &e Ni-NiO buffer.

e The activation volume is 2.1 ctrmol~1, based on the value determined in a theoretical
study of Mg self-diffusion in pure MgSig&by Wright and Price (1993). In this approach it
is assumed that, as for ferropericlase (see Section 6tRelactivation volume for diffusion

of Mg in MgSiQg is also directly applicable to Fe-Mg interdiffusion in (M) SIGs.
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6.3 Fe-Mg interdiffusion along a present day geotherm

In Figure 6.1 diffusion coefficients along an adiabat for asrage mantle below mid-ocean
ridges (Herzberg and Zhang, 1996) are calculated belowdke bf the lithosphere, i.e. at pres-
sures in excess of 3 GPa (deptl®6 km). For all minerals, results corresponding to the NDNi
buffer were used. The steps in temperature occurring attaggtransition boundaries are due to
the heat of transformation. Depending on the mode of coirgdhese temperature steps would
relax around the transition depth but the steps in difftigserved at the phase transition points
would still be preserved. It should be emphasized that forra, above 3 GPa, the diffusivity
decreases due to the effect of pressure on diffusion eveigththie temperature increases frem
1700 K to 1850 K. At 13.5 GPa the-3 phase boundary is reached. The diffusion coefficient for
olivine at this pressure and a temperature of 1850Bds vg = (5.9+£0.2) x 10716 m? sec ! at
the Ni-NiO buffer andXre,sio, = 0.1. This value is a factor of 150 smaller than the value at 1
bar at the same temperature, composition and relative oxfgggcity (Ni-NiO buffer). Hence,
pressure effect has a large influence on the Fe-Mg intesildfucoefficient at high pressure that

was not taken into account in former studies (for example®atov and Stevenson, 1994).

For the high pressure polymorphs of olivine, wadsleyite angwoodite, the activation vol-
ume of 6.1 cm mol~! of Farber et al. (2000) was used in combination with EquaSidr®. It
is assumed that Fe-Mg interdiffusion is equally fast in dutih-pressure polymorphs of olivine
(Chakraborty et al., 1999; Farber et al., 2000). As showndatiBn 5.3.5 and Figure 5.22 a
jump in the Fe-Mg interdiffusion coefficient by 3.5 orders of magnitude occurs at the 410
km discontinuity. If the activation volume of 6.1 énmol~—1 predicted by Farber et al. (2000)
is correct, the effect of pressure on diffusion along theldal results in Fe-Mg interdiffusion
coefficients for wadsleyite and ringwoodite which, at th® & discontinuity & 23 GPa), are
relatively similar to the values derived for ferroperida$n the contrary, Fe-Mg interdiffusion
in silicate perovskite is orders of magnitude slower (agpnately by a factor of 2 10%, see
Section 5.5.5). An increase in diffusivity for silicate peskite with increasing pressure along
the adiabat shown in Figure 6.1 is observed because a pogsibtt of pressuré/f # 0) was
not taken into account in deriving the values for silicateopskite shown in Figure 6.1 (compare

with Equation 5.22). Depending on the oxidation state oflthreer mantle, which is probably
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Figure 6.1: Fe-Mg interdiffusion coefficients for different mineratsthe upper mantle, the
transition zone and the top of the lower mantle. All diffasgwefficients are given for an
oxygen fugacity close to the Ni-NiO buffer, and an Fe compbn®le fraction of 0.1. The
adiabat (right y axis) is from Figure 20 of Herzberg and Zhgt896) and is representative
of a present day average mantle beneath oceanic ridgesin®Ildiffusion coefficients, given
aslog(D) on the left y axis, were calculated using Equation 5.11, goylyang a correction
factor of 1.6 to account for the compositional effect (seeti®e 5.2.3). Ringwoodite is
considered to have the same diffusion properties as wattsléyarber et al., 2000). In
Equation 5.12 an activation volume of 6.1%mol~! (Farber et al., 2000) was used. For
ferropericlase and silicate perovskite, Equations 5.1d &r22 were used, respectively.

temperature, K
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more reducing than the upper mantle (McCammon, 2002), Fenlégdiffusion coefficients of
ferropericlase and silicate perovskite might be 1-2 ordémmagnitude smaller than the values
shown here (see Equations 5.21 and 5.22).

For the lower mantle, Fe-Mg interdiffusion coefficients eealculated along a geotherm
given by Anderson (1982). The geotherm was chosen becaadertiperature at the 670 km
discontinuity is consistent with the adiabat given in Hemgpand Zhang (1996). Hence, diffu-

sion coefficients in Figure 6.1 and 6.2 are comparable with e¢her. To extrapolate diffusivities
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Figure 6.2: Fe-Mg interdiffusion coefficients for ferropericlaserfX= 0.1) and silicate
perovskite in the lower mantle. For perovskite the two m®aéth an activation volume of
0 cn?® molt and 2.1 cm mol~! are shown, calculated using Equation 5.22. Diffusivities
are given along the Ni-NiO buffer and, for perovskite, beesra factor of~ 15 smaller
(Equations 5.22 and 5.21) at reducing conditions.

in ferropericlase, Equation 5.14 was employed togethen thi¢ pressure-dependent activation

Temperature, K
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volume estimated in Equation 6.3. The calculated diffusioefficients (Figure 6.2) show that in
the upper part of the lower mantle the Fe-Mg interdiffusioefticient would decrease slightly
due to the pressure effect whereas in the lower part of therlomantle the activation volume
becomes essentially zero and diffusivities become fastertd the temperature effect. How-
ever, the Fe-Mg diffusion coefficient does not vary by morantla factor of 10. Therefore, a
diffusion coefficient of 4« 1014 m? sec ! at Xreo= 0.1 is a good estimate for the Fe-Mg inter-
diffusion coefficient of ferropericlase in the lower mardleng the Ni-NiO buffer and is almost
independent of depth.

For silicate perovskite the two end-member models for tHecefof pressure (Section
6.2.2) lead to a steady increase in diffusivities in the askere the activation volumaV, =
0 cn® mol~! (from ~ 10718 m? sec! at 24 GPa to 5 101®* m? sec’! at 136 GPa), whereas
diffusivities are essentially constant, approximately fom? sec'®, with AV, = 2.1 cn® mol~1
(Wright and Price, 1993). These values are for oxygen fugamwnditions close to the Ni-
NiO buffer. In the case of more reducing conditions (equmalto f O, prevailing inside the
MgO-Fe capsules) the Fe-Mg interdiffusion coefficients afactor of 14 smaller (see Equa-
tions 5.21 and 5.22) leading to an effective diffusion ceoedfit of 7x 10722 m? sec’! in the
case ofAV, = 2.1 cm® mol~L. In both models of the activation volumA\; = 0 cn?® mol—1
or AV, = 2.1 cn® mol~1), diffusivities in perovskite are always smaller than inrépericlase,
implying that silicate perovskite equilibration lengthie also smaller and equilibration times are
longer compared to ferropericlase. Because the lower mantilelieved to be essentially a two-
phase mixture of silicate perovskite and ferropericlase diffusional properties of a two-phase
aggregate consisting of ferropericlase inclusions in ayskite matrix is further discussed in

Section 6.5.2.
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6.4 Time scales of Fe-Mg partitioning experiments involvig
silicate perovskite

For different time scales, the characteristic diffusiomgin X4is+ can be calculated by (Section
4.2):
Xdiff = kx vDt, (6.4)

wherek is a proportionality factor as discussed in Section 4.2. praportionality factork
depends on the nature of the diffusion problem and is estightet be 6.6 in the case of two
semi-infinite media (Figure 4.2) and 3.3 in the case of difmsnto a half-space.

The very small Fe-Mg interdiffusion coefficients of siliegierovskite, especially at reducing
conditions, impose severe limits on the feasability of Fg-&tuilibrium partitioning experi-
ments. In Frost and Langenhorst (2002), it was not posstbéchieve equilibrium in experi-
ments employing Fe-capsules. Equation 5.21 gives an bratitbn distance ot 400 nm at 24
GPa and 1923 K for 24 hours at reducing conditions, comparaithe conditions of the exper-
iments of Frost and Langenhorst (2002). Clearly, graink witiameter of several microns can
not fully equilibrate at such low oxygen fugacities. At mavadizing conditions, Equation 5.22
predicts equilibration distances of 0.8-1.3 microns (fiorets of 8 - 20 h at 1923 K and 24 GPa),
which are only slightly smaller than the grain size of @ observed for AlOs-free perovskite
by Frost and Langenhorst (2002).

It is also possible to estimate the time of reequilibratignuising a solution for spherical
particles (Equations 6.18, 6.19 and 6.21 in Crank, 1979jeduicing conditions (Equation 5.21)
the time needed to equilibrate the center of a sphericahgréth a diameter of 1 micron to
50% takes more than 10 days whereas for oxidizing condijdirdNiO buffer, Equation 5.22)
the same amount of equilibration is reached in 18 h and thexefithin the experimental time
frame. In addition, Frost and Langenhorst (2002) used Reutap, where the oxygen fugacity is
supposed to be even higher than in the Ni-NiO capsules ugbdsistudy. This is shown by the
fact that one experiment of Frost and Langenhorst (2002)@rimy a Re-Re® capsule showed
exactly the same results for the partitioning data compaigidthe unbuffered Re capsules. In
addition, the diffusion experiments performed by Yamazaid Irifune (2003) using ferroperi-

clase diffusion couples in Re capsules are consistent wityh @xidizing conditions at pressures
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of 23-26 GPa (but see the disscussion in Section 5.4.7). é¢4enicroprobe analyses should be
relatively close to the true equilibrium concentrations éaperiments at oxidizing conditions.
For more reducing conditions and the same pressure and tetupeconditions as used by Frost
and Langenhorst (2002) equilibration times should be atlea the order of a few weeks in
order to result in an equilibrium distribution. Other phai&e ferropericlase or ringwoodite
equilibrate within at least 2 orders of magnitude shortees because diffusion coefficients are

more than 4 orders of magnitude faster (Section 5.6).
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6.5 Applications to geological problems
6.5.1 Kinetics of the olivine-wadsleyite phase boundary

As described in Rubie et al. (1993), the kinetics of the hpgéssure phase transformation of
olivine to wadsleyite are controlled by diffusion if nuctes occurs close to equilibrium. The

growth rate should follow a parabolic rate law according to:

K= ,/M, (6.5)

whereDre_mg is the Fe-Mg interdiffusion coefficient. Equation 6.5 isywélid as long as the
diffusion halos of the matrix do not impinge on each other.

Figure 6.3 shows the physical model used in this study totcanghe kinetics of the phase
transition in order to investigate a possible overstepmihthe equilibrium phase boundaries
which could lead in response to convective flow across thek#i@isontinuity to a broadening
or narrowing of the transition. It is assumed that wadséeghiring convective descent and olivine
during convective ascent nucleate heterogenously on gaindaries. Therefore, the distance
over which diffusion has to occur is the grain diameter whglassumed to be 1 cm. A first
estimate if the phase transition occurs close to equilibraan be made by considering how
long it takes to adapt to a new Fe-Mg equilibrium distribot@long the P-T path inside the

transformation boundaries by:

X2

t= - (6.6)

k? \ DF&Mg ’

where k is the proportionality factor of Equation 6.4. Ashdater in Section 6.5.3 the pro-
portionality factork is on the order of 1.6 for the equilibration of a sphericaligrdJsing the
results obtained by Akaogi et al. (1989), the temperaturessadhe phase transition for a mantle
geotherm varies between 1695 - 1742 K at pressures betwegmani® 14 GPa. Therefore, the
time to equilibrate a grain of wadsleyite with a diameter @hiis on the order of 35 x 10’sec
depending on composition, temperature and pressure, adhéeolivine~ 1.5 x 10 sec are
needed as shown in Table 6.1. Considering a convection it)elog of 5 cm year?, Table
6.1 shows that after convecting a distamce uc t of 50-80 cm wadsleyite grains have already

reequilibrated, whereas for olivine this characterisigtahce is on the order of 240 m.
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Figure 6.3: Physical model of the olivine-wadsleyite phase transitisimg results obtained
in Akaogi et al. (1989). The dashed line is a temperature lpr@ti profile) in the normal
mantle taken from Figure 10 in Akaogi et al. (1989) togeth&huwhe phase boundaries.
Also given are ¥s,sio, Of olivine and wadsleyite § Xyds) coexisting in equilibrium at the
phase boundaries. At intermediate points along the tentpergrofile the concentrations
of wadsleyite and olivine change systemtically betweesethalues. The bulk Fe content is
assumed to bepgsio, = 0.1.

Clearly, the rate of diffusion in wadsleyite is always fasbegh to reequilibrate to the new
equilibrium concentration inside the transformation oegi In order to see if the distance of
240 m, derived in Table 6.1 for olivine, can lead to a non-Eguum distribution and hence
to a metastable overstep of the phase boundaries, the ievohftconcentration in wadsleyite
and olivine during convection is modelled by finite diffecersimulations with a moving phase
boundary. The moving boundary results from the differemdduix across the interface between
growing wadsleyite and an olivine matrix or vice versa dgnmogressive change of the equilib-

rium concentrations of coexisting olivine and wadsleyiithi the transformation field leading
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Table 6.1: Parameters relavent to reequilibration of the wadsleyliigne phase transition.
Wds — Ol corresponds to the high pressure boundary of the phassittoen, and Ol—
Wids corresponds to the low-pressure boundary (Figure @@). vy denotes the Fe-Mg
interdiffusion coefficient at an oxygen fugacity close te thi-NiO buffer, t is the time of
reequilibration of a spherical grain, where the proposdidp factor k is 1.6 (see Section
6.5.3), ris the grain radius, assumed to be 0.5 cm, and x @iskence of convection needed
to reequilibrate using a convection velocityof 5 cm year?.

Wds— Ol Ol — Wds
T,K 1742 1695
P, GPa 14 13.3
Phase Wds Ol Wds Ol
Xre,sio, 0.1 0.05 0.19 0.10

Dre-mg, m?sect 19x10718 7x10717 |3x1018 6x10°Y
t=," — sec 52x10' 14x10|30x10" 1.6x 10

k2 DF&Mg

X=Vct,m 0.08 221 0.05 258

to a consumption of either olivine or wadsleyite (Shewm®&89):

dl 0 0
(vads—CoI> == —Dwds %‘i‘ DoI &

dt 0X ©6.7)

whereCyq4sol is the Fe concentration in olivine or wadsleyilg, yqsis the Fe-Mg interdiffusion
coefficient, and(dly)/(dt) is the change in position of the interface with time. In thisrka
one-dimensional approach was used to investigate theljp@ssitent of a metastable persistence
of olivine in the wadsleyite field or of wadsleyite in the ohe field during convection in a
diffusion controlled regime. The profiles are modelled vatfinite difference model where the
composition dependence was not taken into account becatise lonited variation ofDre_vg
with composition. In addition, as can be seen in Table 6.k, dssumption is also justified
because of the concurrent change in composition and tetopedong the geotherm in Figure
6.3 keepindDre_mg almost constant.

The width of the phase boundary is predicted to be on the afl@b km from the phase
diagram (Akaogi et al., 1989). In this case, the simulatsmsw that for convection rates of 5
cm year?! and less, the composition of the coexisting olivine and W@ can equilibrate by
lattice diffusion even for grain sizes of 1 cm. However, theidations also show that for rising

mantle material close to the low-pressure boundary of tls@transition, where the kinetics of
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olivine equilibration dominate, reequilibration beconmesomplete if temperatures are lower by
more than 100 K or the convection velocity would be larger gcéor of 10. For a 100 K cooler

mantle the displacement of the equilibrium phase boundaoy ithe order of 100 m.

6.5.2 Two-phase aggregates

In the following sections, processes occuring in the lowantie are modelled. The lower man-
tle of the Earth is most likely composed of a mixture of 20 vd&fropericlase and 80 vol%
silicate perovskite (Poirier, 2000). Therefore, the difinal properties of a two-phase aggregate
have to be taken into account. There is no analytical salufdhe diffusion equation (Equation
1.2), that describes the evolution of concentration in sgaw time during reequilibration in a
multiphase aggregate. On the contrary, in the case of aystate, effective diffusion coeffi-
cientsDe+f, characteristic for two-phase composite materials andiatyaof geometries, can be
defined and are reviewed in Crank (1979). For a regular iefseties of alternating sheets A and

B with diffusion coefficientdD andDg respectively, the series-parallel formula can be applied:

la I la+lB
la 18 _ , 6.8
Da Dg  Dett (6-8)

wherela g are the thicknesses of layers A or B. As shown in Section 5thebdiffusion coef-
ficient D¢y, of ferropericlase is approximately 20000 times larger ttrandiffusion coefficient
Dvsk Of silicate perovskite. In this case, Equation 6.8 woulddmean effective diffusion co-
efficient of 125 x Dpyskif instead of the lengthk g the volume fractions of ferropericlase and
silicate perovskite of 0.2 and 0.8, respectively, in thedowantle is used. However, the reequi-
libration processes considered in the next sections arecwirring at a steady state, because
concentration is a function of both distance and time. Tioeee numerical simulations were
performed in one and two dimensions to test if the seriealghformula (Equation 6.8) gives
reliable estimates for an effective diffusion coefficielstoain the case of a non-steady state.
Reequilibration occurring in a two-phase aggregate wassiinsulated in one dimension us-
ing an explicit finite difference scheme similar as desdilveSection 4.3.2. Along the length
of the simulated profile, alternating sections of perows&itd ferropericlase were assumed, sep-
arated by immobile boundaries. The initial concentrati@s \set to a normalized concentration

of zero before the equilibration event and the new equilitoriconcentration is a normalized
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concentration of 1. Hence, the boundary condition duringjldgation is a fixed normalized

concentration of 1.0 to the left of the profile:
C(x>0,t=0)=0, C(x=0,t) =1.0. (6.9)

For ferropericlase a diffusion coefficient at 2000 K and 23aGebnditions typical for the top
of the upper mantle, of & 10-1* m? sec’! was chosen. The diffusion coefficient of perovskite
in the solutions was.8 x 10~ m? sec’!, 20000x smaller than for ferropericlase. The choice
of the absolute diffusion coefficient values does not chahgeesults of the simulation. The
significant factors are the phase abundances and ratiofo$uities.

