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“The great tragedy of science - the slaying of a beautiful hypothesis by an ugly fact.” 
 

Thomas H. Huxley (1825 - 1895) 
 

Or perhaps more simply… 

 

“Nothing shocks me. I'm a scientist.” 
 

Harrison Ford (1942 - ), as Indiana Jones
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Abstract 

 In this study, high-pressure multi-anvil melting experiments have been 

conducted on Fe-rich compositions between 9-40 GPa and temperatures from 840-

1700°C to investigate phase relations and element partitioning. The results can be 

used to draw conclusions about the composition and evolution of planetary cores. 

  

 Experiments which were performed on the pseudo-binary system (FeNi)-S at 

23 and 40 GPa are presented and are directly comparable to the conditions of the 

Martian core. From the results, we find the core of Mars is not completely solid and in 

the future it will crystallize in one of two ways depending on the sulphur content. At 

bulk core sulphur concentrations between 10 and 14 wt%, the core will crystallize 

iron-rich solids at the core mantle boundary, which then sink towards the centre, 

possibly forming a sedimentary agglomerate as an inner core. At 14 to 16 wt% 

sulphur, an inner core will begin to solidify as the sulphide Fe3S. As Mars’ current 

core is completely liquid, the cause for cessation of the global magnetic field present 

about 4 billion years ago was not solidification. Additionally, the source of the ancient 

magnetism could not have been a thick or thin shelled dynamo model involving a 

solid inner core, as no such core existed. 

 

 The behaviour of minor elements as the Earth’s inner core crystallizes has not 

been widely examined in previous studies. As a step towards this understanding, 

partitioning of P, S, Cr, Mn, Fe, Co and Ni between solid iron and sulphide melt has 

been assessed at 9, 15 and 23 GPa. The results show modest, though significant, 

fractionations. Metallic species have Dsolid/liquid values ranging between 0.56-1.18. The 

two lighter elements generally show lower partition coefficients of approximately 

0.03 for S and between 0.2-0.7 for P. Results from the first row transition metals 

follow a lattice strain model previously only employed on partitioning data in silicate 

systems. Using the model predicatively, we are able to estimate the partition 

coefficients of all the first row metals and predict the magnitude of fractionation 

occurring at the inner core boundary of the Earth. 

 

 Phosphorous is a non-metal element expected to reside in planetary cores at 

concentrations of 0.2-0.5 wt% based on cosmochemical arguments. As a non-metal it 
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has the potential to affect core phase relations significantly as compared with metal 

elements. The iron-rich portions of the Fe-P and Fe-P-S systems have been 

determined at 23 GPa. No new phases are observed in either system at high pressure, 

with the ternary Fe-P-S system displaying a simple cotectic relationship between the 

Fe-P and Fe-S high pressure binary phase eutectic points. At subsolidus conditions, 

there is a solid solution between Fe3P and Fe3S, with the cotectic assemblage as Fe + 

Fe3(P,S) + Liquid. At higher temperatures, phosphide and sulphide liquids in the 

system are miscible and coexist with solid iron. The high solubility of phosphorus in 

solid iron along with its miscibility in Fe3S and sulphide liquids at high pressures, 

combined with the minor concentrations expected in planetary cores, indicate 

phosphorous will not form a distinct phase in the Earth’s core. 

 

 In addition to advancements related to planetary cores, we present the results 

of two technical studies, the first is the development of the novel multi-anvil assembly 

used throughout this thesis to reach pressures of 23 GPa. The assembly is based on the 

common 6/8 Walker-type configuration of wedges and cubes and uses octahedron and 

tungsten carbide cube truncation edge lengths of 10 and 3.5 mm, respectively. The 

assembly has an axially placed thermocouple through the octahedral centre allowing 

two samples to be present at identical high pressure-temperature conditions on either 

side of the thermocouple during a run. The temperature gradient within the sample 

locations has been well characterized using two-pyroxene thermometry in the 

CaO-MgO-SiO2 system and numerical modeling calculations showing a maximum of 

100ºC temperature variation across a typical sample. The assembly maintains stable 

temperatures and provides low failure rates. Secondly, we have attempted to calibrate 

the JOEL JXA-8200 electron microprobe available at ETH Zurich for carbon analysis 

in carbon bearing iron samples. We find the optimum conditions for analysis to be 

10 kV acceleration voltage and 90 nA beam current, however statistical analysis of 

the results indicates detection limits at or above 0.2 wt% carbon with two sigma errors 

also of at least 0.4 wt%. With Fe-C eutectic compositions predicted to be below 

2 wt% carbon at pressures above 20 GPa, errors using this analytical technique are too 

large to establish a well constrained iron-rich liquidus loop. 
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Zusammenfassung 

 In der vorliegenden Arbeit wurden Hochdruckschmelzexperimente in einer 

Vielstempelpresse bei Drücken von 9-40 GPa und Temperaturen von 840-1700°C an 

Fe-reichen, metallischen Zusammensetzungen durchgeführt, um Phasenbeziehungen 

und Elementverteilungen zu bestimmen. Die Resultate werden verwendet um 

Rückschlüsse auf die Evolution und Zusammensetzung von Planetenkernen zu ziehen.  