For the simulations, a flux balance was taken into accoulegpdsitionx, of the interfaces:

dCa . 0Cs B

whereC is the normalized concentration aRdC,,t) is the diffusive flux, which has to enter
mediumA (either ferropericlase or silicate perovskite) at the saate as it leaves mediui,

at timet (Crank, 1979). The simulations were performed either agsyithat the composition
is continous across the interface or assuming a range oitdigon coefficients, resulting in a
concentration discontinuity across the interface. Bee#lusresults are essentially the same with
respect to the extent and distance of reequilibration, tmdycase of a continous concentration
profile will be discussed.

Figure 6.4 shows two selected simulated profiles. In theniedsional simulations, the
amount of ferropericlase was varied betwégn= 0.2 and 0.5, wherk, is the fraction of the
total length of the simulation. Equation 6.8 can then beiagphithla = lp, Is = 11t and
Ia+1g = 1. The ferropericlase grains are equally distributed alkbegprofile and the absolute
diameter was fixed at 1 mm. Consistent with the much fastirsivity in ferropericlase, the pro-
files are nearly horizontal in regions whdde, was used and much steeper in regions simulated
with Dpysi In addition to the simulated profiles, analytical solusamth diffusion coefficients
equal toDpys, 1.25x Dpysk= Deft for lfp = 0.2, 2x Dpysk= Detf for I1p = 0.5, andD¢ are
shown using Equation 6.8 for calculatibg+ . Figure 6.4 shows that due to the larger diffusivity
of ferropericlase, the simulated profile is suppresseditie analytical solution with the corre-

spondingDe+f calculated using Equation 6.8 at perovskite-ferropeseiaterfaces. But, due to
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Figure 6.4: One-dimensional simulation of a two phase aggregate. lit@ado the simula-
tion, calculated profiles with the endmember diffusion facehts D, and Dyyskare shown
together with profiles using effective diffusion coeffitseronsistent with Equation 6.8l
is the fraction of the total length of the simulation occupley ferropericlase. The length
of the individual ferropericlase sections is 1 mm. A fermiglase section and a perovskite
section are labelled fp and pvsk respectively.

the flat ferropericlase profile, at ferropericlase-peraesinterphases, simulated concentrations
exactly match with concentrations calculated using thectilfe diffusion coefficients. There-
fore, the series-parallel formula (Equation 6.8) for thieetive diffusion coefficient is valid for
the boundary conditions of the one-dimensional simulatieith respect to diffusion distances.
The amount of reequilibration in the 2-phase aggregatedgbtst smaller due to the fact that

concentrations of the simulated profile coincide with ortaew the analytical solution.

The second model investigates two-dimensional diffusionrder to investigate the effect
of a dispersion of individual ferropericlase grains in acsile perovskite matrix. The same
diffusion coefficients as in the one-dimensional simuladiavere used. The boundary condition

imposed by Equation 6.10 was applied at all perovskitesfegriclase interfaces. Figure 6.5
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Figure 6.5: Two-dimensional simulation of diffusion in a two phase aggte forl x
109 sec The initial normalized concentration was zero, the bougdznditions is a nor-
malized concentration of 1 at=¢x O, representative of a new equilibrium state. The mi-
nor phase has a square shape and a diffusion coefficientstensiwith ferropericlase (fp),
whereas the major phase has a diffusion coefficient comsigti¢h silicate perovskite (pvsk).
The edge length of the inclusions is 0.1 mm and the area dra€ti2.

shows the normalized concentration after 10'° seconds+{ 317 years) of diffusion in a three-
dimensional plot. The ferropericlase is assumed to formreayaf square-shaped inclusions
with an edge length of 0.1 mm in the perovskite matrix. Thedraction of ferropericlase is
0.2. Asin the 1-dimensional case, the much larger diffusmefficient of ferropericlase leads to
an essentially flat composition distribution inside thedpericlase grains embedded in the two-
dimensional concentration profile of the silicate peroteskiFigure 6.6 shows a cross-section
of Figure 6.5 along the x-direction crossing the center efférropericlase inclusions (profile
1) and a cross section located half-way between the inclagjrofile 2). In Figure 6.6 profiles
calculated for various diffusion coefficients between,skand 2x Dy skare superimposed on
the numerically simulated profiles. In addition, the cortcation profile calculated witld¢, is

also shown. The simulated profile can be well described withfeective diffusion coefficient of
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Figure 6.6: Two cross sections (profile 1 and profile 2 as discussed inetkig of the two-

dimensional simulation of the two phase aggregate showrigar& 6.5. The curves are

analytical solutions of the diffusion equation for the saimigal and boundary conditions

as the simulation but with a constant diffusion coefficiemeq in the figure key.
1.5—1.75x Dpysk Equation 6.8 would predict an effective diffusion coeéiti of 125 x Dpysk
if the area fractioné\sp, = 0.2 andApysk= 0.8 for ferropericlase and perovskite, respectively, are
used instead dfy andlg. This value is slightly smaller than estimated by the sirtiafa

Because in Equation 6.8 the thickness of alternating stalrsad, an alternative way of apply-

ing Equation 6.8 in the 2-dimensional case is to define a clexiatic length of the ferropericlase
inclusions instead of using the area fraction. This can besaed by writing the area fraction as

the ratio of the squares of characteristic Iengﬁasandlc

pvsk
(1%,)?
Afp= —P _ —0.2. 6.11
= iE, )2 (6-11)

The effective diffusion coefficient, calculated using Etjpra6.8 withla =17 /15, = v0.2 and

Ig = 1—Ia, is L8 x Dpysk only slightly larger than the value of3— 1.75x Dpyskdetermined us-
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ing the numerical simulations. This suggests, that in tlkn3ensional case, the ratio of lengths

tp andly, o derived by:
(Itp)°
(Hpvsid®

whereVi, = 0.2 is the volume fraction of ferropericlase in the lower mar(foirier, 2000),

Vip=02= (6.12)

should be a good estimate for characteristic length scalesd in Equation 6.8 to calculate the
effective diffusion coefficient of the lower mantle with = 17 /15, o= v0.2,1g=1—1a and
Ia+1g=1.

From the results of the one-dimensional and two-dimens$inaulations just described, it
can be concluded that for a non-steady diffusional probleenatverage diffusion coefficient of
a two-phase aggregate can be well described by the senakbepéormula, Equation 6.8, using
appropriate values fdi andlg. For the three-dimensional case an effective diffusiorifoent
of 2.4 x Dpyskis estimated using effective length scales defined by Egui&til2. Therefore, the
simulations presented in this section show that in the chaalspersion of a minor phase in a
matrix with a much smaller diffusion coefficient, the efigetdiffusion coefficient is very close
to the diffusion coefficient of the matrix. Hence, diffusameequilibration depending on Fe-Mg
exchange in the lower mantle is almost completely governethé rate of diffusion in silicate

perovskite.
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6.5.3 Reequilibration in the lower mantle

In this section, the time of persistence of a chemical hgtmeity in the lower mantle is dis-
cussed. A spherical geometry for the heterogeneity is asduRor the solution of the diffusion
equation (Equation 1.2), the boundary condition is a caristarmalized concentration of 1 at
the surface of the sphere, representing a new equilibriumeerttration. The initial condition
is a normalized concentratid = 0 throughout the sphere. The appropriate solution for the

concentration at the centre of the sphere is given in Equ&tib9 of Crank (1979):

7_[)'”‘”2"%) , (6.13)

C:1+2§(—1)”exp( 2
n=1

whereC is normalized concentratiom, is the radius of the sphere, amyj, is the effective
diffusion coefficient of the lower mantl®,, is estimated by the effective diffusion coefficient
of a 2-phase aggregate ofix D sk(Section 6.5.2). As shown in Section 608,skis essentially
constant in the lower mantle 1029 m? sec ! for reducing conditions andx110- 18 m? sec'!

for more oxidizing conditions close to the Ni-NiO buffer)tlie activation volume is assumed
to be 2.1 cm mol~! (Wright and Price, 1989). Therefoi@, lies in the rangg0.2 — 2.4) x
10~ m? sec'! depending on the oxygen fugacity.

In Figure 6.7 the equilibration time of a heterogeneity vatlcertain diameted is shown
in a log-log plot. The equilibration timg) g5 is defined as the time needed to equilibrate the
grain to such an extent that the normalized concentratitimatenter is 0.95. As can be seen in
Figure 6.7, lodto.os) 0 2 log(d), indicating that Equation 6.4 is valid for the definitiontgbs
and a proportionality factor d€ = 1.6 is determined from a fit of the results of the calculations
employing Equation 6.13 for the Equatior= k x /D tg 95, wherer = 0.5 d is the radius of the
heterogeneity.

Figure 6.7 shows that on experimental timescales of 1 daylilegqum can only be achieved
at conditions of the lower mantle on the submicron scaledducing conditions and only a few
microns for oxidizing conditions (see also Section 6.4)ai@s with a diameter of 0.1 - 1 mm,
which is the grain size expected for the lower mantle (Sotomat al., 2002), equilibrate on
timescales of 10-1000 years (oxidizing conditions) or 10000 years (reducing conditions),

equivalent to a human lifetime or longer. During a timesadléhe maximum duration of core
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Figure 6.7: Equilibration times ¢ g5 (defined in the text) as a function of the size of a chem-
ical heterogeneity using the effective Fe-Mg interdiffustoefficient of the lower mantle for
reducing (corresponding to the H@f the MgO-Fe capsule) and oxidizing conditions (cor-
responding to the f@of the Ni-NiO capsules). The heterogeneity is assumed te tia
form of a sphere with diameter d. Also shown are experimdittadscales (experiment),
the average human lifetime (human life), the maximum domatif core formation (Max.
Core form.), the time for one convection cycle in the lowentiea(l Convection cycle,

Uc = 5 cm year?), and the age of the Earth.

formation, assumed to be 30 x 10° years (Kleine et al., 2002), the size of a heterogenity
completely reequilibrating would be 4 - 17 cm, dependinghendxygen fugacity.

For one convection cycle with a convection velocity of 5 craryé, chemical heterogeneities
with diameters of only 7-30 cm would equilibrate. Hence,neaonsiders the thickness of the
oceanic crust of~ 5 km, the diffusion distance of 30 cm shows that even comgebeluction
down to the core-mantle boundary and subsequent ascentdim@ plume could not eradicate

the chemical difference between the basaltic compositmhthe surrounding mantle by lattice
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diffusion in the lower mantle. Because of the larger iondina and/or higher valence states of
radiogenic elements like Sr, Nd, Os or Re, these elementstiaye even smaller diffusion co-
efficients than the Fe-Mg interdiffusion coeffient and, hegnsotopic signatures of oceanic crust
and continental sediments will essentially be unaltereditfysion during convective recycling
in the lower mantle. More critical might be the interactionthe upper mantle where diffusion
properties are governed by olivine and its high-pressulgnparphs. The time to reach the 670
km discontinuity with a subduction rate of 5 cm yeatis 1.3 x 10’ years. Even if the effec-
tive diffusion coefficient of the subducting slab would be 1012 m? sec’!, corresponding to
wadsleyite (Figure 6.1), the maximum exchange distancddimion the order of 70 m. Hence,
considering that wadsleyite and ringwoodite are only stabthe transition zone and that olivine
might metastably survive in cold subduction zones, intéwadn the upper mantle by pure lattice

diffusion also does not change significantly chemical legfeneities during convection.

Over the entire history of the Earth.B4x 10° years), the diameter of heterogeneities that
would reequilibrate by lattice diffusion is 50 cm for redoagiconditions and up to 2 m for more
oxidizing conditions. Clearly, heterogeneities largartfa few meters can survive several cycles
of convection in the lower mantle if the only exchange prsds#attice diffusion. Extreme strain
rates would be required to stretch and subsequently therdgeneities to such an extent that
reequilibration would be possible. In two recent reviewgrap(Van Keken et al., 2002, 2003)
numerical simulations are reported showing that conveatnxing is vigorous enough to mix
large-scale heterogeneities. This conclusion is in cdidti@n to geochmical observations (e.g.
Hofmann, 1997). If one considers that even for extremelggelatrains the ultimate reequilibra-
tion most likely would occur by diffusion, the very short geslibration lengths obtained using
the Fe-Mg interdiffuision coefficents of this study provide explanation for the existence of

chemical heterogeneities.

For calculating the values given in this chapter a constt@tteve diffusion coefficient was
used (see above), which is only valid if the activation votuafi diffusion is~ 2 cn® mol~! as
calculated by Wright and Price (1989). As shown in FiguretBe2Fe-Mg interdiffusion coef-
ficient of silicate perovskite would be increased approxetyaby a factor of 3000 in the lower

mantle if the activation volume is essentially zero. Therefthe maximum increase of the in-
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teraction distances is a factor ¢f3000~ 55. This maximum increase of diffusivity shows that
the main conclusions of this section would be unaltered lee#he maximum size of a hetero-
geneity that can be reequilibrated over the entire histbth@® Earth would still be on the order
of only 100 m. Of course, grain boundary diffusion may hav@eadditional effect to the dif-
fusion flux but this effect is difficult to estimate and mog&ely does not change the conclusions.
Only in a thermal boundary layer at the core-mantle boundesytarger equilibration distances

possible, as shown in the next section.
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6.5.4 Interaction at the core-mantle boundary

Possible diffusive interaction at the core-mantle boupdsirestimated using the effective dif-
fusion coefficient for a two phase aggregltgr+ = 2.4 x Dpysk WhereDpysi is the Fe-Mg in-
terdiffusion coefficient of silicate perovskite (Sectio’s2). These calculations can be applied
to model reequilibration between the core and mantle fanetgs with diffusion coefficients
close to the Fe-Mg interdiffusion coefficient such as Fe, NCo. A possible physical process
of reequilibration follows the formation of an FeO layer la¢ ttore-mantle boundary with sub-
sequent divalent cation exchange similar to the experiahasetup in the experiments of Rubie
et al. (2000). The interaction lengkh;¢+ is then given bygitr = 3.3 | /Dett te (Equation 6.4),

wherete is the age of the Earth.

The pressure at the core-mantle boundary is approximag8yGPa (Dziewonski and An-
derson, 1981) but the temperature is poorly constrainedal@evof 3000 K on the mantle side
of the thermal boundary layer is derived from a mantle adialbeereas for a core adiabat the
temperature at the core-mantle boundary might be as higB@& s (Williams, 1998). Most of
the parameters used in these estimates are highly ungdtaiaccording to Williams (1998) a
temperature contrast of 1000-2000 K across D” is likely. fherestimation of diffusion coeffi-
cients at the core-mantle boundary, 3000 K and 5000 K aretedas limiting cases. According
to Boehler (1996) the melting temperature of ferroperielas 136 GPa is alse 5000 K. For
silicate perovskite, several authors report melting tenampees in excess of 4000 K at around
60 GPa for Fe-free and Fe-bearing perovskite but no studpéas performed at pressures cor-
responding to the core mantle boundary (see review in ShdrHaimz, 1998). A theoretical
study of Wang (1999) predict a melting temperature-d000 K for MgSiG perovskite at the
core-mantle boundary. The oxygen fugacity relative to tbe-wistite buffer at the core-mantle
boundary {0, ~ —2, Equation 5.20) should be close to the redox conditions@ékperiments
employing MgO-Fe capsules (Section 5.5.2). Hence, Equ&tidl was used for estimating the

Fe-Mg interdiffusion coefficient at the core mantle bourydar

In Table 6.2, the length of diffusive interactiogis+ is calculated as outlined above. The
values ofxgjs s are on the order of 0.3 to 858 meters, depending on the aotivadlume and the

temperature. This interaction distance leads to the ceimiuhat, based on Fe-Mg interdiffusion
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Table 6.2: Diffusive interaction at the core-mantle boundafyg is the temperature at the
core-mantle boundar@V; is the activation volume, considered to be zero or 2.3 cmal !

as discussed in Section 6.2[2s¢¢ is the effective diffusion coefficient calculated using the
Fe-Mg interdiffusion coefficient of perovskite (Equatior25) by Dess = 2.4 x Dpysk (SE€
Section 6.5.2), angyis s is the interaction length calculated kyj¢s = 3.3 /Detf tg, Where

te is the age of the Earth.

Tee, K AVg, cn® mol—1 Det+, m? sec 1 Xgif f, M

3000 2.1 61020 0.3
3000 0 7.10°16 34
5000 2.1 21015 51
5000 0 51013 858

coefficients, a significant interaction at the core mantlertoary over the entire history of the
Earth cannot have occurred (see Section 6.2.1). In two t@agers, the diffusive interaction at
the core mantle boundary was estimated based on diffuseffidents for periclase (Van Orman
et al., 2003) and ferropericlase (Holzapfel et al., 2003&n @rman et al. (2003) calculated an ef-
fective diffusion coefficient based on the upper Hashirri&man bound (Hashin and Shtrikman,
1962), originally used to determine the effective magnggioneability of multiphase materials.
The Hashin-Shtrikman bounds are also widely used to cakelastic properties of polycrys-
talline materials. The upper Hashin-Shtrikman bound asutatied by Van Orman et al. (2003)
gives a diffusivity dominated by ferropericlase. This wibabrrespond to a completely intercon-
nected network of ferropericlase on perovskite grainbauied. In this work this is assumed to
be unrealistic given the fact that in samples synthesizétatpressure, microstructures always
show isolated inclusions of ferropericlase in a perovskitgrix (see Figure 5.32). Van Orman
et al. (2003) did not use the lower bound because of the lapleiafskite diffusion data. These
become available in this study and the lower Hashin-Shtikimound for a volume fraction of
ferropericlase of 0.2 gives an effective diffusion coeéfittiDe st = 1.7 x Dpysi Very close to the

effective diffusion coefficient oDett = 2.4 x Dyskderived in Section 6.5.2.

The interaction length deduced by Van Orman et al. (2003afoeffective diffusion coef-
ficient employing the upper Hashin-Shtrikman bound is Q&#n at 140 GPa, 4500 K. The

values listed in Table 6.2 are much smaller even though testyres up to 5000 K were used in
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addition to a larger proportionality fact@&rin Equation 6.4. Only when an activation volume of
0 cn® mol~1 is used, does the interaction distance at 5000 K become gaivlpao the values
of Van Orman et al. (2003). This is because, as shown in Fig2Zethe diffusion coefficient of
perovskite would then be smaller by a factor of orlyl0 compared to ferropericlase. The in-
teraction distances using data for ferropericlase are ®@ottier of 0.4 - 15 km for compositions
of Xreo= 0.1-0.2 and temperatures between 3000 and 5000 K at an ofygaaity close to
Ni-NiO buffer (Holzapfel et al., 2003).

Thus, it can be concluded that diffusive interaction at threanantle boundary is dominated
by diffusion in silicate perovskite leading to interactidistances well below 1 km, hence, a
significant chemical interaction between the mantle anatthie based on Fe-Mg interdiffusion

coefficients can be excluded.
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6.5.5 Interaction during core formation

During early Earth’s history, the separation of a metall@age from silicates/oxides occurred
which ultimately lead to the formation of the Earth’s coreff€ent modes of separation and the
physical processes involved are discussed by Stevensef)(4@d Rushmer et al. (2000).
Current models of core formation postulate equilibratietween liquid silicate and liquid
Fe-alloy in a magma ocean with a depth of 700-1400 km. Thisig®8 on the observation that
partition coefficients at these conditions, for sideropldlements such as Ni and Co, achieve
values that can explain their abundance in the mantle ancbitleg( Thibault and Walter, 1995; Li
and Agee, 1996; Righter et al., 1997; Gessmann and Rubi®; 20@Gnd Agee, 2001; Righter,
2003). The kinetics of equilibration of metal and silicatpid in the magma ocean were dis-

cussed recently by Rubie et al. (2003).

Subsequently, after equilibration in the magma oceanjdo&l metal has to descend through
the solid lower mantle to form the core. Itis still an opensjian whether this descent occurs in
the form of large diapirs or by percolation along grain boameks due to grain boundary wetting.
The dihedral angle of core melts in lower mantle phases isoxppately 7, considerably
smaller than for upper mantle phases (Shannon and Agee).19@Bough this value is still
larger than the critical angle of 60compositional effects or higher pressures might lower it
below the percolation threshold. The two different modesepfaration are shown schematically
in Figure 6.8.

Because the partition coefficients of siderophile elemardgsa function of pressure, temper-
ature and oxygen fugacity, their equilibrium distributisll be different in the lower mantle
compared to the magma ocean. Hence, elements like Ni or Coend to be redistributed in
the lower mantle by exchange with Fe. Fe-Mg interdiffusioeféicients can be used as a proxy
for divalent cations such as Ni and Co as shown for the oligystem in Section 5.2. Also the
length of interaction of NiO with ferropericlase evidenfigure 5.23 indicates that the diffusion
coefficient of Ni is similar to that for Fe-Mg interdiffusiorA similar conclusion was reached
in the study of Rubie et al. (2000) in which the kinetics of éitation between liquid metal

(initially oversaturated in oxygen) and MgO single crystapsules was investigated.

The length scales over which reequilibration has to ocaeicampletely different in the two
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Magma
Ocean

. ponded
Solid liquid
metal

2100k

¢

) Diapir
ower scenario

mantle

Proto-
Core

Figure 6.8: Current models of core formation postulate an equilibriugrtpioning of
siderophile elements at high pressure in a magma ocean.eg§ubatly, liquid metal sinks
through the solid lower mantle to form the core either by &adijapirs or by percolation due
to grain boundary wetting.

core forming scenarios shown in Figure 6.8. In the peramhagirocess, the grain size of 0.1-
1 mm, estimated by Solomatov et al. (2002), is the dimensi@n which reequilibration has
to occur, whereas for a diapir model the characteristictlesgale depends on the distante
between individual diapirs. Itis difficult to quanti)y rigorously but according to a conservative
estimate it should be much larger than several kilometarthd latter case, even on the timescale
of Earth’s history and temperatures as high as 5000 K a signifireequilibration of more than
1 km cannot occur using a two-phase model (Table 6.2). ~F80 x 10° years, which is the
longest possible duration of core formation based on isotamstraints (Kleine et al., 2002),

equilibration distances in the lower mantle arel m (Section 6.5.3). Thus, in a diapir scenario
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the composition of the lower mantle would not change sigaifity during final core formation.
The situation is much different in a percolation scenariweriEfor relatively low tempera-

tures corresponding to a present day adiabat, 0.1 to 1 mmuililtegtion can be realized on

timescales of less than 100000 years (Figure 6.7) using gohase model of the lower mantle

(Section 6.5.3). This is further illustrated in Figure 6.I9. the case of percolation, it is also
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Figure 6.9: Amount of reequilibratiory (Equation 6.15) calculated using an effective diffu-
sion coefficient for a two-phase aggregate composed offfericlase and silicate perovskite
in a percolation szenario as a function of time and grainsibetween 0.1 and 5 mm. See
text for further details.

possible to calculate the amount of reequilibration foicate perovskite grains and ferroperi-
clase grains individually (because every grain is in camth the metallic liquid) and then
average the results according to the phase abundance @Qo¥dérropericlase and 80 vol% of
silicate perovskite, Poirier, 2000). In order to derive teequilibration curves in Figure 6.9, the
distributionC(r) of a siderophile element in spherical grains of radigiemploying Fe-Mg in-

terdiffusion coefficients as outlined in Section 6.2 andalical solution of Equation 1.2 was
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calculated (Equation 6.21 in Crank, 1979). For silicatepskite only the model with an activa-
tion volume of 2.1 crd mol—1 was taken into account because in the cag®&/gf= 0 cn? mol—1
reequilibration would be even faster. The surface conaéintr of an individual grain was fixed
to a normalized concentration of 1 (taken to be the equilibrivalue in contact with metallic
liquid), implicitly assuming that during reequilibratipthe concentration of the metallic liquid
is not changed significantly and the bulk of the grain wasatytat a normalized concentration
of zero. The first assumption is justified because of the sele nature of Ni and Co and a
corresponding much higher concentration of these eleniernite metallic liquid. To calculate
the amount of reequilibration, the average concentratfom grain with radius'g at a certain

depth in the Earth is determined by:

1
L

g = C(r) 4mr?dr. (6.14)

Wl
Qw

c”:\@"‘

r

Subsequently Equation 6.14 is integrated over the wholthdapge of the lower mantle between
670 to 2900 km, to calculate the overall amount of reequatibon:

2900

/ §(d) 4modx, (6.15)
X=670

X~ Vi
whereVi, is the volume of the lower mantle between deptif 670 and 2900 km.

The lower integration limit in Equation 6.15 correspondshe depth of former equilibra-
tion in the magma ocean. The results are not very sensititfer@spect to this depth because,
due to the pressure effect of diffusion, the diffusion ceeffits and therefore the amount of
reequilibration effectively do not change with depth (seguFe 6.2). Figure 6.9 shows that, if
metal separation occured by percolation, the equilibnasignature in a magma ocean would
be completely destroyed within timescales much smaller 90000 years and the present day
distribution of at least Ni and Co between the mantle and tine would correspond to a depth
integrated signature and not a single equilibration eveathagma ocean. However, partitioning
in the lower mantle for Ni and Co may not be much different frimmra magma ocean (Gessmann
and Rubie, 2000). On the other hand, this is unlikely to bectse for all other siderophile

elements.
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It should be emphasized that the reequilibration timesutaled by Equation 6.15 and shown
in Figure 6.9 are maximum values with respect to temperdiacause a present day geotherm
(Anderson, 1982) was employed due to the high uncertaiatiestimates of temperatures in the
early Earth. Temperatures might be significantly higherefample on the order of 6000 K at
the bottom of a magma ocean, as pointed out by Karato and W@897). Diffusion would

have been much faster at these higher temperatures.
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Chapter 7

Conclusions

In this work, multianvil experiments have been performedrter to study Fe-Mg interdiffusion
at high pressures in minerals relevant for the Earth’siote6ingle crystal and polycrystalline
diffusion couples were employed. It has been shown thatxperemental technique employ-
ing the multianvil apparatus is capable of producing diffinsdata with a high accuracy due to
temperature stability and low temperature gradients adtues diffusion couples. Minerals in-
vestigated are olivine, wadsleyite, ferropericlase and,f)SiQ perovskite. The conditions of
the experiments span a wide range of pressures between GaBB& temperatures between
1623 K and 2273 K at oxygen fugacity conditions close to thé\MD buffer and, in the case of
silicate perovskite, at reducing conditions approxima®dibg-units below the Fe-wustite buffer.
The duration of the experiments ranged from 5 min to 72 hoesslting in profile lengths be-
tween 150 nm and 20@m. The longest profiles were observed in diffusion couplessisting

of wadsleyite and ferropericlase, whereas the shortes$ilggavere found in experiments em-
ploying silicate perovskite. Whereas profiles in olivine @rst long enough to be measured by
electron microprobe analysis, profiles for silicate pekites(< 1 um) could only be measured
by analytical transmission electron microscopy employangenergy dispersive X-ray detector
(EDX-STEM). The combination of high pressure diffusion esments with the analytical tech-
nique of EDX-STEM opens new perspectives of understandiffigscbnal properties of Earth
materials. Because of the much smaller Fe-Mg interdifinsioefficients found in silicate per-
ovskite, which is assumed to be the major phase of the lowatley&inetic processes controlled
by Fe-Mg exchange occur on much longer timescales in therlavemtle compared to the up-

per mantle. Interaction between subducting slabs and tmewswing mantle by bulk diffusion

191
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is too slow to produce large scale homogenization even oesttales of convection overturn.
Significant chemical interaction at the core-mantle boupndiaring Earth’s history can be ex-
cluded based on Fe-Mg interdiffusion coefficients. Currantlels of core formation involving
equilibration of metal and silicate in a magma ocean seemedigt abundances of siderophile
elements correctly if subsequent descent of the metal ¢ifrolie solid lower mantle occured
by large diapirs. In the case of percolation by grain boupdaatting extensive reequilibration
would be observed unless the distribution of siderophaeneints between liquid metal and solid

ferropericlase and silicate perovskite is pressure-iaddpnt in the lower mantle.
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Multianvil Technique

The multianvil technique employs a two-stage compressiechanism (Figure 2.1) for reducing

the area@ at nominally constant force to increase pressufeaccording to:

P=4 (A1)

Due to friction loss and the complicated geometry, as coeth&w opposing anvil designs, a
direct calculation of pressure is impossible. Thus, an expntal pressure calibration has to be
performed (Section 2.5), employing phase transitionsariddrd phases.

The main components of a multianvil system are (Figure 2.1):
e Hydraulic press generating a uniaxial force.
o first stage steel anvil system (cut from a sphere or cylinfden)ing a cubic gap

e second stage WC cubes with truncated corners forming amedtal pressure chamber

(Figure A.1)
e Octahedral pressure medium containing the sample.

In this study different hydraulic presses were used depgnaln the pressure of the experiment.
The different presses, their design and the pressure ramgessigated in this study are listed in
Table A.1.

In all cases sintered WC cubes (with a Co sinter additivepwesed as second stage anvils
obtained from Toshiba tungaloy CO. LTD. (Japan) and WidieMte, Metalcutting Tools &
Fluids (Germany). They are isolated from the first stagel stedls by epoxy sheets (Figure

193
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Table A.1: Presses installed at the Bayerisches Geoinstitut. The fax@e is given in
meganewton. The multianvil designs (MA-design) are: Watkpe apparatus (Walker,
Walker et al., 1990), split-sphere Kawai-type (split-spwéi and Endo, 1970; Kawai et al.,
1973), and split-cylinder (split-cy, Ohtani et al., 198P)denotes the pressure range that was
studied in a specific press employing diffusion couples afarals given in the last column
(ol = olivine, fp = ferropericlase, wds = wadsleyite, pvskilicate perovskite).

manufacturer force, MN MA-design P, GPa mineral

Voggenreiter 5 Walker 6-12 ol
Hymag 10 split-cy 8-26  fp, wds, pvsk
Sumitomo 12 split-sp 26 pvsk
Zwick 50 split-cy 22 pvsk

2.1). Only the two cubes that touch the upper and lower Mosdig¢he assembly are brought
into contact with the steel anvil by means of a copper foigj(ife 2.1).

Figure A.2 shows schematically a 10/4 assembly. Detaildldssemblies are shown in
Figure 2.2 and Figures 2.7-2.9. A copper coil protects tleentocouple in the gasket region
(Figure A.1). The thermocouple EMF is converted to tempeeatvith a Eurotherm controler.

In multianvil experiments the temperature effect on thetetenotive force of the thermo-
couple is usually neglected due to a lack of a correction otetihe electromotive forcd&EMF)
of a thermocouple at high pressitend temperaturé can be expressed as (Spain and Paauwe,
1977b; Walter et al., 1995):

Tog Pexp Tig
EMF — /3 (T 1bar)—dx+ / /s, (P.T) de d—de+/s, T, Pep) ‘;de (A2)
Tret 1 barTog Tig

whereTret is the reference temperature of the cold junctiais,the position along the circuilog

is the temperature outside the gasKg{.is the temperature on the high temperature side of the
gasketPexp andTexp are experimental pressure and temperature implicitelyrasgg that there
are no pressure gradients inside the assembhBarsthe relative Seebeck coefficient. Equation
A.2 shows that th& MF is not developed at the thermocouple junction but alongrilezidual
wires whered T /dx# 0 anddP/dx# 0. Therefore, any correction depends not only on the type
of thermocouple used but also on the temperature and peegsaglients across the gasket and

the temperature gradient in the assembly and therefore eoexperimental configuration and
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Figure A.1: Position of the Octahedron inside the 8 WC cubes. One cubeEmsved for
clarity. Pyrophyllite gaskets are indicated with the theaouple crossing enclosed by a Cu
coil.

may even vary for a similar assembly from experiment to arpent.

Getting and Kennedy (1970) measured the absolute effectressygre on th&aMF of
Chromel-Alumel and Pt-BgRhio thermocouples using a differential technique in a piston-
cylinder apparatus up to 3.5 GPa and 1273 K. Also Mao and B8If'l) measured the pres-
sure effect of th&MF in the piston-cylinder apparatus up to 4 GPa and 1773 K.nef(2002)
extrapolated linearly the corrections proposed by Mao agitl 8971) up to 25 GPa for an es-
timation of theEMF-pressure effect in the multianvil apparatus. At 1873 K a@dGPa they
derive an underestimation of T on the order of 80 K. As empeakabove, these corrections
only give a first order estimate because pressure and tetapegradients can vary significantly

for each assembly type.
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diffusion couple

Figure A.2: Octahedron, cut open, to reveal the exact location of thentleeouple and the
inner parts of the assembly. The inset is turne®180

Instead of measuring the absolute pressure correctiohédt MF, different authors tried to
determine the difference between different types of thewuples (Ohtani et al., 1982; Kato and
Kumazawa, 1985; Tsuzaki and Takahashi, 1992; Walter et395). Ohtani et al. (1982) derived
a maximum deviation between a W-¥Re>s and a Pt-RtyRh; 3 thermocouple of 100 K. Using
values of Getting and Kennedy (1970) at 5 GPa and 2370 K theedgon would be~ 30 K
which is also the maximum deviation between the readingsRifRh and W-Re thermocouple
in Walter et al. (1995). All evidence points to an undereation of the real temperature in
multianvil experiments. Taking the various estimates efphessure effect of the thermocouple
reading into account, the maximum underestimation of tis®laite temperature is on the order
of 100 K.
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Because all data at high pressure are subject to that tetopeshift, the absolute value of
the activation energy determined in an Arrhenius plot wawdtlbe affected if the EMF pressure
effect does not depend significantly on temperature. Mat&a&kis the determination of the
activation volume where data at high pressure are comparététature data at 1 bar. For a
typical activation energy at 1 bar of 250 kJ mbht a temperature of 1673 K and a temperature
underestimation of 100 K the corresponding underestimatfdhe activation volume would be
1.2 e mol~! comparing data at 1 bar and 12 GPa ar&ld® mol~! using data at 1bar and 23
GPa. The real activation volume would be larger becauseetnpdrature of the experiment is

underestimated according to the proceeding discussiothasdor comparison at 1 bar (slower)

diffusivities at lower temperature would be used.
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Appendix B

TEMQuant: A program for quantifying
EDX-TEM analysis of ionic compounds

B.1 Principles of the program

Figure B.1 shows the principle algorithm of the program TEM®@t used for performing the
apsorption correction of EDX-STEM analysis following th@pedure of Van Cappellen (1990)
and Van Cappellen and Doukhan (1994, for details see alstio8e2:3). In section B.2 the
source code with some simplifications is given. Intensdiesread from a data file provided by
the Vantage software. If TEMQuant is used for reading intesswritten in other file formats
the class method readdat has to be changed according tovitferneat. For each data set (anal-
ysis) the uncorrected elemental ratios (relative to Si)cateulated (Equation 3.1). Assuming
a density of 4 crhmol~! and a take off angle of F5an absorption corrected analysis is cal-
culated for a thickness of 10 nm (method StoichDicke). Ushegelectroneutrality constraint
of ionic compounds (Van Cappellen and Doukhan, 1994) thekii@ss is varied systematically
until the sum of charges of cations and anions is the saménétihor. Because the density and
take-off angle are not optimized the thickness is only aragguent thickness. This makes no
difference for the final result because it is the product afkihess, density, and take-off angle

which determines the apsorption-corrected k-factor indign 3.3.
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Cliff Lorimer
> Co i
C_B = qu-z—g, Eq 3.1
Y
KA = f (g,p,t,a), Eq. 3.3
KA, = kA Kk, q, EQ. 3.2
loop over ap ap. B4
all points Y
stoichiometric stoichiometric
thickness? & analysis
No 1 with absorption
correction
— variation of t