 

 Experimente im pseudobinären System FeNi-S, die bei Drücken von 23 und 

40 GPa durchgeführt wurden, sind direkt vergleichbar mit den Bedingungen des 

Kerns des Planeten Mars. Die Resultate zeigen, dass der Kern des Mars nicht 

vollständig verfestigt ist und dass er, abhängig vom Schwefelgehalt, in Zukunft auf 

eine von zwei Weisen kristallisieren wird. Bei Gesamtschwefelkonzentrationen des 

Kerns von 10-14 Gew% kristallisiert eine eisenreiche Phase an der Kern – Mantel 

Grenze, die dann zum Zentrum des Kerns absinken könnte, um ein sedimentäres 

Agglomerat als inneren Kern zu bilden. Bei Schwefelkonzentrationen von 

14-16 Gew% kristallisiert ein innerer Kern bestehend aus Fe3S Sulfid. Da der Kern 

des Mars derzeit flüssig ist, kann das Abklingen des globalen magnetischen Feldes 

vor ca. 4 Millarden Jahren nicht auf die Kristallisation des Kerns zurückgeführt 

werden. Die Quelle des ehemaligen Magnetismus kann ausserdem nicht in einem 

dick- oder dünnwandigen Dynamomodell, welches einen festen inneren Kern 

involviert, begründet liegen, da dieser nicht existierte. 

 

 Das Verhalten von Nebenelementen während der Kristallisation des Erdkerns 

wurde in früheren Arbeiten nicht detailliert betrachtet. Um dieses Verhalten besser zu 

verstehen, wurde die Verteilung von Cr, Mn, Co, P und S zwischen Eisen und 

Sulfidschmelze bei 9, 15 und 23 GPa untersucht. Die Resultate zeigen eine geringe, 

jedoch signifikante Verteilung aller Elemente. Die Verteilungkoeffizienten der 

Üebergangsmetalle lassen sich durch ein „Lattice-Strain“ Modell beschreiben, das 

bisher nur in silikatischen Systemen angewandt wurde. Anhand dieses Modells lassen 

sich die Verteilungskoeffizienten der Übergangsmetalle der ersten Reihe voraussagen 

und den Grad der Fraktionierung an der inneren Kerngrenze bestimmen. 

 

 Phosphor ist ein Nichtmetall von dem aus kosmochemischen Gründen 

angenommen wird, dass es mit 0.2-0.5 Gew% im Kern vertreten ist. Im Gegensatz zu 

Metallen hat Phosphor als Nichtmetall das Potential Phasenbeziehungen von 
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Kernschmelzen signifikant zu beinflussen. Die eisenreichen Seiten der Systeme Fe-P 

und Fe-P-S wurden bei 23 GPa untersucht. Eswurden keine neuen Phasen gefunden. 

Das ternäre System Fe-P-S zeigt eine einfache kotektische Beziehung zwischen den 

Eutektika der binären Systeme Fe-P und Fe-S. Unter Subsolidusbedingungen existiert 

eine feste Lösung zwischen Fe3P und Fe3S mit einem Kotektikum bestehend aus 

Fe+Fe3(P,S) + Schmelze bei höheren Temperaturen. Die hohe Löslichkeit von 

Phosphor in festem Eisen, zusammen mit der Mischbarkeit mit Fe3S und Eisen-

Schwefel Schmelzen sowie der gering erwarteten Konzentration von Phosphor in 

Planetenkernen, macht es unwahrscheinlich, dass dieses Element eine seperate Phase 

im Erdkern bildet. 

 

 Abgesehen von den Ergebnissen in Bezug auf Planetenkerne beinhaltet diese 

Arbeit zusätzlich zwei Abschnitte über technische Entwicklungen. Die Entwicklung 

einer Vielstempel-Druckzeille liess es zu, Experimente von 23 GPa für die 

vorliegende Arbeit durchzuführen. Das Setup basiert auf einem gängigen Walker-

Design Vielstempel-Modul in Kombination eines Oktaeders von 10 mm Kantenlänge 

und auf 3.5 mm beschnittene Wolfram-Karbid Würfel. Die Druckzelle beinhaltet ein 

Thermoelement, das in der Mitte des Oktaeders liegt, sodass auf beiden Seiten des 

Thermoelements Proben identischen Druck- und Temperaturbedingungen ausgesetzt 

werden können. Der thermische Gradient im Probenbereich wurde mit Zwei-Pyroxen 

Thermometrie im System CaO-MgO-SiO2 und nummerischen Berechnungen 

bestimmt. Die Druckzelle lässt Versuche unter stabilen Temperaturbedingungen bei 

einer geringen Fehlerrate zu. 

 

 Im zweiten technischen Teil wurde versucht die Elektronenstahlmikrosonde 

der ETH Zürich für die Kohlenstoffanalyse an eisenhaltigen Proben zu kalibrieren. 

Die besten Ergebisse dieser Art von Analyse wurden mit einer 

Beschleunigungsspannung von 10 kV und einem Strahlstrom von 90 nA erreicht. 

Statistische Analysen deuten jedoch auf eine Nachweisgrenze von 0.2 Gew% 

Kohlenstoff mit einem 2-Sigma Fehler von mindestens 0.4 Gew% hin. Da für das 

Eutektikum im System Fe-C bei hohen Drücken ein Kohlenstoffgehalt von unter 

2 Gew% vorausgesagt wird, sind die Fehlergrenzen für die Analyse zu gross um 

Zweiphasengebiete präzise zu bestimmen. 
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1.1 General Introduction 

The nature of the Earth and its planetary neighbours is a great topic of both 

scientific and philosophical study. How planets form and evolve has been a 

cornerstone subject since the beginning of scientific thought. What most probably 

goes on below the surface of all the terrestrial planets has been significantly 

uncovered by direct observation of our own planet Earth. The primary source for 

internal information is through the science of seismology, by examining how seismic 

waves propagate through the planet after an earthquake. Decoding this information 

has resulted in the modern understanding of the main features of the Earth’s interior 

(Figure 1.1a), typified by a thin silicate crust overlying a plastic silicate mantle, which 

encloses a metallic core, itself divided into a solid inner and liquid outer portion [1]. 