Figure B.1: Flow chart of program TEMQuant

B.2 Source code of TEMQuant

B.2.1 Header file of class TEMQuant

#i ncl ude <i ost reanm>
#i ncl ude <fstrean>
#incl ude <string>
#incl ude <cstring>
#i ncl ude <vect or >
#i ncl ude <cmat h>
#incl ude <cstdi o>

using namespace std;

classTEMQuant

{
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private:
vectoint > feld; // intensities
vectoxdouble> intensitaeten// intensities of elements of interest (e.g. not carbon froating)
vectokint > interessey/ localize elements;
vectok string> elemente;// elementsymbols (2 characters!)
unsigned intAnz_Ele; // number of elements read from file
unsigned intAnz_Analysen;// number of analyses
double MassAbsorption[30][30]7/ matrix of mass absorption coefficients
double AtomicMass[100];// matrix of atomic masses
double wertigkeit[100]; // matrix of valences
vectokint > Ord_Ele; // list of atomic numbers, only elements of interest
unsigned intAnz_Ord; // number of elements to be calculated
int PlatzSi; // position of Si in OrdEle?
double k_factor[100]; // k-faktors, at postion of atomic number
vectorcdouble> konzentrationenj / weight percent of cations
vectoxdouble> atomanteil;// atomic fraction of cations
vectorcdouble> atomprozent;// atomic percent of cations
vectoxdouble> KonzStoich;// composition calculated using algorithm of Van Capellen and
Doukhan (1994)
vectoxcdouble> thickness;

public:
//construktors
TEMQuantyoid);

// class methods
void readdatthar «xname);
vectordouble> success(oid); // gives back intensitaeten, to check if reading was succesful
void ausgabedateiChar xausgabe);
void zuordnungyoid);
double concentratiorfouble |1, double 12, double k12); // Cliff-Lorimer-equation
void norm(vectok double> & var); // normalization of concentration ratio
void toAtom(vectokdouble> & konz); // normalization of a vektor
vectorcdouble> MassAbs€onstvectox double> & conc);
vectorcdouble> acf(constvectorcdouble> & massX,double thick);
void absorptiondouble dicke, vectoxdouble> & intensity); // calculates the composition of an
analysis without writing into private data members
void toAtom(void); // wt% — atom%
int StoichDickeyoid); // calculates stoichiometric composition

t

B.2.2 Definition of class methods for class TEMQuant
#i ncl ude "TEMQuant . h”

using hamespace std;
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TEMQuant:: TEMQuant(oid)

{
Anz_Ele =0;

// Inititalization of k-faktors, only example!
k_factor[8] = 1.546;
k_factor[11]= 1.116;
k_factor[12] = 1.095;
k_factor[13] = 1.025;
k_factor[14] = 1.0;
k_factor[20] = 1.1658;
k_factor[22]= 0.986;
k_factor[24]=0.840;
k_factor[25]=0.915;
k_factor[26] = 1.314;
k_factor[28]=1.0;

// Initialisierung der Massenabsorptionskoeffizienten
MassAbsorption[8][8]=1200.0;
MassAbsorption[8][11]=3520.0;
MassAbsorption[8][12]=5170.0;
MassAbsorption[8][13]=6720.0;
MassAbsorption[8][14]=8790.0;
MassAbsorption[8][20]=22000.0;
MassAbsorption[8][22]=22100.0;
MassAbsorption[8][24]=3140.0;
MassAbsorption[8][25]=3470.0;
MassAbsorption[8][26]=4000.0;
MassAbsorption[8][28]=5120.0;
MassAbsorption[11][8]=4250.0;
MassAbsorption[11][11]=591.0;
MassAbsorption[11][12]=852.0;
MassAbsorption[11][13]=1070.0;
MassAbsorption[11][14]=1430.0;
MassAbsorption[11][20]=4540.0;
MassAbsorption[11][22]=5770.0;
MassAbsorption[11][24]=7410.0;
MassAbsorption[11][25]=8370.0;
MassAbsorption[11][26]=9770.0;
MassAbsorption[11][28]=10166.6;
MassAbsorption[12][8]=2432.8;
MassAbsorption[12][11]=5460.0;
MassAbsorption[12][12]=463.6;
MassAbsorption[12][13]=641.0;
MassAbsorption[12][14]=802.2;
MassAbsorption[12][20]=2656.7;
MassAbsorption[12][22]=3646.4;
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MassAbsorption[12][24]=4782.0;
MassAbsorption[12][25]=5443.6;
MassAbsorption[12][26]=6120.7;
MassAbsorption[12][28]=7709.5;
MassAbsorption[13][8]=1503.3;
MassAbsorption[13][11]=3359.4;
MassAbsorption[13][12]=4376.5;
MassAbsorption[13][13]=385.7;
MassAbsorption[13][14]=503.4;
MassAbsorption[13][20]=1667.0;
MassAbsorption[13][22]=2288.0;
MassAbsorption[13][24]=3000.5;
MassAbsorption[13][25]=3415.6;
MassAbsorption[13][26]=3840.6;
MassAbsorption[13][28]=4837.5;
MassAbsorption[14][8]=965.5;
MassAbsorption[14][11]=2168.1;
MassAbsorption[14][12]=2824.6;
MassAbsorption[14][13]=3493.2;
MassAbsorption[14][14]=327.9;
MassAbsorption[14][20]=1086.0;
MassAbsorption[14][22]=1490.6;
MassAbsorption[14][24]=1954.8;
MassAbsorption[14][25]=2225.3;
MassAbsorption[14][26]=2502.1;
MassAbsorption[14][28]=3151.6;
MassAbsorption[20][8]=115.8;
MassAbsorption[20][11]=265.9;
MassAbsorption[20][12]=346.4;
MassAbsorption[20][13]=431.7;
MassAbsorption[20][14]=530.6;
MassAbsorption[20][20]=139.4;
MassAbsorption[20][22]=191.3;
MassAbsorption[20][24]=250.8;
MassAbsorption[20][25]=285.5;
MassAbsorption[20][26]=321.1;
MassAbsorption[20][28]=404.4;
MassAbsorption[22][8]=65.7;
MassAbsorption[22][11]=151.9;
MassAbsorption[22][12]=197.9;
MassAbsorption[22][13]=247.0;
MassAbsorption[22][14]=304.3;
MassAbsorption[22][20]=772.2;
MassAbsorption[22][22]=110.6;
MassAbsorption[22][24]=145.0;
MassAbsorption[22][25]=165.1;
MassAbsorption[22][26]=185.6;
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MassAbsorption[22][28]=233.8;
MassAbsorption[24][8]=39.4;
MassAbsorption[24][11]=91.4;
MassAbsorption[24][12]=119.1;
MassAbsorption[24][13]=149.0;
MassAbsorption[24][14]=183.8;
MassAbsorption[24][20]=469.2;
MassAbsorption[24][22]=583.0;
MassAbsorption[24][24]=88.2;
MassAbsorption[24][25]=100.5;
MassAbsorption[24][26]=113.0;
MassAbsorption[24][28]=142.3;
MassAbsorption[25][8]=30.9;
MassAbsorption[25][11]=72.0;
MassAbsorption[25][12]=93.8;
MassAbsorption[25][13]=117.4;
MassAbsorption[25][14]=145.0;
MassAbsorption[25][20]=371.0;
MassAbsorption[25][22]=472.5;
MassAbsorption[25][24]=69.9;
MassAbsorption[25][25]=79.5;
MassAbsorption[25][26]=89.4;
MassAbsorption[25][28]=112.6;
MassAbsorption[26][8]=24.5;
MassAbsorption[26][11]=57.2;
MassAbsorption[26][12]=74.6;
MassAbsorption[26][13]=93.4;
MassAbsorption[26][14]=115.5;
MassAbsorption[26][20]=296.2;
MassAbsorption[26][22]=377.5;
MassAbsorption[26][24]=474.2;
MassAbsorption[26][25]=63.5;
MassAbsorption[26][26]=71.4;
MassAbsorption[26][28]=90.0;
MassAbsorption[28][8]=15.8;
MassAbsorption[28][11]=37.2;
MassAbsorption[28][12]=48.4;
MassAbsorption[28][13]=60.7;
MassAbsorption[28][14]=75.2;
MassAbsorption[28][20]=193.7;
MassAbsorption[28][22]=247.3;
MassAbsorption[28][24]=310.7;
MassAbsorption[28][25]=343.6;
MassAbsorption[28][26]=379.6;
MassAbsorption[28][28]=58.9;

// Initialization of atomic weights, only example!
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AtomicMass[1]=1.00794;
// insert other elements ...

// Initialization of valences, only example!
wertigkeit[1]=1.0;
// insert other elements ...

void TEMQuant::readdathar xname)
{

ifstream indat(name);

char inp[160];

string test;

string vergleichl, vergleich2;

int i=1;

int zahl,zeile=0;

vergleichl= strind(- Si gma) ");

vergleich2 = string(+/ - ");

// Initialization
Anz_Ele =0;

// open file
if (indat)
{
indat.getline(inp,160);
while(lindat.eof())
{
test=inp;
if (test.find(vergleichl) != string::npos)
{ .
i++:
}
if (test.find(vergleich2)!=string::npos)
{
if i==2)
{
string str(test,2,4);
elemente.puskvack(str);
¥
test.erase(0,7);
sscanf(test.str(),' %" ,&zahl);
feld.pushback(zahl);
zeile++;
// cout<< test<<”” << zahl<< endl
if(i==2) Anz_Ele++,
}
indat.getline(inp,160);
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}

Anz_Analysen = feld.size()Anz_Ele;

cout< "Anzahl der Analysen: " < Anz_Analysen< endl;

}
}
vectorcdouble> TEMQuant::succesggid)
{

vectocdouble> hilfe(intensitaeten);

return (hilfe);

}
void TEMQuant::ausgabdateigchar xausgabe)
{
ofstream outdat(ausgabe);
unsigned inti;
if (outdat)
{
for (i=0; i < elemente.size();i++) outdat elementefi]l« " ";
outdat< endl;
for (i=0; i< feld.size();i++)
{
outdatk feld[i] <" ";
if (i % Anz_Ele == 6) outdat endl;
}
outdat< endl< endl < endl;
outdat< "Nach van Capel | en bestimte Zusammensetzung: " < endl;
outdat« "anzahl analysen: " < Anz_Analysen< endl;
for (i=0; i<KonzStoich.size(); i++)
{
if (i % Anz_Ord == 0) outdatk i/Anz.Ord+1< " ";
outdat<« KonzStoich[ij]<« " ";
if (i % Anz_Ord == AnzOrd-1) outdatk thickness[fAnz_Ord] x+ 10000000.& endl;
if (i % (Anz_AnalyserAnz_Ord) == AnzAnalyserxAnz_Ord-1) outdatk endl < endl;
}
}
}
void TEMQuant::zuordnungoid)
{
char test2;
int test=0;

unsigned inti,k;
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int hilfsvar;
doubleinttodouble;// Hilfsvariable
// debugging:
for (i=0; i<Ord_Ele.size(); i++)
{
cout< Ord_Ele[i] <« endl;
}
for (i=0; i<Anz_Ele; i++)
{
if (elemente[i]=2C -K")
{
cout< "Eement " <i<"=" <« elemente[il« endl;
cout< "accept in mtrix? - with y" <endl
cin > test2;
if (test2 =="y"){
test=1;
} else{
test=0;
¥
if (test==1)
{
Ord_Ele.pushback(6);
interesse.pushack(i);
¥
¥
if (elemente[i]==Si -K")
{
cout< "Eement " <i<"=" <« elemente[il« endl;
cout< "accept in matrix? - with y" <endl
cin > test2;
if (test2 =="y") {
test=1;
} else{
test=0;
¥
if (test==1)
{
Ord Ele.pushback(14);
interesse.pushack(i);
¥
}
// kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk
// do the same for all other elements
// kkkkkkkkkkkkkhkkkkhkkkhkkhhkkkkkhkkkkkkkhkhkkk
// where is Si?
for (i=0; i<Ord_Ele.size(); i++)

{
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if (Ord.Ele[i]==14)

{
PlatzSi=i;

} // implement control sequence!
Anz_Ord= OrdEle.size();
for (i=0; i<Anz_Analysen; i++)
{
for (k=0; k<interesse.size(); k++)
{
hilfsvar = feld[Anz Elexi+interesse[K]];
inttodouble =double(hilfsvar);
intensitaeten.pusback(inttodouble);

}
}

// debugging:

cout< "debug-information" < endl;
cout<« Anz.Ord <" El enmente" < endl;
for (i=0; i<Ord._Ele.size(); i++)

{
cout< Ord_Ele[i] <« endl;
}
cout<" S an " <« PlatzSi+1«". Stelle" <« endl;
cout« " elenmente standen an den plaetzen: " <« endl

for (i = 0; i<interesse.size(); i+£)
cout« interesseli;

¥
}
double TEMQuant::concentratiodpuble 11, double 12, double k12)
{

double CAB;

CAB =Kk12x 11/12;

return (CAB);
}
void TEMQuant::norm(vecterdouble> & var)
{

double summe = 0.0;

unsigned inti;

for (i=0; i<Anz_Ord; i++){
summe = summe + var|i];

}

for (i=0; i<Anz_Ord; i++){
var[i]=var[i] /summe;
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}

}

vectorcdouble> TEMQuant::MassAbsgnstvectordouble> & conc)

{

}

unsigned inti,k;
double absor=0;
vectorcdouble> hilfe;
for (i=0; i<conc.size(); i+H
for (k=0; k<conc.size(); k++)
absor = absor + conc[kMassAbsorption[OrcEle[i]][Ord _Ele[K]];
}
hilfe.pushback(absor);
absor=0;

}

return (hilfe);

vectoxdouble> TEMQuant::acf¢onstvectordouble> & massX,double thick)

{

}

doubledens=4.0;
double takeoff=14.6:3.1415926535180.0;
doubleel,e2,terml,fac;
vectorcdouble> E2, TERML1,factor;
unsigned inti;
el = 1-exp(-* massX[PlatzSi]«densthick«1/sin(takeoff));
for (i=0; i<massX.size(); i++)
e2=1-exp(-¥ massX[ikdensthick«1/sin(takeoff));
E2.pushback(e2);
}
for (i=0; i<massX.size(); i++)
term1 = massX[ijmassX[PlatzSi];
TERM1.pushback(term1);
}
for (i=0; i<massX.size(); i++)
fac = eYE2[i]+* TERML1]I];
factor.pushback(fac);

}

return (factor);

void TEMQuant::toAtomyoid)

{

unsigned intk;
unsigned inti,t;

209
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double hilfe;
vectorcdouble> NurZurNormierung;
for (i=0; i<konzentrationen.sizefAnz_Ord; i++)
// konzentrationen might be larger than AAnalysenx/
for (k=0; k< Anz_Ord; k++)Y
hilfe=konzentrationen[An2rdxi+k] /AtomicMass[OrdEle[K]];
atomanteil.pustback(hilfe);

}
}
for (i=0; i<atomanteil.size()Anz_Ord; i++){
NurZurNormierung.clear();
for (k=0; k< Anz_Ord; k++)
hilfe = atomanteil[AnzOrdxi+k];
NurZurNormierung.pustback(hilfe);
}
norm(NurZurNormierung);
for (t=0; t<NurZurNormierung.size(); t+%)
atomprozent.pushack(NurZurNormierungl[t]);

}
}
}

void TEMQuant::absorptiomlpuble dicke, vectoxdouble> & intensity)
{
vectorcdouble> intensity ratio,temp;
vectorcdouble> absorptions;
vectoxdouble> ACF;
vectorcdouble> kmod; // modified k-faktor
unsigned intk;
unsigned intt;
doubletoleranz;
// calculation of non-corrected intensity ratios (to Si)
for (k=0; k<Anz_Ord; k++)

{

intensity ratio.pushback(concentration(intensity[k],intensity[Plai],k _factor[Ord Ele[K]]));
}

norm(intensityratio);

do{
toleranz=0;
kmod.clear();
temp = intensityratio;
absorptions = MassAbs(intensitgtio);
ACF = acf(absorptions, dicke);
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for (t=0; t<Anz_Ord; t++}
kmod.pushback(ACF[t}k_factor[Ord Ele[t]]);
}
intensity ratio.clear();// clear, for optimized concentration ratios
for (t=0; t<Anz_Ord; t++}
intensity ratio.pushback(concentration(intensity[t],intensity[Plagi], kmod(t]));

}

norm(intensityratio);

for (t=0; t<Anz_Ord; t++}
toleranz=toleranz+fabs(intensitatio[t]-templ[t]);

}

} while (toleranz>0.000001);

// intensityratio — intensity
intensity.clear();
for (k=0; k<intensity ratio.size(); k++]
intensity.pushback(intensityratio[k]);
}
}

void TEMQuant::toAtom(vectordouble> & konz)
{
unsigned intk;
// unsigned int i,t;
double hilfe;
vectorcdouble> NurZurNormierung;
vectorcdouble> atom;
for (k=0; k< Anz_Ord; k++)
hilfe=konz[k]/AtomicMass[OrdEle[K]];
atom.pushback(hilfe);
}
norm(atom);
konz=atom;

}

int TEMQuant::StoichDicke/(oid)
{
unsigned inti,l;
unsigned intk;
int ende=0;// break condition
double debug;// debug variable
double WieDick, add;// how thick is the sample, step size
double summel,summeZ2; sum of charges, should become zero
doublehilfe; // help variable
vectoxdouble> datensatz;// for one data set
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vectoxcdouble> temporaery/ reset of dataset

if (intensitaeten.empty())
cout< "Kein Datensatz in atonprozent" <endl,
return (-1);

}

KonzStoich.clear();
thickness.clear();