Models for the other terrestrial planets have followed closely with that for the Earth, 

all containing silicate crusts and mantles with metallic cores [2-4]. The work 

presented in this thesis relates to the nature of these metallic cores in planets. 
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Figure 1.1 a) Cross-section of the earth showing its internal structure, the crust is too 
thin to appear distinguished from the solid black line outlining the edge of the mantle 
at this scale; b) the preliminary reference Earth model (PREM) indicating the velocity 
of primary (Vp) and secondary (Vs) seismic waves through the Earth, along with the 
estimated density (ρ) required to account for these observations (both figures 
modified after Dziewonski and Anderson (1981) [1]) 
 

 With the physical and chemical attributes of the Earth’s core a primary theme 

in modern geosciences, understanding has progressed relatively quickly. As such, 

several important reviews of the state of knowledge have been published. While in 

this introduction I will briefly summarize some important aspects of general interest 

with regards to the content of this thesis, it is in no way exhaustive and I would point 
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the reader to the works of Li and Fei (2004) [5], McDonough (2004) [6] and Poirier 

(1994) [7] for more complete information. 

 

In 1952, Birch [8] was the first to compare seismic data with estimated high 

pressure mineral properties and concluded the liquid outer core to be “liquid iron, 

perhaps alloyed with a small fraction of lighter elements”. Subsequent work 

confirmed the outer core did indeed consist dominantly of iron [9, 10], however the 

density of the core was calculated to be approximately 10% lower than the density of 

pure iron at similar conditions. Subsequent data on iron have confirmed the 

discrepancy [11] as have data on iron-nickel alloys [12]. This density deficit is 

attributed to the presence of major concentrations of elements lighter than iron in the 

core. While the acceptance of the presence of a ‘light’ element component in the core 

is broadly universal, the actual identification of the light element(s) is still greatly 

debated. 

 

 The uncovering of the light component in the core is both of geochemical and 

geophysical importance for numerous reasons in varied disciplines. Perhaps of most 

general importance is that the characterization of the component for the Earth, at 

relevant temperatures and pressures, would lead to understanding of how the inner 

and outer cores are related physically and chemically to each other and to the mantle. 

In addition to discovering the chemistry of a large portion of a planet [13], important 

conclusions can also be drawn on: geodynamo formation and upkeap [14, 15], the 

temperature conditions at the core-mantle (CMB) and inner core (ICB) boundaries 

[16], and the significance of isotopic age estimates of the Earth [17].  Knowledge of 

light elements would also provide a strong constraint on how the core formed and thus 

how the Earth was accreted and subsequently matured. 

 

 The grail of core-targeted high pressure experimentation is to discover an iron-

nickel-light element combination that, at inner-core boundary pressure, can account 

for the observed velocity and density values of the inner and outer core of the Earth as 

revealed by seismology and mass considerations (Figure 1.1b). The velocity values 

are then also used to estimate bulk density values for the material the wave travels 

through. A step towards understanding the Earth’s core has come in the study of 
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Mars. Conveniently enough, Mars is of such a size whereby its core-mantle boundary 

pressure is obtainable by many multi-anvil laboratories, and even conditions at its 

centre can be achieved at the ETH Zurich multi-anvil facility (Chapter 2). While the 

Earth remains a planet with such a size that extrapolation of current multi-anvil and 

diamond anvil data is required, Mars constitutes a terrestrial planet of advantage. Both 

the accessibility of Martian pressures and temperatures, some geophysical knowledge 

of the planet (unfortunately excluding seismology for the moment), and the belief that 

Mars shares a similar accretion history with the Earth, provides an ideal analog 

specimen for research [18-20]. Thus, along with the independent value of conclusions 

that can be drawn for Mars itself, we also step closer to understanding how planets 

work and move towards better solving the questions we still face on the Earth. 

 

 The bulk compositions of both the Earth and Mars have been estimated from 

the comparison of cosmochemical work on meteorite compositions with 

determinations of volatile loss of certain elements from an accreting planet [21, 22]. 

With reasonable estimates for bulk mantle composition, calculation of the core 

composition should amount to simple arithmetic. However within these data there are 

large enough errors to allow the dominant light element component of the core to be: 

Hydrogen, Carbon, Oxygen, Silicon, and Sulphur [23]. This thesis has focused on 

sulphur as the primary light element component. 

 

 Previous research on sulphur as the light element in the core has resulted in the 

determination of the iron-rich portion of the phase diagram up to 25 GPa [24] (Figure 

1.2). Three new sulphur compounds have been identified to stabilize at high pressures, 

Fe3S2 (above ~14 GPa), Fe2S (above ~20 GPa) and Fe3S (above ~20 GPa). Boehler 

[25] previously reported Fe-S eutectic temperatures to 62 GPa from diamond anvil 

cell experiments. However, the stabilization of higher order sulphides was unknown at 

the time and thus his results using a 1:1 mixture of Fe and FeS (18.2 wt% S) likely 

measure peritectic melting temperatures of the Fe3S-Fe3S2-Liquid invariant point (see 

Figure 1.2, 21 GPa), highlighting the difficulties involved in determining phase 

relations in situ with diamond anvil cells and also explaining the higher reported 

eutectic temperatures as compared to later multi-anvil quench experiments [24, 26]. 