// For each data set
for (i=0; i<intensitaeten.size(Anz_Ord; i++){
datensatz.clear();
for (k=0; k<Anz_Ord; k++)
hilfe = intensitaeten[AnZ0rd«i+k];
datensatz.pushack(hilfe);
¥
WieDick = 0.000001y/ start with 10 nm
summel = 0;
summe2 = 0;
temporaer = datensatz;
absorption(WieDick,datensatz);
toAtom(datensatz);

for (I=0; I<datensatz.size(); I+§)
hilfe = datensatz[jwertigkeit[Ord Ele[l]];
debug = datensatz[l];
debug = wertigkeit[OrcEle[l]];
summel=summel+hilfe;
}
add = 0.00001// 100 nm is first step size
do{
ende++;// number of iterations
datensatz = temporaer;

absorption(WieDick,datensatz);
toAtom(datensatz);
for (1=0; I<datensatz.size(); I+€)
hilfe = datensatz[H}wertigkeit[Ord.Ele[l]];
summe2=summe2-+hilfe;
}
hilfe = summel« summe2;// if hilfe <0 ist, change of signs
if (hilfe < 0) add = -kadd/2;
summel = summe?2;
summe2 = 0;
WieDick=WieDick+add;
} while (fabs(summel)> 0.00000001 && ende< 100);
if (ende>= 100) coutk endl< " MAXI MUM NUMBER OF | TERATI ONS EXCEEDED' « endl;



B.2. SOURCE CODE OF TEMQUANT 213

ende=0;

cout< " AUSGABE VON ZWEI TER BERECHNUNG' < endl;
cout<< "Nr." <ig" ";

for (k=0; k<Anz_Ord; k++)

cout« datensatz[kk " ";

}

cout<« "d: " < WieDick;

coutk endl;

for (k=0; k<Anz_Ord; k++)
KonzStoich.pustback(datensatz[K]);

}
thickness.pustback(WieDick);

}

return (0);

}

B.2.3 Main function
#i ncl ude "TEMQuant . h”

int main(nt argc,char xxargv)

{
TEMQuant test;

if (argc == 1J
cout< "usage: TEMuant file" < endl;
cout< "end nothing el se" <« endl;
return (1);

¥

if (argc == 2]
test.readdat(argv[1]);

}

if (argc !=1 && argc != 2)
cout< "something wong with file input, probably to nuch" <« endl;
return (1);

¥

test.zuordnung();

vectorcdouble> suc(test.success());

if (suc.empty()X
cout< "reading data was not succesfull" < endl;
return (2);

¥

test.toAtom();

test.StoichDicke();

test.ausgahéatei( r aus. dat");
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return (0);

}



Appendix C

ForwardLeastSquare: A program for finite
difference simulation of a diffusion profile

C.1 Introduction

The program ForwardLeastSquare calculates a finite diftersimulation of a diffusion profile
assuming an exponential composition dependence (Egsadid? and 4.13). The simulated
profile can than be compared with an input data file contaiaimgeasured profile in order to
optimize the parametei3y anda of Equation 4.12. The format of the ascii input file must be
"integer double”, otherwise reading of the data file resudtan error. An option of the main
function allows to minimize the sum of squared deviationghef calculated and observed pro-
file. Due to the implementation of the minimization, the drste values of the measured profiles
must be integers. When converting noninteger distancestéger values by multiplying with
a suitable number one has to keep in mind to update the unitediffusion coefficient. The
program calculates normalized concentrations. Thergfioeeconcentrations have to be normal-
ized prior least square minimization. For calculating tieepponential factor and asymmetry
parameter, an appropriate variable transformation mupebermed.

The main function allows several options. By choosing aptit-3 the standard values of
the number of space nodeg,(the preexponential fact@g (dO) or the composition dependence
factora can be changed and directly calculated for a specific cortibmaf timestepsr{t) and
factor @t/dx%). This combination can be changed with option 5. Option Gk@xato optimize
one of the parameters dO or a individually by minimizing the sum of squared deviations,

whereas option 9 optimizes all three parameters. The psegsemonitored in a log-file and is
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continued for 1000 loops.

C.2 Source code

#i ncl ude <i ost ream>
#i ncl ude <vect or >
#include <string>
#i ncl ude <fstreant>
#i ncl ude <cmat h>
#include <cstdlib>
#i ncl ude <fstrean>

using namespace std;

classleastsquare

{ .

private:
ST T T
// for calculation of profile
S/ T T T

int nt; // number of timesteps

int nx; // number of x-nodes
vectoxdouble> neum;
vectoxcdouble> alt m;

doublea; // asymmetry-factor, Eq. 4.12
doublednull; // DO, Eq. 4.12
doublefak; // dt/dZ

ST ]
// for least square minimization
Y

vectorlong double> daten;// original data
vectoklong double> simuliert; // simulated data (take care on units)

public:
Yy
// Constructor
Yy
leastsquareyoid);

S/
// calculation of profile
Yy



C.2. SOURCE CODE 217

void calcProfilegoid);

Yy

// least square

Yy

void optimiseX{nt initialx, int initialxstep); // change x: initialx— initialx+initialxstep, comparison

of sum of squared deviations (Ssr)

void optimiseXsemiAutofoid); // minimize ssr by changing x
void optimiseDO¢@ouble initialDO, double initialDOstep); // change BQ: initialD0 —

initialDO+initialDOstep, comparison of ssr

void optimiseDOsemiAutofoid); // minimize ssr by changingD
void optimiseA@ouble initialA, double initialAstep); // change a: initiala— initiala+initialastep,

comparison of sum of ssr

J*

void optimiseAsemiAutofoid); // minimize ssr by changing a

Yy
// set-functions

Yy
void setParametenggid);

Y

// get-Funktionen

Yy

void getParameterggid);

void print_parametersnto_file(void); // prints into file

long doublessr{oid); // sum of squared residualy, (Cin—Cs)?, Section 4.3.2
OX

leastsquare::leassquare(j

string filename;
double hilfe;

Y
// Initialization for profile parameters
Y

nt = 4100;

nx=10;

a=2.36;

dnull=0.04;

fak=0.5;

cout< "Name of original data" < endl
cin > filename;

cout«< filename< endl;

hilfe = 0.0;
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ifstream indat(filename.str());
if (indat)
{
while(lindat.eof()){
if (indat.eof())
break;
}
indat>> hilfe;
daten.pushback(hilfe);
¥
daten.popback(); // because last element is to much
} else{
cout< "no indat\n";
}

}

void leastsquare::calcProfilefid){
int m=0,j=0;
unsigned intausgabe;/ for output of result
double hilfe; // when executing the finite differences
ofstream aus@usgabe. dat"); // output file

altm.clear();
neum.clear();

Yy
// Initialization
Yy
while (m<nx){
if (m<nx/2){
alt m.pushback(1.0);
} else{
alt m.pushback(0.0);

m+=1;

}

m=1;

i=0;

while (m<nt){
while (j<nx){

if (==0) {
neum.pushback(1.0);// left boundary condition
=1
continue;
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}
if (j==nx-1) {
neum.pushback(0.0);// right boundary condition
j+=1;
continue;
¥
// finite difference formulation, exp composition dependeBce 4.13 and 4.18
hilfe = alt m[j]+fak(1.0/4.0«axdnullkexp(aalt. m[j]) «(alt m[j+1]-alt_m(j-1]) «(alt m[j+1]-
alt. m[j-1])+(dnullxexp(aalt-m[j])) «(altm[j+1]-2«alt m[j]+alt_m[j-1]));
neuwm.pushback(hilfe);
=1
}
m+=1;//add 1tom
j=0; // reset
alt m.clear();// move elements
ausgabe=0;
while (ausgabe< neum.size()
alt m.pushback( neum[ausgabe]);/ make new out of old
ausgabe +=1;

}

neum.clear();

}

// output
ausgabe = 0;
while (ausgabealt m.size()){
aus< ausgabe< " " « alt m[ausgabek endl;

ausgabe+=1;

¥

aus.close();
}
void leastsquare::setParametersid)
{

cout< "number of timesteps" <« endl

cin > nt;

cout< "faktor: " < endl;

cin > fak;
}
void leastsquare::getParameters{d)
{

cout< "current paraneters" < endl;

cout< "number of timesteps: " <« nt<kendl
cout< "nurmber of x-nodes: " < nx< endl
cout< "DO " < dnull < endl;

coutx "asymetriefactor: " < a< endl

219
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coutx "faktor: " « fak <« endl;
}
void leastsquare::printparametersnto_file(void)
{
ofstream outdatgefittet. | og",ios::app);
if (outdat)
outdat< endl< "nx: " <nx<" nt " <«<nt«" fak " <« fak < endl;
outdat« "assy-factor: " <wa<" dnull " < dnull<" ssr " < ssr()< endl;
} else{
cout< "can't open file gefittet.log" <« endl
¥
outdat.close();
}
long doubleleastsquare::ssyid){
double hilfe=0;

simuliert.clear();
ifstream indat2(ausgabe. dat ");
if (indat2)
{
while(lindat2.eof()){
if (indat2.eof()]
break;
}
indat2>> hilfe;
simuliert.pushback(hilfe);
}
simuliert.popback(); // because last element is to much, why?
} else{
cout< "can't open indat2" < endl;
¥
// simulated must be larger than daten (size)
while (simuliert.size()< daten.size())
simuliert.pushback(0.0);
}

indat2.close();

for (unsigned inti=0; i<daten.size()2; i++){
hilfe=hilfe+(daten[Zi+1]-simuliert[2«int (daten[Zi])+1]) «(daten[2i+1]-
simuliert[2«int (daten[2i])+1]);

}

return (hilfe);

}

void leastsquare::optimiseX(t initialx, int initialxstep) // optimising x
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string test20";
nx = initialx;
double ssrnew,ssralt;

calcProfile();
ssrnew=ssr();

nXx = nx+initialxstep;
ssralt = ssrnew;

// print_daten();

while ((test!='no") && (test!="n")){
calcProfile();
ssrnew = ssr();

cout< "nx: " <«<nXx<" ssrnew. " < ssmew " ssralt: " < ssralt< endl;
cout< "weiter, no mt n" < endl;
cin > test;
if ((test==n") || (test==no")){
break;
}

if(ssrnew> ssralt)
cout< "mnimum reached, return with smaller timstep?" <« endl,
cout "only int allowed, though!!" < endl;
cin > initialxstep;

}

nx=nx+initialxstep;

ssralt=ssrnew;

}
}

void leastsquare::optimiseXsemiAutegid) // optimising x
{

string test20";

int initialxstep = 10;

double ssrnew,ssralt;

int lauf=0; // test, where is initialxstep?

calcProfile();
ssrnew=ssr();

nx = nx+initialxstep;
ssralt = ssrnew;

while (1){
calcProfile();
ssrnew = ssr();
cout< "nx: " <«<nx<" ssrnew. " < ssmew< " ssralt: " < ssralt< endl;
if(ssrnew> ssralt)
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lauf=lauf+1;

if (lauf==1)
initialxstep = -1;

}

if (lauf==2)
initialxstep =1;
nx=nx+initialxstep;
ssralt=ssrnew;
calcProfile();
ssrnew = ssr();
cout< "nx: " <«<nNXx<K" ssrnew. " < ssrmew " ssralt: " < ssralt< endl;
break;

}
}

nx=nx+initialxstep;
ssralt=ssrnew;

void leastsquare::optimiseD@puble initialDO, double initialDOstep) // optimising DO
{

string test20";

dnull = initialDO;

double ssrnew,ssralt;

calcProfile();
ssrnew=ssr();

dnull = dnull+initialDOstep;
ssralt = ssrnew;

while ((test!='no") && (test!="n")){

calcProfile();

ssrnew = ssr();

cout< "D0: " <« dnull<« "step: " «initialDOstep< " ssrnew. " < ssrnew< "

ssralt: " <« ssralt endl;

cout< "weiter, no mt n" < endl

cin > test;

if ((test==n") || (test==no")){
break;

¥

if (ssrnew> ssralt)
cout< "m ni num reached, return with smaller DOstep?" < endl
cin > initialDOstep;

}

dnull=dnull+initialDOstep;

ssralt=ssrnew;



C.2. SOURCE CODE 223

}

void leastsquare::optimiseDOsemiAutagid) // optimising DO

{

double ssrnew,ssralt;
doubleinitialDOstep=0.01;

calcProfile();
ssrnew=ssr();

dnull = dnull+initialDOstep;
ssralt = ssrnew;

while (abs(initialDOstep)0.000001)
calcProfile();
ssrnew = ssr();
cout< "D0: " «dnull<« "step: " < initialDOstep< " ssrnew. " < ssrnew< "
ssralt: " < ssralt endl;
if (ssrnew> ssralt)
initialDOstep = -1.@initialDOstey/10.0;
¥
dnull=dnull+initialDOstep;
ssralt=ssrnew;

}
}

void leastsquare::optimiseA{ouble initialA, doubleinitialAstep) // optimising a
{

string test20";

a = initialA;

double ssrnew,ssralt;

calcProfile();
ssrnew=ssr();

a = a+initialAstep;
ssralt = ssrnew;

while ((test!='no") && (test!="n")){
calcProfile();
ssrnew = ssr();
cout« "a: " «a<k" step: " «initialAstep< " ssrnew. " < ssrnew< " ssralt:
" < ssralt< endl;
cout< "weiter? y or n" < endl
cin > test;
if (test==no" || test==n"){
break;

}
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if(ssrnew> ssralt)
cout< "mnimum reached, return with smaller Astep?" <« endl;
cin > initialAstep;

}

a=a+initialAstep;

ssralt=ssrnew;

}
}

void leastsquare::optimiseAsemiAutegid) // optimising a
{

double ssrnew,ssralt;

doubleinitialAstep=0.1;

calcProfile();
ssrnew=ssr();

a = a+initialAstep;
ssralt = ssrnew;

while (abs(initialAstep)> 0.00001)
calcProfile();
ssrnew = ssr();
coutk "a: " <wa<g" step: " «initialAstep< " ssrnew. " < ssrnew " ssralt:
< ssralt< endl;
if(ssrnew> ssralt)
initialAstep = -1.GinitialAstep/10.0;
}
a=a+initialAstep;
ssralt=ssrnew;
¥
}

int main(nt argc,char =xargv)
{
string auswabhl;
int startX,incrementX;
double startD0,incrementDO,starta,incrementa;
cout< "program for |east square of nunerical fits" « endl
leastsquare profileObject;

while (1){
cout< "What do you want to do?" < endl;
cout< "there are several choices: " < endl;

cout« "1l = optinise x" < endl;
cout« "2 = optinmse d0" <« endl;
cout< "3 = optinise a" <« endl;
cout« "4 = termnate progrant < endl,
cout<« "5 = set nt and faktor" <« endl;
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cout< "6 semi auto refinenent of x" < endl;
cout« "7 = semauto refinement of a" < endl;
cout« "8 = semauto refinement of D0" < endl;
cout< "9 = 1000 durchgaenge" <« endl;
cout< endl;
profileObject.getParameters();
cout< endl;
cin > auswabhl;
if ((auswahl '="1") && (auswahl !1="2") && (auswahl '="3") && (auswahl I="4") &&
(auswahl '="5") && (auswahl '="6") && (auswahl |="7") && (auswahl '="8") && (auswahl !=
"9" )
cout< "Mmmh. .. " < endl;
cout< "didn't | say sonething of giving a nunber" < endl;
cout< "between 1 and 9?" < endl;
cout< "next time | would try this" < endl
continue;
}
if (auswahl =="1"){
cout< "start X i ncrement X' < endl;
cin > startX > incrementX;
profileObject.optimiseX(startX,incrementX);
}
if (auswahl =="2"){
coutk "start DO increment D0" < endl;
cin > startD0O>> incrementDO;
profileObject.optimiseD0(startD0,incrementDO0);
}
if (auswahl =="3"){
cout< "starta increnenta" < endl;
cin > starta>> incrementa;
profileObject.optimiseA(starta,incrementa);
}
if (auswahl =="4"){
return (0);
}

if (auswahl =='5"){
profileObject.setParameters();

}
if (auswahl =="6"){
profileObject.optimiseXsemiAuto();

}
if (auswahl =="7"){
profileObject.optimiseAsemiAuto();

}
if (auswahl =='8"){
profileObject.optimiseD0semiAuto();

}
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if (auswahl =="9"){
int zaehler =0;
for (zaehler = 0; zaehler 1000; zaehler++)
profileObject.optimiseXsemiAuto();
profileObject.optimiseD0semiAuto();
profileObject.optimiseAsemiAuto();
profileObject.printparametersnto_file();

}
}
}
}



Appendix D

Example profile analyses

In this section, example diffusion profile analyses alseegiin the Figures in Chapter 3 are
listed. Profile analysis was performed either by electrooroprobe (EPMA) or with enery
dispersive X-ray spectrometry on a transmission electronascope (EDX-STEM) as discussed

in Chapter 5.
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Table D.1: Profile analysis for olivine shown in Fig. 5.3 measured withMEA. The experi-
ment was performed at 12 GPa, 1623 K and annealed for 72 hoAdlentrations are given
in weight percent of the oxide.