The Fe3S phase has been closely studied to determine its equation of state both at 
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room temperature [26] and more recently also to high temperature [27]. Iron + 

10 wt% sulphur liquids have also been examined at high pressures and their equations 

of state have been determined [28, 29]. In addition to the numerous equation of state 

determinations for iron [30-33], the iron-rich side of the Fe-S eutectic system has now 

been quite well studied and characterized to 25 GPa in terms of both the phase 

relations and the physical properties of the three phases occurring at the high-pressure 

eutectic point: Fe, Fe3S and Fe-S liquid. 
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Figure 1.2 - Simplified versions of the iron-rich portion of the Fe-S binary phase 
diagrams at 1 bar [34]; 14 GPa (modified from [35]); 21 GPa [26]; 25 GPa [24]. 
(Redrawn after Li and Fei (2004) [5]) 
 

 Data on the high-pressure phase relations of the Fe-S system in the presence of 

other relevant elements are scarce, limited to the studies of the Fe-O-S system [36, 37] 

and Fe-S-Si [38]. While many other core-important systems have been determined at 

atmospheric pressures, most notably by Raghavan (Fe-Ni-S [39], Fe-O-S [40], Co-Fe-

S[41], Cr-Fe-S [42], Fe-Mn-S [43] and C-Fe-S [44]), but also through work by others 
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(Fe-Ni-S [45] and C-Fe-S [46]), the utility of the low pressure phase diagrams is 

limited for iron-sulphur systems due to the stability of the higher order sulphides with 

increased pressure. Within this context I have attempted to expand the knowledge of 

how other elements behave within the contexts of the Fe-S system at high pressure, 

and how the system adapts to their presence. 

 

1.2 Objectives and Approach 

 There are two broad goals of this thesis: 1) to move closer to understanding 

the phase relations of realistic chemical systems possible in planetary cores through 

high pressure experimentation; and 2) to advance the technical ability for reaching the 

high-pressure, high-temperature conditions required for such studies and our ability to 

analyze and characterize the run products of the experiments. The first objective was 

achieved by expanding previous knowledge in two ways, both by expanding the 

pressure-temperature conditions over which the Fe-S system is characterized (Chapter 

2) and by the addition of other important elements into the simple binary system, 

thereby examining the, previously unknown, partitioning and effect on phase relations 

(Chapters 3 and 4). The second objective was approached by improving, through trial 

and error, existing designs of multi-anvil apparatus (Chapter 5) and electron 

microprobe calibration for the analysis of carbon in samples from the Fe-C system 

(Chapter 6). This thesis has been formatted as individual stand-alone chapters, some 

of which accepted, submitted, or to be submitted for publication. As such, each 

chapter provides a comprehensive introduction to the topic discussed and we will only 

quickly introduce each chapter here. 

 

1.3 Chapter Introductions 

Chapter 2 is a manuscript detailing the results of the first multi-anvil results 

into the Fe-S and Fe-Ni-S system to 40 GPa, the pressure at the centre of Mars. The 

new data have opened fresh possibilities for the ways in which a planetary cores 

evolve and crystallize. A major advancement in this article is the successful technical 

development of the split-sphere multi-anvil device employing sintered diamond cubes 

to reach 40 GPa at high temperatures. 
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Chapter 3 reports the results of high-pressure experiments on solid iron – 

iron-sulphide liquid partitioning of elements important in planetary cores: P, S, Cr, 

Mn, Fe, Co and Ni. The results are a first step towards understanding how minor 

elements in planetary cores behave as sulphur-bearing liquid cores crystallize. 

 

Chapter 4 provides high pressure data into the Fe-P-S system. Phosphorous is 

expected to be present in the Earth’s and other planetary cores at ~0.5 wt% levels 

based on cosmochemical abundances [21] and is non-metallic, thus may potentially 

have much more significant effects on Fe-S phase relations and densities as compared 

with the other trace metals thought to exist in planetary cores. It has also been 

suggested that, as the low pressure Fe3P phase is isostructural with the Fe3S 

compound stable only at high pressure, there may be a solid solution between the two 

[26]. 

 

Chapter 5 presents the conclusion of the development of a perovskite-pressure 

reaching, 10/3.5 mm multi-anvil assembly. The assembly was characterized for 

temperature gradients and maximized for sample number and volume within a high 

compression ratio setup. The assembly described was the cornerstone of the research 

undertaken in the bulk of the work presented in this thesis 

 

Chapter 6 provides details for the optimization the ETH Zurich JOEL 

JXA-8200 electron microprobe for the analysis of carbon in the Fe-C system. 

Acceleration voltage, current and method of quantification are all addressed along 

with several carbon-specific problems for microprobe analysis. Statistical analysis for 

detection limits and errors are calculated to provide an estimate as to how accurate 

results using the methodology described would be. 
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Abstract 

 The current state and future evolution of the metallic Martian core is a 

substantial question in planetary sciences1,2. We have performed high-temperature 

experiments in the iron-sulphur and iron-nickel-sulphur systems to pressures 

prevailing at the centre of Mars. Our results, combined with compositional models for 

the Martian core3-5, indicate that the core is currently completely liquid, implying that 

the ancient core dynamo that caused strong magnetization 4 billion years ago still 

observed in the Martian crust6,7 did not terminate as a result of core solidification. Our 

data show that Mars will not form an outwardly crystallizing iron-nickel inner core as 

does the Earth. Instead, depending on core composition, continued cooling of the 

planet will lead to inner core formation following either a ‘raining core’ model 

whereby iron-rich solids nucleate in the outer portions of the core and sink towards 

the centre to form an inner core, or a ‘sulphide inner core’ model where (Fe,Ni)3S 

crystallizes to form a solid inner core. The compositional buoyancy associated with 

inner core growth in either model would aid future resurrection of a dynamo-driven 

magnetic field on Mars.  

 

2.1 Introduction 

For Mars, the presence of a metallic core dominated by iron, nickel and sulphur 

is well established3-5, however due to the absence of seismic data and direct samples 

from the planet’s core, the composition, thermal evolution, and physical state of the 

core are hotly debated. The Mars Global Surveyor mission has allowed detailed 

refinement of the geophysical data available for the planet. The precise determinations 

of the moment of inertia8 to C/MR2 = 0.3635 +/- 0.0012 and the Love number2, k2, to 

0.153 +/- 0.017 have provided a strong constraint on structural models of the planet, 

requiring a core radius of 1520-1840 km, comparing to a mean planetary radius of 

3390 km. The same tidal data also indicate that the present-day metallic core is not 

completely solid2, but consistent with a range of possibilities between an entirely 

liquid and a highly solidified core with only a small outer liquid region1. The 

evolution through time of the physical state of the Martian core is particularly 

important in view of the recent identification6,7 of highly magnetized highland rocks 

in the southern hemisphere, pointing to the presence of a strong, transient magnetic 

field in the Noachian period (~ 4 Ga ago) generated by flow of metallic fluid in the 
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Martian core. The mechanism that caused subsequent cessation of the magnetic field 

is one of the fundamental unknowns in the evolution of the Martian interior9 and 

depends critically on the physical state of the core. 

 

The core-mantle boundary of Mars occurs at approximately 23 GPa10 and 

1800 K13. High pressure experiments into the Fe-S system11 reaching these conditions 

indicate relatively low eutectic melting temperatures as compared with calculated 

temperature profiles, termed areotherms, through the planet12-14. This implies that at 

least the outer core is in a liquid state10. Here we present data extending to pressures at 

the centre of Mars, estimated to be around 40 GPa and 2200 K, thereby constraining 

the physical state of the entire Martian core. 

 

Using high-pressure multi-anvil devices, we have investigated the Fe-rich 

portions of the binary Fe-S and pseudo binary (Fe,Ni)-S systems at 23 and 40 GPa. 

While experiments at 23 GPa were performed in a traditional uni-axial multi-anvil 

device with static lateral confinement15, such systems are limited to pressures below 

25-28 GPa due to the compressive strength of the tungsten carbide cubes employed as 

anvils. Anvils made of sintered diamond are much harder, but cannot be used in a uni-

axial configuration, as the highly non-isotropic compression of the cubes combined 

with the low shear strength of the sintered diamond composites cause complete 

breakage of the cubes. Instead, multi-anvil experiments with sintered diamond cubes 

are possible using a spherical hydrostatic multi-anvil device. In such a device, 

developed in Japan16,17 after the original work of Baltzar von Platen in the 1940s, the 

outer steel wedges combine to a spherical shape and are enclosed in a rubber shell 

which is then pressurized in oil, providing a hydrostatic arrangement for the diamond 

composite anvils in the centre of the wedges. Such an apparatus was constructed in 

our laboratory and is employed in this study for experiments reaching 40 GPa. 

 

2.2 Results and Discussion 

The Fe-S system preserves its eutectic behaviour as observed to 25 GPa11 also to 

40 GPa (Fig. 2.1; Supp. Table 1). At 40 GPa, the eutectic melting temperature of the 

Fe-S system is found to be 1520 K, i.e. 800 K lower than pure iron melting at that  
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Figure 2.1 – The Fe-S (squares) and (Fe,Ni)-S (triangles) phase diagrams at 23 GPa 
and 40 GPa. Liquid phases are closed and solid phases open symbols. 1σ errors are 
indicated. Temperatures for melting of pure iron are from Boehler18. Pure Fe-Ni 
melting temperatures at both pressures are based on the melting depression from pure 
Fe of roughly 80 K observed at 1 atmosphere for Fe64Ni36. The shaded region is the 
estimated bulk Martian core composition3-5.  
 
pressure18 and only 200 K higher than the eutectic temperature at 23 GPa. The 

eutectic melt composition shifts from 16 wt% sulphur at 23 GPa to 12 wt% at 40 GPa. 

No new phases are observed in the system. At temperatures below the eutectic, Fe is 

found to coexists with Fe3+xS2
19, however we believe the Fe3S phase found 

crystallizing at 23 GPa remains stable as a subsolidus phase to 40 GPa, though it is 

not present in our experiments due to the kinetics of our short run durations and the 

relatively low temperatures involved. The effect of nickel on the binary Fe-S system 

was evaluated by replacing 36 wt% of iron by nickel (Fe:Ni = 16:9). This addition of 

nickel has no effect on the phases observed or the eutectic nature of the system as 

compared to the Fe-S system, nickel appears to substitute for iron in all phases. This 

addition lowers eutectic temperatures at both 23 and 40 GPa by approximately 125 K, 

widening the liquidus loop slightly by increasing the sulphur content of the eutectic 

melt by one weight percent. Assuming eutectic temperature varies linearly with nickel 

content, nickel at cosmochemically reasonable concentrations (~ 8 wt%4) will lower 

the eutectic temperature by approximately 30 K, having only a minor effect on the 

sulphur content of the eutectic composition. The solubility of sulphur in the solid Fe-

Ni metal phase increases exponentially with pressure to 25 GPa11; however, our 
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results indicate this trend does not continue to higher pressures with solubility at 23 

and 40 GPa reaching maximums of only 1.6 and 1.8 wt% sulphur respectively. 