Distanceym MgO Si; MnO FeO NiO  Sum
0 51.67 41.66 0.179 6.46 0.237 100.20

1 51.59 4195 0.178 6.21 0.251 100.18
2 51.38 41.34 0.174 6.27 0.244 99.40
3 51.69 41.67 0.164 6.29 0.267 100.08
4 51.41 4155 0.172 6.33 0.232 99.70
5 51.30 41.76 0.151 6.25 0.279 99.74
6 51.59 41.46 0.148 6.36 0.263 99.82
7 51.38 41.52 0.155 6.34 0.251 99.64
8 51.51 4143 0.139 6.21 0.239 99.53
9 51.60 41.32 0.148 6.19 0.277 99.53
10 51.46 41.43 0.146 6.24 0.248 99.53
11 51.59 41.51 0.141 6.22 0.232 99.69
12 51.58 41.67 0.165 6.28 0.269 99.96
13 51.74 41.59 0.155 5.96 0.269 99.70
14 52.25 4164 0.134 5.78 0.227 100.03
15 52.37 41.73 0.118 5.43 0.215 99.86
16 52.69 41.78 0.116 4.82 0.213 99.61
17 52.88 41.70 0.096 4.33 0.201 99.21
18 53.39 41.82 0.080 3.70 0.187 99.18
19 53.94 42.00 0.085 294 0.141 99.11
20 54.59 4226 0.063 2.16 0.073 99.15
21 55.02 4249 0.071 1.50 0.038 99.11
22 55.66 42.42 0.018 0.94 0.061 99.11
23 56.14 42.70 0.000 0.39 0.037 99.27
24 56.06 42.74 0.009 0.18 0.006 99.00
25 56.27 4298 0.000 0.14 0.000 99.37
26 56.24 42.72 0.000 0.08 0.017 99.05
27 56.11 4290 0.000 0.12 0.000 99.13
28 56.34 42.69 0.003 0.10 0.009 99.14
29 56.19 43.00 0.000 0.04 0.011 99.25
30 56.34 42.87 0.008 0.10 0.018 99.34
31 56.32 42.82 0.000 0.06 0.000 99.20
32 56.34 43.05 0.013 0.12 0.018 99.54
33 56.49 43.10 0.005 0.12 0.032 99.75
34 56.35 42.66 0.019 0.08 0.018 99.13
35 56.32 4283 0.001 0.06 0.000 99.22
36 56.37 42.87 0.009 0.06 0.000 99.31
37 56.10 4292 0.006 0.06 0.010 99.10
38 56.35 43.00 0.012 0.05 0.014 99.43
39 56.28 4295 0.008 0.06 0.045 99.34

40 56.16 42.82 0.005 0.06 0.034 99.08
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Table D.2: Profile analysis for olivine shown in Fig. 5.4-A measuredvDX-STEM. The
experiment was performed at 10 GPa, 1673 K and annealed for 24 concentrations are
given in atom%. EDX analyses are normalized to 100%

distance O Mg Si Fe | distance O Mg Si Fe
14 56.59 30.22 13.17 0.023%.8 56.73 28.95 13.45 0.875
13.8 56.63 30.09 13.26 0.02%.6 56.77 28.85 13.53 0.853
13.6 56.68 29.95 13.36 0.00%6.4 56.77 28.79 13.55 0.890
13.4 56.77 29.69 13.54 0.01%.2 56.84 2855 13.69 0.915
13.2 56.72 29.85 13.43 0.00%® 56.87 28.42 13.74 0.974
13 56.79 29.61 13.58 0.0215.8 56.69 28.96 13.38 0.977
12.8 56.70 29.88 13.40 0.024.6 56.81 2853 13.63 1.030
12.6 56.62 30.11 13.24 0.03%k.4 56.81 28.46 13.62 1.107
12.4 56.60 30.18 13.21 0.0115.2 56.86 28.31 13.72 1.111
12.2 56.73 29.81 13.45 0.015 56.82 28.39 13.65 1.145
12 56.67 29.95 13.34 0.0324.8 56.83 28.37 13.67 1.126
11.8 56.72 29.81 13.44 0.0374.6 56.87 28.26 13.73 1.139
11.6 56.73 29.80 13.46 0.0081.4 56.77 28.65 13.54 1.041
11.4 56.60 30.17 13.19 0.04&4.2 56.89 28.22 13.77 1.118
11.2 56.67 29.92 13.34 0.06% 56.79 28.47 13.58 1.150
11 56.74 29.71 13.48 0.0743.8 56.84 28.21 13.68 1.268
10.8 56.76 29.63 13.51 0.1013.6 56.88 27.99 13.77 1.363
10.6 56.71 29.76 13.42 0.108.4 56.84 28.13 13.67 1.364
10.4 56.65 29.94 13.30 0.11%.2 56.94 27.76 13.87 1.431
10.2 56.77 29.55 1354 0.138 56.98 27.66 13.95 1.413
10 56.79 29.49 13.57 0.1442.8 57.15 27.26 14.30 1.297
9.8 56.70 29.67 13.41 0.218.6 57.00 27.60 14.00 1.399
9.6 56.74 29.51 13.49 0.258.4 56.97 27.71 13.94 1.381
9.4 56.84 29.21 13.68 0.27R.2 56.88 27.95 13.76 1.401
9.2 56.88 29.12 13.76 0.2472 56.89 27.85 13.78 1.482
9 56.77 29.35 13.54 0.3411.8 56.74 28.42 13.49 1.349
8.8 56.77 29.34 13.54 0.3491.6 56.88 27.93 13.76 1.430
8.6 56.72 29.42 13.44 0.4261.4 56.85 28.03 13.70 1.423
8.4 56.78 29.15 13.57 0.4971.2 56.77 28.30 13.54 1.385
8.2 56.90 28.80 13.81 0.4871 56.89 27.88 13.78 1.444
8 56.64 29.57 13.27 0.5210.8 56.83 28.05 13.66 1.465
7.8 56.86 28.88 13.72 0.5460.6 56.90 27.84 13.79 1.470
7.6 56.54 29.75 13.08 0.6310.4 56.86 27.94 13.72 1.482
7.4 57.08 28.12 14.17 0.628.2 56.77 28.20 13.54 1.498
7.2 56.93 27.71 13.87 1.4860 56.81 28.09 13.63 1.463
7 56.94 28.39 13.87 0.800
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Table D.3: Profile analysis for olivine shown in Fig. 5.4-B measuredvaiDX-STEM. The
experiment was performed at 12 GPa, 1673 K and annealed for 24 concentrations are
given in atom%. EDX analyses are normalized to 100%

distancepym O Mg Si Fe Ni Mn

0 57.29 26.32 1453 1.706 0.107 0.052
0.5 57.35 26.14 14.63 1.718 0.105 0.057
1 57.31 26.22 1459 1.731 0.101 0.037
15 57.35 26.16 14.67 1.720 0.071 0.032
2 57.36 26.13 14.67 1.699 0.094 0.054
2.5 57.25 26.47 14.44 1.668 0.098 0.071
3 57.20 26.62 14.37 1.683 0.090 0.041
3.5 57.22 26.53 1439 1.716 0.109 0.044
4 57.22 26.58 14.37 1.694 0.081 0.059
4.5 57.23 26.55 1441 1.663 0.105 0.039
5 57.29 26.46 1454 1562 0.109 0.040
5.5 57.25 26.70 14.44 1.475 0.087 0.052
6 57.14 27.00 14.24 1507 0.069 0.042
6.5 57.26 26.89 1448 1.264 0.077 0.034
7 57.24 27.09 14.45 1.108 0.094 0.024
7.5 57.42 2691 14.81 0.797 0.040 0.022
8 57.28 27.34 1454 0.768 0.059 0.017
8.5 57.08 28.13 14.14 0.573 0.058 0.013
9 56.90 28.81 13.80 0.466 0.016 0.002
9.5 57.10 28.35 14.18 0.325 0.036 0.015
10 56.99 28.80 13.98 0.179 0.043 0.002
10.5 56.81 29.47 13.60 0.068 0.049 0.015
11 57.09 28.66 14.18 0.028 0.038 0.004
115 56.97 29.05 13.94 0.016 0.029 0.000
12 57.06 28.76 14.12 0.021 0.036 0.000
12.5 57.65 27.00 15.29 0.024 0.035 0.000
13 57.12 28.58 14.23 0.027 0.043 0.000
13.5 57.21 28.31 14.42 0.014 0.042 0.002
14 57.17 28.44 14.34 0.022 0.019 0.006
145 57.21 28.33 14.42 0.015 0.021 0.000

15 57.08 28.72 14.14 0.016 0.031 0.014
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Table D.4: Profile analysis for wadsleyite shown in Fig. 5.18 measurithdl BPMA. The ex-
periment was performed at 15 GPa, 1773 K and annealed forditesi. All concentrations
are given in weight percent of the oxide.

d,pm MgO SIi& FeO NIO Sum|d,pm MgO SIi& FeO NiO  Sum

500 55.61 43.05 0.049 0.000 98.Yy556 56.49 42.34 0.113 0.000 98.94
501 55.87 42.71 0.085 0.055 98.YyB57 56.08 4252 0.133 0.013 98.75
504 56.06 42.23 0.058 0.025 98.8B59 55.63 42.13 0.179 0.067 98.01
505 56.17 42.13 0.091 0.067 98.4660 56.14 42.41 0.215 0.032 98.80
506 56.11 42.16 0.035 0.017 98.83861 55.75 42.11 0.143 0.090 98.10
507 55.94 42.13 0.049 0.023 98.1562 55.77 42.30 0.178 0.087 98.33
508 56.46 42.38 0.072 0.025 98.9363 56.13 42.73 0.279 0.000 99.14
511 56.45 41.99 0.090 0.029 98.5664 55.30 43.39 0.160 0.006 98.85
512 56.08 42.14 0.030 0.029 98.2868 55.71 42.60 0.516 0.122 98.95
513 55.98 42.26 0.126 0.029 98.4669 55.25 4242 0.718 0.036 98.43
514 56.31 42.39 0.100 0.087 98.8870 55.79 42.16 0.926 0.061 98.93
515 56.19 42.65 0.081 0.064 98.9871 5447 42.87 1.128 0.010 98.48
517 55.97 42.23 0.077 0.004 98.2874 54.72 41.92 2.184 0.067 98.90
518 56.24 42.20 0.072 0.055 98.5B75 54.85 41.93 2451 0.095 99.33
519 55.79 42.28 0.059 0.000 98.1376 54.47 41.81 2.893 0.032 99.20
520 55.75 42.25 0.058 0.004 98.0677 53.90 41.62 3.495 0.000 99.01
521  55.77 42.19 0.059 0.051 98.0579 53.00 41.42 4.299 0.080 98.80
522  56.67 42.17 0.077 0.025 98.9880 52.67 4156 4.666 0.070 98.96
523 56.16 42.28 0.084 0.116 98.6481 52.58 41.36 5.034 0.051 99.02
524  56.22 42.13 0.068 0.048 98.4B82 52.05 41.11 5.654 0.010 98.82
525 55,53 42.95 0.000 0.070 98.5483 51.93 40.85 6.018 0.118 98.93
526 52.67 45.42 0.134 0.048 98.2884 51.20 40.79 6.255 0.042 98.28
527 55.72 42.93 0.046 0.000 98.y685 51.19 41.07 7.089 0.048 99.39
528 56.23 42.32 0.064 0.000 98.6586 50.83 40.89 7.270 0.115 99.10
541 56.12 42.22 0.120 0.010 98.4B87 50.51 4057 7.763 0.137 98.98
542  56.07 42.29 0.109 0.051 98.5588 50.05 40.69 8.203 0.130 99.06
543 56.46 42.10 0.078 0.000 98.6489 49.61 40.57 8.435 0.134 98.75
544 56.46 42.43 0.111 0.042 99.0490 49.34 40.34 8.998 0.092 98.77
545 56.25 42.05 0.096 0.048 98.4591  49.20 40.44 9.587 0.286 99.51
546  56.39 42.18 0.091 0.000 98.6694 47.92 39.93 10.275 0.289 98.41
547 56.63 42.04 0.133 0.000 98.8695 48.11 40.15 10.879 0.153 99.29
548 55.98 42.62 0.104 0.064 98.Y696  47.43 40.27 10.792 0.193 98.69
549 53.47 45.15 0.207 0.025 98.8597 47.42 40.07 11.017 0.266 98.77
550 56.63 42.49 0.169 0.036 99.83898 47.41 40.06 11.231 0.317 99.01
551 56.37 42.47 0.126 0.055 99.0399 47.13 40.00 11.425 0.234 98.79
552 56.36 42.34 0.149 0.019 98.8B00 46.74 39.88 11.783 0.221 98.62
553 56.24 42.30 0.152 0.000 98.68601  47.00 39.71 11.868 0.313 98.88
554  56.02 42.38 0.122 0.000 98.5802 46.84 39.81 12.117 0.225 98.99
555 56.35 42.25 0.091 0.090 98.Yy803 46.69 39.91 12.228 0.307 99.13
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Table D.4 continued.

d,pum MgO SI& FeO NiO Sum|d,pm MgO SIi& FeO NiO Sum
604  46.23 40.02 12.183 0.370 98.8651 43.74 39.08 16.657 0.302 99.78
605 46.19 39.94 12.462 0.234 98.8852 44.66 38.78 15.732 0.416 99.59
606 45.98 39.65 12.653 0.326 98.6B53 44.33 39.15 15.727 0.350 99.55
607 46.67 39.15 13.256 0.319 99.3854 44.44 38.79 15.709 0.299 99.24
608 4558 38.96 13.277 0.354 98.1855 44.64 38.92 15.803 0.249 99.62
610 4546 39.31 13.634 0.262 98.6856 44.15 39.08 15.947 0.410 99.58
611 4545 39.06 13.756 0.294 098.5657 4450 39.06 15.856 0.277 99.70
612 45.68 39.49 14.093 0.149 99.4658 44.29 39.13 15.631 0.237 99.28
613 45.44 39.37 14.124 0.249 99.1859 44.02 39.05 15.569 0.230 98.87
614 45.78 39.64 14.293 0.262 99.9860 44.27 38.97 15.669 0.303 99.21
616 45.11 39.46 13.982 0.347 98.9661 43.44 39.61 15.285 0.286 98.62
617 44.82 39.18 14.388 0.382 98./862 43.96 39.22 15.519 0.290 99.00
618 44.80 39.34 14539 0.252 98.9863 44.27 38.94 15.653 0.265 99.13
619 45.08 39.55 14.765 0.297 99.6864  44.47 39.13 15.712 0.293 99.61
620 44.72 39.46 14.886 0.239 99.8665 44.23 39.14 15.785 0.406 99.57
621 45.02 39.34 14984 0.318 99.6866 44.18 38.93 15.605 0.327 99.05
622 44.64 39.40 14.762 0.258 99.0667 4449 39.14 15.672 0.327 99.63
623 44.78 39.22 15.047 0.221 99.2868 43.97 39.36 15.425 0.344 99.10
624  44.46 39.04 14.748 0.196 98.48669 44.04 39.32 15.478 0.308 99.15
625 44.49 39.29 15.094 0.328 99.2,670 44.39 38.92 15.992 0.314 99.62
626  44.42 39.23 15.455 0.256 99.36

627 44.25 39.28 14.618 0.375 98.52

630 4542 38.47 14.825 0.350 99.07

631 44.75 39.40 15.442 0.249 99.83

632 44.34 40.12 15.021 0.504 99.99

634 43.62 39.00 15.417 0.239 98.28

635 43.80 39.21 15.390 0.275 98.68

636 44.20 39.10 15.298 0.249 98.85

637 44.33 38.98 15.292 0.331 98.93

638 43.86 39.08 15.425 0.269 98.64

639 44.27 39.31 15.658 0.280 99.52

640 44.24 39.28 15.374 0.406 99.80

641  43.89 39.00 15.286 0.322 98.49

642 43.75 38.91 15.626 0.299 98.59

645 43.85 39.00 15.379 0.466 98.70

646  43.70 39.52 15.354 0.410 98.98

647 44.19 39.03 15.667 0.239 99.13

648 44.43 38.84 15.687 0.183 99.14

649 44.36 38.87 15.770 0.218 99.p2

650 44.38 39.03 15.853 0.246 99.50




Table D.5: Profile analysis for wadsleyite shown in Fig. 5.19 measuréd BPMA. The

experiment was performed at 15 GPa, 1673 K and annealed fanirf2tes. All concentra-
tions are given in weight percent of the oxide. Sums smalflan 198% result from cracks
crossed by the profile analysis.
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duym MgO SI FeO NO Sum |d,pm MgO SIQ FeO NiO Sum

0 51.60 4296 0.053 6.947 101.5@2 56.66 42.79 0.075 0.229 99.76
1 53.39 41.73 0.003 6.349 101.443 56.66 43.01 0.035 0.229 99.93
2 53.72 42.24 0.039 4.793 100.8@4 56.67 42.98 0.078 0.107 99.84
3 54.79 4252 0.045 3.627 100.985 56.72 42.86 0.089 0.247 99.91
4 55.81 42.58 0.021 2.432 100.846 56.90 43.01 0.035 0.213 100.16
5 56.43 42.85 0.000 1.785 101.0@&7 56.59 43.01 0.037 0.235 99.87
6 56.74 43.08 0.050 1.033 100.948 56.52 43.04 0.060 0.241 99.86
7 56.51 43.11 0.057 0.839 100.549 56.50 43.09 0.077 0.172 99.84
8 56.86 43.06 0.040 0.744 100.750 55.99 43.29 0.023 0.216 99.51
9 57.04 43.03 0.044 0.654 100.761 56.67 42.86 0.033 0.188 99.74
10 56.50 42.61 0.054 0.556 99.7252 56.49 42.34 0.041 0.159 99.03
12 55.69 42.41 0.000 0.550 98.6553 56.33 42.34 0.081 0.279 99.02
13 56.93 43.06 0.064 0.468 100.585 57.14 44.20 0.000 0.153 101.49
14 57.13 43.20 0.030 0.484 100.886 56.68 43.39 0.010 0.191 100.27
15 57.05 43.02 0.068 0.490 100.687 55.64 43.94 0.044 0.101 99.73
16 57.12 43.32 0.004 0.503 100.948 56.53 43.36 0.000 0.176 100.06
17 56.70 42.97 0.063 0.503 100.249 56.23 43.12 0.031 0.182 99.57
18 56.84 43.25 0.019 0.496 100.6G0 56.34 43.21 0.021 0.135 99.70
19 56.83 42.76 0.023 0.430 100.pZ1 54.48 45.13 0.010 0.153 99.77
20 56.45 42.85 0.046 0.330 99.6872 56.20 43.21 0.044 0.103 99.55
21 57.08 42.97 0.000 0.392 100.453 55.23 4493 0.024 0.157 100.33
22 57.16 4292 0.031 0.512 100.634 53.64 46.56 0.054 0.101 100.35
23 57.05 42.88 0.033 0.414 100.385 56.34 43.38 0.081 0.122 99.93
24 56.99 43.09 0.051 0.342 100.476 56.58 43.26 0.062 0.084 99.99
25 56.36 42.94 0.067 0.448 99.8177 56.46 43.32 0.068 0.213 100.06
26 56.74 43.08 0.030 0.445 100.298 56.33 42.78 0.037 0.107 99.25
27 56.49 43.17 0.046 0.330 100.p39 56.48 4296 0.035 0.116 99.58
29 57.09 43.25 0.003 0.251 100.680 56.44 4292 0.035 0.081 99.47
30 56.04 43.00 0.087 0.272 99.4181 56.42 43.03 0.078 0.193 99.73
31 56.82 43.19 0.000 0.349 100.382 56.76 43.14 0.087 0.081 100.07
32 56.79 43.24 0.040 0.330 100.383 56.60 43.18 0.068 0.060 99.91
33 56.97 43.02 0.057 0.351 100.484 56.11 43.20 0.064 0.182 99.56
34 56.65 43.17 0.040 0.283 100.185 56.65 43.02 0.004 0.050 99.73
35 56.70 42.83 0.044 0.279 99.8586 56.46 42.87 0.037 0.088 99.46
36 56.81 43.21 0.013 0.238 100.p8B7 56.33 43.03 0.084 0.116 99.56
37 56.69 43.15 0.054 0.270 100.188 56.46 43.07 0.048 0.223 99.80
38 56.76 43.24 0.054 0.263 100.389 56.29 43.07 0.051 0.141 99.56
39 56.82 42.97 0.035 0.248 100.p80 56.41 4296 0.091 0.081 99.54
40 57.10 4297 0.033 0.272 100.3B1 56.63 43.04 0.084 0.182 99.93
41 56.69 4295 0.008 0.169 99.8292 56.45 4292 0.087 0.062 99.51
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Table D.5continued.