 

The effect of pressure on the eutectic temperature and composition in the 

(Fe,Ni)-S system controls crystallization during cooling, and thus the evolution of the 

internal structure of the Martian core over time (Fig. 2.2). Estimates of the sulphur 

content in the bulk Martian core, obtained by comparing the chemical compositions of 

Martian meteorites with those of other primitive meteorites, range from 10.6 to 

16.2 wt%3-5. These concentrations encompass the eutectic melt compositions at 

various core pressures. Core liquidus temperatures are thus highly lowered compared 

to the melting temperature of pure iron. Because the eutectic composition shifts to 

lower sulphur contents with pressure, the Martian core composition cannot match the 

eutectic composition over the entire range of core pressures. Within the above range 

of sulphur concentrations, the lowest sulphur content would lead to the highest 

liquidus temperatures at Martian core pressures, decreasing from 1920 to 1840 K with 

increasing pressures (Fig. 2.2). Comparing calculated Martian areotherms with 

liquidus temperatures for the expected range of possible core compositions, it is 

highly unlikely that the Martian core holds a crystallizing solid inner core (Fig. 2.2). 

The addition of other components in the metallic core, be it additional ‘light’ elements 

or one of the minor metallic constituents, will most likely lead to even lower 

crystallization temperatures and hence further increase the temperature discrepancy 

between liquidus and areotherm. 

 

Although it is not evident that crystallization of the Martian core has begun, 

Mars continues to cool, and the core will begin to solidify in the future. In Earth, 

crystallization at the inner core boundary takes place at very high pressure (330 GPa) 

and is dominated by the effect of pressure on freezing temperatures. This results in 

crystallization of Fe-Ni metal at the highest pressure, outward from the centre of the 

planet. Our new data show that such a crystallization regime is impossible for Mars: 

the dP/dT slope of the eutectic temperature, 12 K/GPa, is significantly smaller than 

the Martian core adiabat of at least 25 K/GPa10,13. The areotherm may lie below the 

liquidus only at relatively lower pressures, such that partial crystallization can occur 

near the core-mantle boundary, but not at greater depths. 
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Figure 2.2 – The effect of pressure on the Fe-S and (Fe,Ni)-S systems. Eutectic 
melting temperatures for (Fe,Ni)-S with Fe:Ni of 10.6:1 are shown as a dashed line. 
Eutectic temperature inflections around 14 and 20 GPa are due to the stabilization of 
Fe3S2 and Fe3S above these pressures. Temperatures for liquidus loop intersections 
(i.e. first crystallization) presented in figure 2.1 for core sulphur contents of 
10.6 wt%3, 14.2 wt%4, and 16.2 wt%5 are presented. The 16.2 wt% curve has a 
positive slope due to its sulphur content higher than the eutectic. The estimated 
areotherm of Fei and Bertka10 (FB05) is presented along with calculated estimates13 of 
the core areotherm based on core-mantle boundary temperature determinations 
BF9712, WN0413, and HP0214. Pressure of the core-mantle boundary, the mantle 
solidus and the melting curve of pure iron10 are given for reference. 
 

Core crystallization with bulk sulphur contents between 10-14 wt% will begin at 

the core-mantle boundary. From figure 2.1, we deduce that, due to the lowering of 

eutectic sulphur concentrations with pressure, the iron-rich liquidus curve maintains 

similar temperature profiles as pressure increases. Changes in liquidus temperatures at 

constant sulphur concentrations over these pressures are less than 50 K, but the 

adiabatic increase in core temperature towards the centre is more than 300 K (Fig. 

2.2). Hence the adiabat will first cross below the liquidus temperature at lower 

pressure, thereby resulting in crystallization of (Fe,Ni) with up to 1.8 wt% dissolved 

sulphur at the core-mantle boundary. The equations of state for γ-iron20 and Fe-S 

liquid with 10 wt% sulphur21,22 can be used to approximate the densities of the 

coexisting phases we expect from our experimental results for crystallization on the 

iron-rich side of the eutectic. γ-iron is denser than the coexisting liquid, having a 

density increasing from 9.4 to 10.5 g/cm3 across core pressures at 2050 K20 compared 

with a coexisting Fe-S liquid with a maximum density of 6.9 to 7.7 g/cm3 across core 

pressures over the temperature range 1773-2123 K21. Thus, any solid iron-rich phase 
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crystallizing from the sulphur-bearing liquid should sink within that liquid, leading to 

our ‘Raining Core’ hypothesis. In an equilibrium situation, these solid Fe-Ni droplets 

would re-dissolve while sinking, but their fate depends also on the kinetics of re-

melting and the vigour of convection. Indeed, the functionality of convective currents 

bringing the solid precipitates deep into the core along colder downwellings can be 

imagined to provide much faster decent times that allowable by Stokes’ law. As core 

temperatures decrease with time, it is possible that an inner Fe-Ni core will form as a 

metastable sedimentary agglomerate of sinking iron-rich solids (Fig. 2.3a). The liquid 

portion of the core will then become progressively enriched in sulphur, until finally 

the core will complete its crystallization rapidly from a eutectic liquid crystallizing 

both (Fe,Ni) and (Fe,Ni)3S. 

 

A second crystallization regime for the Martian core arises if the bulk sulphur 

content is towards the higher end of current estimates, i.e. on the sulphur-rich side of 

the eutectic. Although our dataset is limited in this compositional range, the dP/dT 

slope of the liquidus on this side of the eutectic composition is steeper as the eutectic 

composition moves away from the bulk composition, such that crystallization will 

first occur at high pressures. Unlike the Earth, because these Martian melts would 

have compositions on the S-rich side of the eutectic, they will first crystallize an inner 

core of (Fe,Ni)3S (Fig. 2.3b). The equation of state for Fe3S19,23 indicates a density 

increasing from 7.7 to 8.2 g/cm3 over the Martian core pressure range, with no 

significant variation in density between 1600-2100 K at the same pressures23. The 

densities calculated above for a Fe-S liquid with 10 wt% sulphur (6.5-7.7 g/cm3) 

provide maximum values of densities for all liquids with >10 wt% sulphur, as 

increasing S-contents will decrease the density. Hence, the crystallizing, relatively 

heavier, (Fe,Ni)3S would remain at the centre of the core. Removing (Fe,Ni)3S from 

the liquid core will cause the residual liquid compositions to evolve towards the high 

pressure eutectic, finally forming a crystallizing outer Martian core composed of 

(Fe,Ni) and (Fe,Ni)3S with an inner core composed of (Fe,Ni)3S. 
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Figure 2.3 – Possible scenarios for the crystallization of the Martian core; a) Raining 
core hypothesis; b) Sulphide inner core hypothesis. The crust thickness is not drawn 
to scale. 
 

With a fully molten state of the present day Martian core, a solid inner core 

can be excluded for the early Noachian period (~ 4 Ga) when the highly magnetized 

highland rocks of the southern hemisphere formed6,7. This implies that the Noachian 

magnetic field was generated by very rigorous core convection, unlike any thick or 

thin shell dynamo models applied to the modern Earth24,25. With the onset of large-

scale core crystallization, the release of latent heat and gravitational energy may 

provide enough energy to initiate increased convection within the liquid portion of the 

core. It is possible that this convection, over time, can re-establish a dynamo resulting 

in the generation of a second period with a strong global Martian magnetic field. 

 

2.3 Methods 

2.3.1 Experimental 

The starting material in the Fe-S system was a powdered mechanical mixture of 

pure iron with 6 wt% pure sulphur. In nickel bearing experiments, 6 wt% sulphur was 

mechanically mixed with Fe64Ni36 Invar© alloy powder. Starting materials were 

ground in agate under ethanol for 30 minutes to homogenized the material and ensure 

a fine grain size. Samples were then loaded into MgO capsules. Each experiment at 

23 GPa was conducted in a Walker-type multi-anvil apparatus15 employing 

Cr2O3-doped MgO octahedra and WC cubes. Octahedron edge and cube truncation 

lengths were 10 mm and 3.5 mm respectively26. Experiments at 40 GPa were 

conducted in a Kawai-type split sphere oil bath apparatus16 with the use of 14 mm 

edge length sintered diamond cubes holding a 7 mm MgO octahedra within cube 

truncations of 2 mm. Pressure was calibrated by room temperature phase transitions in 
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ZnS, GaP and Zr. Hot calibration was made on the Mg2SiO4 phase transition from 

ringwoodite to magnesium silicate perovskite + periclase27. We estimate the errors in 

our pressure calibrations to be +/- 1 GPa at lower pressure and +/- 2 GPa at 40 GPa. 

Temperatures were measured using W-Re Type C thermocouples. Axial 

thermocouple placement through the straight lanthanum chromate furnace of both 

assemblies provided two symmetrical sample locations, thereby allowing two sample 

charges to be present in each experimental run26. 

 

2.3.2 Analytical 

After the quenching of each experiment, resulting phases were analyzed using a 

JOEL JXA-8200 electron microprobe. Samples from conditions within the liquidus 

loop of the system typically show 2 phases: one sulphur-rich phase with dendritic 

growths interpreted to be the former liquid and a second sulphur-poor phase 

interpreted to be the solid residuum from melting11. In some partially molten 

experiments, sub-solidus sulphur phases can be observed in colder regions of the 

capsule. Defocused electron beam sizes up to 50 µm were used for the analysis of the 

quenched liquids to avoid analytical errors related to the quench texture. In 40 GPa 

experiments near the eutectic, small sample sizes combined with small liquid 

proportions required the averaging of multiple focused beam analysis points, errors 

are thus higher for the liquids in these experiments. A focused beam was used on all 

unmelted phases. 



 
Chapter 2   Liquid Core of Mars 

20 

References 

1. Stevenson, D. J. Mars' core and magnetism. Nature 412, 214-219 (2001). 
2. Yoder, C. F., Konopliv, A. S., Yuan, D. N., Standish, E. M. & Folkner, W. M. 

Fluid core size of mars from detection of the solar tide. Science 300, 299-303 
(2003). 

3. Lodders, K. & Fegley Jr., B. An oxygen isotope model for the composition of 
mars. Icarus 126, 373-397 (1997). 

4. Wänke, H. & Dreibus, G. Chemical composition and accretion history of 
terrestrial planets. Philos. Trans. R. Soc. London, Ser. A 325, 545-557 (1988). 

5. Sanloup, C., Jambon, A. & Gillet, P. A simple chondritic model of Mars. 
Phys. Earth Planet. In. 112, 43-54 (1999). 

6. Acuña, M. H. et al. Global distribution of crustal magnetization discovered by 
the Mars Global Surveyor MAG/ER experiment. Science 284, 790-793 
(1999). 