APPENDIX D. EXAMPLE PROFILE ANALYSES

d,uym MgO SI FeO NO Sum |d,pm MgO SIQ FeO NiO Sum

93 56.46 42.85 0.054 0.107 99.47145 56.31 42.87 0.091 0.069 99.34
94 56.41 42.69 0.019 0.165 99.29146 56.38 42.90 0.075 0.062 99.42
95 53.34 41.44 0.060 0.094 94.93147 56.87 42.85 0.154 0.000 99.87
96 39.30 32,90 0.098 0.159 72.45148 56.78 42.73 0.154 0.081 99.74
97 56.58 42.11 0.108 0.129 98.93149 56.50 42.71 0.139 0.113 99.47
98 56.56 4259 0.064 0.103 99.31150 55.63 42.93 0.117 0.032 98.72
99 56.60 43.19 0.040 0.144 99.98151 56.05 42.86 0.154 0.019 99.08
100 56.66 42.85 0.073 0.103 99.69152 56.60 43.00 0.144 0.116 99.86
102 57.10 4291 0.071 0.056 100.1353 56.62 43.00 0.148 0.103 99.87
103 56.63 4256 0.085 0.144 9942154 56.24 42.73 0.161 0.060 99.19
105 56.53 43.24 0.073 0.038 99.88155 50.33 43.53 0.073 0.113 94.05
109 56.64 42.90 0.098 0.103 99.74156  40.27 55.35 0.117 0.081 95.82
110 56.77 42.90 0.058 0.038 99.77157  39.22 58.40 0.098 0.000 97.72
111  56.76 42.84 0.125 0.148 99.86158 39.35 58.65 0.134 0.073 98.20
112 56.34 42.97 0.064 0.073 99.46159 39.30 58.49 0.151 0.060 97.99
113 56.87 43.04 0.094 0.090 100.p09260 40.37 57.64 0.086 0.003 98.10
114 56.65 43.17 0.062 0.150 100.0261  46.17 50.51 0.194 0.000 96.88
115 56.56 43.13 0.058 0.107 99.85162 50.97 42.21 0.198 0.022 9341
116 53.32 42.41 0.051 0.034 95.82163 5292 43.77 0.252 0.006 96.95
117 56.42 43.68 0.041 0.103 100.p464 53.82 40.46 0.338 0.000 94.62
118 56.80 42.96 0.071 0.113 99.95165 41.78 36.36 0.354 0.107 78.60
119 56.62 42.85 0.050 0.041 99.56166 51.47 41.13 0.383 0.066 93.05
120 56.07 42.28 0.058 0.137 9855167 56.76 43.34 0.562 0.003 100.67
121  56.16 43.20 0.084 0.041 99.49168 56.32 42.85 0.634 0.000 99.80
122 55.80 42.79 0.046 0.113 098.75169 56.16 43.01 0.723 0.025 99.92
123 56.07 42.48 0.095 0.041 98.69170 56.52 42.93 1.023 0.122 100.59
124  56.20 43.17 0.024 0.041 9944171  55.99 43.07 1.328 0.088 100.48
125 56.37 42.74 0.060 0.022 99.20072 55.44 4246 1.582 0.000 99.48
126 56.87 42.96 0.068 0.000 99.89173 55.40 4254 1.717 0.028 99.69
127 56.67 42.98 0.095 0.000 99.74174 5493 42.46 2.091 0.075 99.56
128 56.17 42.34 0.129 0.107 98.15175 54.81 42.46 2.300 0.022 99.59
129 53.98 44.08 0.108 0.107 98.27176 54.32 4257 2.690 0.019 99.60
136 39.69 59.17 0.108 0.088 99.05177 54.04 42.39 3.160 0.101 99.69
137 39.59 58.16 0.075 0.013 97.83178 53.73 42.18 3.521 0.081 99.51
138 40.83 54.07 0.064 0.107 95.07179 53.24 41.86 4.036 0.135 99.27
139 54.05 44.36 0.125 0.047 98.5880 53.20 42.07 4.200 0.122 99.60
140 52.10 42.38 0.078 0.182 94.73181  53.28 41.79 4.703 0.025 99.80
141  56.28 43.29 0.148 0.034 99.74182 52.88 41.71 5.146 0.078 99.81
142 57.15 43.02 0.138 0.073 100.3883 52.24 41.79 5.452 0.047 99.53
143  56.47 42.72 0.117 0.073 99.38188 50.57 41.26 7.685 0.071 99.58
144  56.65 43.03 0.140 0.000 99.82189 50.14 41.08 7.721 0.150 99.09




Table D.5continued.
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d,pum MgO SI& FeO NiO Sum |d,pm MgO SIiQ FeO NiO  Sum
190 50.54 41.08 8.143 0.131 99.9®34 4550 40.00 14.225 0.345 100.07
191 50.01 41.30 8.550 0.140 999235 4570 40.11 14.169 0.326 100.31
192 4799 40.07 8.686 0.174 96.9236 45.72 40.06 13.753 0.239 99.77
193 4994 41.08 8.816 0.200 100.0237 45.71 40.09 13.490 0.333 99.63
194 4941 40.86 9.198 0.200 99.66238  45.24 40.06 14.477 0.243 100.02
195 4945 41.01 9.406 0.118 999839 44.39 39.76 16.408 0.313 100.87
196 48.36 40.54 9.524 0.211 98.6340 45.31 40.16 13.493 0.299 99.26
198 49.79 41.28 9.970 0.112 101.1241 45.81 40.09 13.617 0.299 99.81
199 48.80 41.14 10.055 0.293 100.2242 43.96 39.78 15.866 0.391 100.00
200 48.17 40.75 10.620 0.221 99.7&43  42.79 39.30 17.724 0.372 100.18
201  48.45 40.79 10.336 0.209 99.71244  45.63 39.97 13.773 0.314 99.68
202  48.54 40.59 10.788 0.330 100.p245 45.28 40.05 13.866 0.267 99.46
203  48.20 40.67 11.044 0.293 100.2046  43.79 40.30 14.636 0.230 98.95
204  48.20 40.62 11.029 0.323 100.1247 42.16 39.15 18.223 0.272 99.81
205 47.86 40.61 11.126 0.308 99.9®48 41.44 39.28 19.823 0.415 100.96
206 47.80 40.75 11.713 0.237 100.p@49 41.64 39.34 19.171 0.325 100.48
209 47.38 40.36 11.972 0.205 99.91250 43.13 39.56 15.907 0.308 98.91
210 47.19 40.39 11.837 0.261 99.672251 4150 38.97 19.629 0.372 100.47
211  47.16 40.44 12.099 0.364 100.0852 43.89 39.63 15.750 0.347 99.62
212  47.30 40.14 12.209 0.289 99.9253 45.87 40.07 13.795 0.355 100.09
213  47.25 40.42 12.300 0.230 100.p@54  44.06 39.46 17.483 0.267 101.27
214  47.22 40.36 12.188 0.265 100.0355 44.82 39.82 14.580 0.144 99.36
215 46.99 40.53 12.402 0.342 100.2256  42.37 39.35 18.720 0.356 100.79
216  46.76 40.30 12.403 0.289 99.71357 40.72 39.06 19.744 0.458 99.98
217  46.82 40.48 12.667 0.153 100.1358 43.94 39.49 15487 0.246 99.16
218 46.28 40.63 12.784 0.326 100.0259 44.02 39.49 17.252 0.280 101.04
219 46.58 40.48 12.519 0.215 99.7260 44.37 39.55 15.651 0.181 99.75
220 45.22 40.80 12.156 0.286 98.46261 42.85 39.45 18.595 0.328 101.22
221  46.72 40.12 12.659 0.342 99.8262 45.50 40.03 14.072 0.286 99.89
222  46.65 40.25 13.017 0.323 100.2363 45.70 40.18 13.921 0.256 100.06
223  43.41 39.35 18554 0.300 101.6264 45.44 39.80 14.580 0.200 100.02
224 42,33 38.95 18.720 0.305 100.3265 43.79 39.83 16.629 0.333 100.58
225 4154 39.03 19.254 0.389 100.2266  44.68 40.30 14.230 0.316 99.52
226 41.80 38.85 19.188 0.417 100.28367 45.36 40.27 14.281 0.265 100.17
227 44.34 39.53 15.492 0.279 99.6368 4440 39.88 16.163 0.333 100.77
228 4591 39.75 13.702 0.317 99.68269 45.46 39.88 13.948 0.241 99.53
229 4435 39.70 16.468 0.276 100.8a70 45.87 40.15 14.182 0.249 100.46
230 45.19 39.86 14.221 0.220 99.5®@71  45.67 40.21 14.154 0.265 100.29
231 4596 40.14 13.432 0.330 99.8672 45.79 40.12 13.828 0.215 99.96
232 4598 40.20 13.626 0.293 100.1@73 4596 39.79 14.120 0.256 100.13
233 45.68 40.10 13.695 0.246 99.7274 4459 39.77 15.547 0.355 100.26
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Table D.5continued.

d,pum MgO SI& FeO NiO Sum |d,pm MgO SIiQ FeO NiO  Sum
275 4295 39.25 17.365 0.252 99.81316 45.25 39.47 14.759 0.326 99.80
276  45.19 39.99 14564 0.269 100.0317 4293 39.27 18.828 0.342 101.37
277 4590 40.09 13.612 0.350 99.9318 41.14 39.01 20.306 0.355 100.82
278 45.41 40.08 14.766 0.249 100.p319 40.60 38.99 20.141 0.295 100.03
279 4405 39.65 16.693 0.293 100.6820 40.92 38.88 20.714 0.386 100.90
280 43.22 39.60 16.283 0.308 99.42321 41.67 39.04 18.901 0.325 99.93
281 4520 39.95 14.409 0.249 99.81322 4544 39.90 14.236 0.304 99.88
282 42.36 39.06 19.299 0.403 101.1323 45.70 40.13 13.947 0.232 100.01
283 45.64 39.93 14.090 0.241 99.9B24 45,55 39.87 13.939 0.300 99.66
284 4598 39.97 14.028 0.384 100.3825 42.01 38.87 20.063 0.411 101.35
285 4555 39.83 14.061 0.260 99.68B26  43.44 39.33 16.454 0.337 99.57
286 45.70 39.94 14.223 0.247 100.1327 44.78 39.76 15.653 0.304 100.50
287  45.48 39.97 14.420 0.213 100.0828  44.37 39.67 15.116 0.322 99.48
288 4451 40.59 14.217 0.249 99.5B29 4573 39.86 14.181 0.214 99.99
289 4540 40.29 14.380 0.309 100.3830 40.82 38.74 20.566 0.442 100.56
290 45.68 40.01 14.063 0.365 100.1331 40.70 38.84 20.808 0.377 100.72
291  46.05 40.20 14.330 0.354 100.9332 40.21 38.67 20.628 0.364 99.87
292 4579 40.33 14.059 0.238 100.4333 40.19 38.69 20.397 0.333 99.62
293 45.84 40.18 14.285 0.197 100.5834 41.13 39.09 19.741 0.277 100.24
294 4577 40.05 14.189 0.244 100.2335 44.30 40.06 15.004 0.294 99.66
295 4592 40.10 14.406 0.260 100.6836  45.54 40.08 14.163 0.272 100.06
296 45.36 40.16 14.537 0.232 100.2837 45.85 39.90 13.979 0.276 100.00
297 4532 39.99 14.442 0.279 100.0838 45.54 39.96 14.361 0.216 100.08
298 4556 39.99 14.127 0.279 99.96339 45.20 39.83 14.865 0.248 100.15
299 4458 40.36 13.997 0.241 99.1B40 4198 39.06 19.975 0.462 101.47
300 43.83 39.66 16.620 0.293 100.4341 40.58 39.03 20.034 0.419 100.06
301 42.13 39.18 17.950 0.321 99.5842  40.28 38.93 20.103 0.281 99.59
302 45.40 40.15 14.176 0.204 99.93343 41.62 38.44 15.321 0.319 95.70
303 45.69 40.25 14.584 0.347 100.8844 4581 39.79 14.483 0.285 100.36
304 4495 40.59 14.135 0.229 99.91345 4581 39.98 14.248 0.330 100.37
305 4453 41.06 13.828 0.191 99.61346 45,50 39.85 13.828 0.295 99.48
306 45.96 40.19 14.259 0.172 100.p347 45.73 39.93 14.122 0.239 100.02
307 45.73 40.13 14.124 0.263 100.2348 45.68 40.03 13.996 0.257 99.96
308 43.62 39.42 17.881 0.361 101.2849 4553 39.81 14.270 0.274 99.88
309 41.12 39.06 20.069 0.305 100.p850 45.63 39.77 14.257 0.280 99.93
310 40.59 39.09 19.683 0.523 99.8851 45.89 39.93 14.433 0.336 100.58
311 40.76 38.69 20.393 0.420 100.2352 45.44 39.99 13.951 0.289 99.66
312 40.53 39.00 19.978 0.504 100.0353 45.33 40.03 14.328 0.323 100.00
313 41.19 38.84 19.457 0.411 99.9B54 4485 39.77 14.203 0.358 99.18
314 44,79 39.58 15.018 0.328 99.71355 44.23 39.73 14.687 0.330 98.98
315 4540 39.78 14.159 0.251 99.5856 43.99 39.45 15.660 0.235 99.34




Table D.5continued.

d,um MgO SIG FeO NiO  Sum

357 4245 39.36 17.689 0.241 99.74
358 41.67 38.80 19.560 0.400 100.43
359 42.70 38.80 18.807 0.397 100.71
360 42.75 38.92 19.270 0.316 101.25
361 41.21 38.89 19.889 0.440 100.43
362 41.39 38.89 19.497 0.318 100.09
363 41.24 39.29 20.429 0.325 101.28
364 41.70 39.13 19.996 0.284 101.11
365 44.20 39.50 16.897 0.317 100.92
366 44.97 39.79 14.810 0.293 99.86
367 45.07 39.94 14.400 0.387 99.79
368 45.43 39.79 14.275 0.286 99.79
369 45,53 39.85 13.993 0.265 99.64
370 4554 39.76 14.106 0.336 99.74
371 4559 39.74 14.276 0.305 99.91
372 4532 39.77 14.428 0.317 99.84
373 44.80 39.28 14.846 0.342 99.27
374 4456 39.43 14.284 0.280 98.55
375 4549 40.40 14.434 0.336 100.66
376  45.38 40.19 14.400 0.323 100.30
377 45.65 40.09 14.400 0.280 100.42
378 45.04 39.84 14.389 0.359 99.62
379 45.15 40.05 14.419 0.229 99.86
380 45.65 39.93 14.623 0.199 100.40
381 45.40 40.11 14.250 0.286 100.05

237
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Table D.6: Profile analysis for ferropericlase shown in Fig. 5.24 meagwith EPMA. The
experiment was performed at 8 GPa, 1873 K and annealed foirltien. All concentrations
are given in weight percent of the oxide.

dun MgO FeO Sum|d,pm MgO FeO  Sum

100 86.36 14.03 100.39182 78.78 21.51 100.29
102 86.26 13.92 100.1p184 77.87 22.28 100.15
104 86.24 13.79 100.04186 77.29 23.29 100.58
106 86.30 13.89 100.19188 76.46 24.44 100.89
108 86.05 14.21 100.26190 74.97 25.93 100.90
110 86.50 14.09 100.59192 74.26 26.58 100.84
112 86.16 13.92 100.08194 72.88 27.12 100.00
114 86.51 14.03 100.54196 72.44 27.85 100.30
116 86.23 13.77 100.00198 71.37 28.57 99.94
118 86.26 13.73 100.00200 70.20 29.88 100.08
120 86.42 14.07 100.40202 69.59 31.06 100.65
122 86.21 14.08 100.28204 68.58 32.05 100.63
124 86.56 14.18 100.74206 68.04 32.54 100.58
126  85.98 14.07 100.06208 67.50 33.21 100.71
128 86.29 13.73 100.01210 66.55 33.57 100.12
130 86.18 13.78 99.96 212 65.59 34.86 100.45
132 86.23 13.87 100.00214 65.45 34.49 99.93
134 86.11 13.82 99.92 216 64.75 35.44 100.19
136 86.02 13.90 99.92218 63.93 35.81 99.74
138 86.03 13.65 99.68 220 63.76 37.42 101.18
140 86.02 13.97 99.98 222 62.97 37.39 100.36
142  86.15 13.77 99.93224 62.28 37.62 99.90
144  86.18 13.63 99.82226 62.00 39.05 101.05
146 86.09 14.11 100.20228 61.39 38.61 100.00
148 86.11 13.96 100.07230 60.91 39.78 100.69
150 86.04 14.00 100.04232 60.25 39.73 99.98
152 85.97 13.90 99.87234 59.96 40.22 100.17
154 85.92 1399 99.91236 59.60 40.50 100.10
156 85.91 14.40 100.31238 58.86 40.90 99.76
158 85.94 14.43 100.36240 58.47 41.46 99.93
160 85.58 14.58 100.16242 58.35 41.96 100.31
162 85.38 1451 99.89244 57.88 42.62 100.50
164 85.30 14.86 100.15246 57.47 42.72 100.19
166 84.89 15.01 99.90248 57.54 42.89 100.43
168 84.18 15.65 99.83250 56.92 43.18 100.09
170 83.75 16.39 100.15252 56.35 43.57 99.92
172 83.38 17.00 100.38254 56.22 44.30 100.52
174 82.93 17.70 100.63256 56.14 44.34 100.47
176 81.95 18.35 100.30258 55.86 44.75 100.62
178 81.21 19.48 100.6P260 55.36 45.05 100.41
180 79.99 20.20 100.19262 55.16 45.48 100.64
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Table D.6 continued.

dun MgO FeO Sum|d,pm MgO FeO Sum

264 54.84 44.77 99.61346  49.96 49.81 99.77
266 54.79 45.13 99.92 348  49.95 49.28 99.24
268 54.46 45.69 100.1p350 49.68 49.18 98.86
270 5421 4576 99.971352 49.86 49.61 99.46
272 53.78 45.80 99.58 354 4996 49.51 99.48
274  53.88 46.77 100.6pb356  49.59 50.27 99.86
276  53.75 46.16 99.90 358 49.63 49.87 99.50
278 53.43 46.19 99.62 360 49.81 49.75 99.56
280 53.14 46.17 99.31362 49.61 49.86 99.47
282 53.15 47.02 100.18364  49.71 49.88 99.59
284 53.06 46.86 99.92366 49.42 50.34 99.76
286 52.75 46.91 99.66 368  49.42 49.49 98.91
288 52.48 47.17 99.65370 49.64 50.16 99.80
290 52.46 47.60 100.06372  49.45 49.70 99.14
292 52.30 47.64 9994374 4957 50.05 99.62
294 52,01 4750 9951376 49.77 49.89 99.66
296 5194 47.88 99.82378 49.57 50.16 99.73
298 51.57 48.14 99.71380 49.44 50.20 99.64
300 51.67 47.78 99.45382 49.29 50.16 99.45
302 51.68 48.47 100.15384 49.36 50.24 99.60
304 51.62 48.16 99.79386  49.45 49.67 99.13
306 51.12 47.67 98.79388 49.53 50.02 99.55
308 51.19 48.49 99.68§ 390 49.33 50.22 99.55
310 51.09 48.48 99.57392 49,51 50.06 99.57
312 51.15 48.61 99.76 394  49.33 50.07 99.40
314 50.93 48.23 99.16 396  49.31 50.24 99.55
316 50.90 48.64 99.53398 49.39 50.40 99.78
318 50.75 48.93 99.68§ 400 49.41 49.58 99.00
320 50.67 48.79 99.46 402  49.42 49.90 99.33
322 50.67 48.97 99.64 404 49.23 50.10 99.33
324 50.67 49.18 99.86 406 49.41 50.16 99.57
326 50.55 48.74 99.29408 49.45 49.25 98.70
328 50.28 49.12 99.40410 49.54 49.59 99.13
330 50.26 48.35 98.61412 49.35 49.73 99.08
332 50.50 49.88 100.3/414  49.23 50.20 99.42
334 50.40 50.14 100.54416  49.30 50.24 99.53
336 50.32 49.34 99.66 418  49.27 49.77 99.04
338 50.32 49.75 100.0r420 49.17 49.78 98.95
340 50.03 49.50 99.53422 49.34 49.69 99.03
342  49.83 49.83 99.66 424  49.10 49.97 99.07
344  50.09 49.59 99.68 426 48.99 49.59 098.58
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Table D.6 continued.

d,un MgO FeO Sum

428  49.17 49.62 98.80
430 49.30 50.23 99.54
432  48.95 49.67 98.62
434  49.19 49.99 099.18
436  49.16 49.99 099.15
438 49.41 50.21 99.62
440 49.21 50.22 99.43




Table D.7: Profile analysis for ferropericlase shown in Fig. 5.25 meagwith EPMA. The
experiment was performed at 23 GPa, 1851 K and annealed 3omiriites. All concentra-

tions are given in weight percent of the oxide.

dum MgO FeO Sum|d,pm MgO FeO  Sum

200 87.23 1296 100.18118 55.82 45.67 101.48
198 87.48 13.45 100.98116 55.19 46.08 101.27
196 87.24 13.19 100.4p114  55.00 46.48 101.48
194 87.29 13.07 100.36112 5455 46.89 101.44
192 87.34 13.28 100.6R110 53.98 47.05 101.02
190 87.36 13.15 100.5Rp108 53.66 47.14 100.80
188 86.86 13.56 100.4B8106 53.53 47.37 100.90
186 87.71 13.50 101.21104 53.04 47.86 100.90
184 87.40 13.25 100.65102 52.92 47.84 100.76
182 87.24 13.57 100.80100 52.71 48.67 101.39
180 86.95 13.44 100.3P98 52.30 48.92 101.23
178 86.53 13.45 99.98 96 52.14 4850 100.64
176  86.43 13.97 100.4194 51.86 48.83 100.69
174  85.48 14.46 99.94 92 51.59 49.15 100.74
172  84.76 14.91 99.67 90 51.56 49.05 100.61
170  84.07 15.82 99.89 88 51.35 49.69 101.03
168 83.05 16.97 100.0286 51.33 49.40 100.73
166  83.20 18.27 101.4784 51.16 49.49 100.65
164  83.44 19.75 103.1982 51.06 49.87 100.92
162 77.02 21.88 98.90 80 50.44 49.21 99.65
160 77.66 23.72 101.3878 50.11 50.21 100.32
158 76.32 24.90 101.2P76 50.22 50.00 100.21
156 74.81 26.37 101.1874 50.04 50.04 100.08
154  73.30 28.06 101.3672 50.38 49.89 100.26
152 71.36 29.40 100.7670 50.51 50.27 100.78
150 69.72 31.23 100.9568 50.43 50.44 100.87
148 68.48 32.96 101.4B66 50.52 50.63 101.15
146  66.64 34.40 101.0464 50.47 50.84 101.31
144  65.45 35.71 101.1662 50.29 50.87 101.16
142  64.40 36.75 101.1560 50.31 50.56 100.86
140 63.22 38.23 101.4558 50.28 51.13 101.41
138 62.37 38.57 100.9456 50.30 50.58 100.88
136 61.60 39.84 101.4b54 50.23 51.06 101.29
134 60.90 39.99 100.8852 50.26 50.32 100.58
132 59.98 41.46 101.4450 50.25 51.11 101.35
130 59.45 41.59 101.0448 50.16 50.50 100.66
128 58.31 42.33 100.6446 49.95 51.01 100.96
126 57.20 43.26 100.4644 50.30 51.34 101.64
124  57.04 44.13 101.1742 50.00 51.09 101.08
122 56.39 44.69 101.0840 50.30 51.16 101.45
120 56.07 44.94 101.0138 50.02 50.54 100.56
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Table D.7 continued.

d,pm MgO FeO  Sum

38 50.02 50.54 100.56
36 49.99 50.27 100.25
34 50.28 51.42 101.70
32 50.46 51.15 101.61
30 49.85 50.80 100.65
28 50.24 51.16 101.41
26 50.20 51.22 101.43
24 50.22 50.80 101.02
22 50.10 50.76 100.86
20 50.09 51.05 101.14




Table D.8: Profile analysis for ferropericlase shown in Fig. 5.26 meagwith EPMA. The
experiment was performed at 8 GPa, 1873 K and annealed foirt@en. All concentrations

are given in weight percent of the oxide.

dun MgO FeO Sum|d,pm MgO FeO  Sum

380 98.25 0.14 98.39328 67.32 32.12 99.45
379 98.13 0.13 98.27 327 66.99 3294 99.93
375 97.99 0.21 98.20 326 66.51 32.98 99.49
374 98.42 0.20 98.62 325 66.21 33.45 99.66
372 9823 0.21 98.44 324 65.40 33.75 99.14
371 98,53 0.25 98.78 323 64.61 33.50 98.11
370 98.41 0.23 98.64 322 64.87 3456 99.43
369 98.31 0.29 9860321 64.81 3555 100.36
367 97.83 0.27 98.11320 64.21 3560 99.81
366 97.84 0.23 98.07319 63.69 35.88 99.57
360 98.17 0.56 98.73 318 63.36 36.41 99.78
359 97.64 090 9853317 62.80 36.54 99.34
358 97.38 174 99.12 316 62.84 37.25 100.08
357 96.03 254 9857315 62.17 37.70 99.86
356 95.19 3.73 9892314 61.76 37.92 99.68
355 93.74 5.33 99.06 313 6150 38.02 99.52
354 91.97 7.14 99.11 312 61.21 38.71 99.91
353 89.27 882 98.09 311 60.90 39.15 100.05
351 87.26 11.89 99.15310 60.27 39.05 99.31
350 86.23 13.38 99.61309 60.52 39.59 100.11
349 85.01 14.55 99.56 308 60.08 39.85 99.93
348 83.88 16.30 100.17307 59.81 40.14 99.95
347 8243 17.29 99.72306 59.43 40.50 99.93
346 81.46 18.14 99.59305 59.24 40.63 99.87
345 80.69 1881 99.50304 59.15 40.74 99.88
344  79.72 19.79 99.51303 59.00 41.08 100.09
343 78.97 20.76 99.73302 58.59 40.65 99.24
342 78.02 21.74 99.76 301 58.13 41.29 99.42
341 76.82 2285 99.68 300 58.38 4151 99.89
340 76.25 2343 99.68299 57.61 41.49 99.10
339 75.27 24.42 99.69298 57.97 42.02 99.99
338 7442 25.45 99.87297 57.61 42.06 99.67
337 73.74 26.33 100.06296 57.60 42.11 99.71
336 72.71 26.38 99.09 295 57.32 42.72 100.05
335 71.32 27.08 98.40294 56.89 42.66 99.55
334 71.20 28.32 99.52293 56.67 43.34 100.01
333 70.43 29.01 99.44292 56.34 42.71 99.06
332  69.72 29.92 99.64291 56.66 43.39 100.06
331 69.26 3050 99.75290 56.18 43.47 99.65
330 68.72 31.53 100.26289 55.93 43.69 99.62
329 67.85 31.89 99.74288 55.77 43.64 99.40
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Table D.8continued.

dun MgO FeO Sum|d,pum MgO FeO  Sum

286 55,51 43.91 99.43 241 51.64 47.70 99.34
285 55.34 4389 99.23240 51.87 47.88 99.74
284 5534 4429 99.63239 51.35 47.84 99.20
283 55.20 44.45 99.65238 51.65 47.56 99.22
282 55.06 44.82 99.88 237 51.49 47.81 99.30
281 55.12 4460 99.72236 51.63 47.96 99.59
280 5455 45.04 99.59 235 51.47 48.18 99.64
279 54.86 4490 99.76 234 5159 47.88 99.47
278 54.48 44.79 99.28 233 51.39 48.18 99.58
277 5415 45.07 99.21 232 51.30 48.13 99.43
276  54.25 4528 99.53231 51.39 48.46 99.84
275 5416 45.27 99.43 230 51.10 47.75 98.84
274  54.08 4523 99.32229 50.56 46.97 97.54
273 53.44 4547 98.91228 51.08 48.40 99.48
272 53.83 45.79 99.62227 50.98 48.02 99.00
271 53.33 45.68 99.01226 51.08 48.21 99.29
270 53.22 46.13 99.35 225 51.06 48.40 99.45
266 53.41 46.18 99.59 224 50.91 48.32 99.23
265 53.28 46.33 99.61 223 51.03 48.20 99.23
264  53.03 46.32 99.35222 50.78 4854 99.32
263 52.84 46.10 98.94221 51.30 48.06 99.36
262 52.89 46.43 99.32 220 50.82 48.72 99.54
261 52.47 4596 98.43219 50.88 48.40 99.28
260 52.70 46.21 98.91218 51.02 48.49 99.51
259 52,89 47.05 99.94217 50.98 48.82 99.80
258 52.65 46.63 99.28 216 51.07 48.77 99.84
257 52,96 46.83 99.80215 50.91 48.74 99.65
256 5259 47.02 99.60214 50.88 48.64 99.52
255 51.66 46.82 98.47213 50.88 48.65 99.53
254 51,99 46.86 98.86212 50.77 4890 99.67
253 52.07 47.04 99.11 211 50.76 48.68 99.44
252 52.29 47.13 99.42 210 51.03 48.54 99.57
251 52.20 47.24 99.44 209 50.78 49.02 99.80
250 52.24 47.64 99.88 208 50.99 48.85 99.83
249  52.04 4753 99.56 207 50.95 49.13 100.08
248 52.36 47.34 99.70206 50.62 48.96 99.58
247 51.97 47.46 99.43 205 50.77 48.78 99.55
246  51.96 47.67 99.63204 50.66 48.93 99.60
245 51.68 4757 99.25203 50.56 48.82 99.38
244 51,92 47.37 99.28 202 50.51 48.38 98.89
243 51.76 47.94 99.71201 50.86 49.36 100.22
242 51.81 48.30 100.11200 50.74 48.85 99.59
241 51.64 47.70 99.34




Table D.9: Profile analysis for perovskite shown in Fig. 5.36 measurdd BDX-STEM.
The experiment was performed at 25 GPa, 2023 K and annealeB3ominutes.Xresiq,
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denotes mole fraction of FeSidn (Mg,Fe)SiQy perovskite. MgO loss was corrected as

discussed in Section 5.5.4

d,Um  Xresig
0.105 0.045
0.132 0.047
0.158 0.047
0.184 0.051
0.211 0.047
0.237 0.049
0.263 0.043
0.289 0.037
0.316 0.026
0.342 0.015
0.368 0.012
0.395 0.006
0.421 0.004
0.447 0.002
0.474 0.002

0.500

0.003
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Table D.10: Profile analysis for perovskite shown in Fig. 5.37 measuritd BDX-STEM.
The experiment was performed at 24 GPa, 2133 K and annealdd30 minutes Xgesig,
denotes mole fraction of FeSiGn (Mg,Fe)SiQy perovskite. MgO loss was corrected as
discussed in Section 5.5.4

d,Um  Xresig
2.009 0.066
2.113 0.066
2.217 0.066
2.321 0.064
2.425 0.064
2.529 0.061
2.633 0.061
2.737 0.058
2.840 0.056
2.944 0.054
3.048 0.049
3.152 0.048
3.256 0.050
3.360 0.050
3.464 0.046
3.568 0.040
3.672 0.034
3.776 0.033
3.880 0.031
3.984 0.025
4,088 0.022
4,191 0.016
4,295 0.012
4.399 0.009
4503 0.007
4.607 0.007
4711 0.003
4.815 0.002

4919 0.001




Table D.11: Profile analyses for perovskite shown in Fig. 5.39 measuliddEDX-STEM.
The experiment was performed at 26 GPa, 1973 K and annealé&¥®minutes. Xgesiq,
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denotes mole fraction of FeSidn (Mg,Fe)SiQ perovskite. MgO loss was corrected as
discussed in Section 5.5.4

d,Um  Xresiq | d, MM Xresiq | d, MM Xresiq
0.0 0.107 | 1.6 0.103| 0.0 0.107
0.2 0.113| 1.7 0.079| 0.1 0.108
0.4 0.112| 1.8 0.060 | 0.2 0.106
0.6 0.115| 1.9 0.043 | 0.3 0.107
0.8 0.114 | 2.0 0.034| 0.4 0.105
1.0 0.114 | 2.1 0.020| 0.5 0.104
1.2 0.114 0.6 0.103
1.4 0.112 0.7 0.101
1.6 0.113 0.8 0.102
1.8 0.111 0.9 0.098
2.0 0.111 1.0 0.097
2.2 0.106 1.1 0.100
2.4 0.091 1.2 0.098
2.6 0.040 1.3 0.096
2.8 0.018 1.4 0.085
3.0 0.010 1.5 0.059
3.2 0.006 1.6 0.036
3.4 0.001 1.7 0.024
3.6 0.001 1.8 0.018
3.8 0.001 1.9 0.014
4.0 0.001 2.0 0.012
4.2 0.001 2.1 0.011
4.4 0.002 2.2 0.009
4.6 0.002 2.3 0.008
4.8 0.002 2.4 0.007
50 0.002 2.5 0.006

2.6 0.006

2.7 0.005

2.8 0.004

2.9 0.004

3.0

0.004
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Appendix E

Example EDX-spectra of silicate perovskite

The example spectra are taken from sample C23, annealed@®P242123 K for 720 min. In
Figure E.1 a spectrum of MgSgJperovskite and in E.2 a spectrum of (Mg,Fe)&Si&rovskite

is shown. The Mo peak appears because scatterd electromgcpriX-ray emission from the
Mo grid. In case of Cu grids, instead of Mo, Cu peaks are olesknHence, in the Vantage
software the Mo or Cu peak were considered for determinatfdhe intensities (software op-
tion "present”) but the intensities of Cu and Mo were than used for the calculation of the
absorption corrected concentrations. The relative intgon$the Mg peak especially on the Fe-
poor side of the diffusion interface indicates Mg loss dgrihe analysis (see Section 5.5.4 for
further details). In all analysis performed in this stugygstra were recorded for a lifetime of 60

seconds. The dead time was usually between 15 and 30%.

249



APPENDIX E. EXAMPLE EDX-SPECTRA OF SILICATE PEROVSKITE
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Figure E.1: Example EDX spectrum of an Fe-poor perovskite.
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Figure E.2: Example EDX-spectrum of an Fe-rich perovskite.
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