7. Connerney, J. E. P. et al. Magnetic lineations in the ancient crust of Mars. 
Science 284, 794-798 (1999). 

8. Sohl, F., Schubert, G. & Spohn, T. Geophysical constraints on the composition 
and structure of the Martian interior. J. Geophys. Res. 110, 
doi:10.1029/2005JE002520 (2005). 

9. Solomon Sean, C. et al. New Perspectives on Ancient Mars. Science 307, 
1214-1220 (2005). 

10. Fei, Y. & Bertka, C. M. The interior of Mars. Science 308, 1120-1121 (2005). 
11. Li, J., Fei, Y., Mao, H. K., Hirose, K. & Shieh, S. R. Sulfur in the Earth's inner 

core. Earth Planet. Sci. Lett. 193, 509-514 (2001). 
12. Bertka, C. M. & Fei, Y. Mineralogy of the Martian interior up to core-mantle 

boundary pressures. J. Geophys. Res. B 102, 5251-5264 (1997). 
13. Williams, J.-P. & Nimmo, F. Thermal evolution of the Martian core: 

Implications for an early dynamo. Geology 32, 97-100 (2004). 
14. Hauck, S. A. & Phillips, R. J. Thermal and crustal evolution of Mars. J. 

Geophys. Res. 107, doi:10.1029/2001JE001801 (2002). 
15. Walker, D. Lubrication, gasketing, and precision in multianvil experiments. 

Am. Mineral. 76, 1092-1100 (1991). 
16. Kawai, N. & Endo, S. The generation of ultrahigh hydrostatic pressures by a 

split sphere apparatus. Rev. Sci. Instrum. 41, 1178-1181 (1970). 
17. Ito, E., Kubo, A., Katsura, T., Akaogi, M. & Fujita, T. High-pressure 

transformation of pyrope (Mg3Al2Si3O12) in a sintered diamond cubic anvil 
assembly. Geophys. Res. Lett. 25, 821-824 (1998). 

18. Boehler, R. Temperatures in the Earth's core from melting-point 
measurements of iron at high static pressures. Nature 363, 534-536 (1993). 

19. Fei, Y., Li, J., Bertka, C. M. & Prewitt, C. T. Structure type and bulk modulus 
of Fe (sub 3) S, a new iron-sulfur compound. Am. Mineral. 85, 1830-1833 
(2000). 

20. Besson, J. M. & Nicol, M. An equation of state of γ -Fe and some insights 
about magnetoelastic effects on measurements of the α-γ-ε triple point and 
other transitions. J. Geophys. Res. 95, 21,717-21,720 (1990). 

21. Balog, P. S., Secco, R. A., Rubie, D. C. & Frost, D. J. Equation of state of 
liquid Fe-10 wt % S: Implications for the metallic cores of planetary bodies. J. 
Geophys. Res. 108, doi:10.1029/201JB001646 (2003). 



 
Chapter 2   Liquid Core of Mars 

21 

22. Sanloup, C. et al. Density measurements of liquid Fe-S alloys at high-pressure. 
Geophys. Res. Lett. 27, 811-814 (2000). 

23. Seagle, C. T., Campbell, A. J., Heinz, D. L., Shen, G. & Prakapenka, V. 
Thermal equation of state of Fe3S and implications for sulfur in Earth's core. J. 
Geophys. Res. 111, doi:10.1029/2005JB004091 (2006). 

24. Heimpel, M. H., Aurnou, J. M., Al-Shamali, F. M. & Gomez Perez, N. A 
numerical study of dynamo action as a function of spherical shell geometry. 
Earth Planet. Sci. Lett. 236, 542-557 (2005). 

25. Sakuraba, A. & Kono, M. Effect of the inner core on the numerical solution of 
the magnetohydrodynamic dynamo. Phys. Earth Planet. In. 111, 105-121 
(2000). 

26. Stewart, A. J., van Westrenen, W., Schmidt, M. W. & Melekhova, E. The 
effect of gasketing and assembly design: A novel 10/3.5mm multi-anvil 
assmbly reaching perovskite pressures. High Pressure Res. (2006). 

27. Fei, Y. et al. Experimentally determined postspinel transformation boundary in 
Mg2SiO4 using MgO as an internal pressure standard and its geophysical 
implications. J. Geophys. Res. 109, doi:10.1029/2003JB002562 (2004). 

 
 

Acknowledgements 

We gratefully thank E. Ito for his insight into multi-anvil design as well as his 

hospitality in Japan. We also thank Andrew Jackson for a helpful review of the 

manuscript. This work was supported by the Swiss National Science Foundation, 

grant numbers 2100-066903-01/1 and 200020-103722/1. 



 
Chapter 2   Liquid Core of Mars 

22 

 Supplementary Table 1 – Summary of the experimental dataset 

Run System 
P 

(GPa) T (K) 
time 
(min) S(Fe,Ni)

1 Sliquid
1 Ssulphide

1 
82 Fe-S 23 1218 120 0.22 (0.10)  15.88 (0.20) 
86 Fe-S 23 1273 120 1.01 (0.26)  15.96 (0.11) 
89 Fe-S 23 1298 90 0.48 (0.18)  16.20 (0.29) 
103 Fe-S 23 1333 90 1.71 (0.27) 16.16 (0.32)  
131 Fe-S 23 1873 240 0.53 (0.01) 12.04 (0.48)  
130 Fe-S 23 1973 60 0.43 (0.15) 7.13 (0.46)  
81 Fe-Ni-S 23 1113 960 0.08 (0.03)  15.92 (0.08) 
94 Fe-Ni-S 23 1173 1260 0.79 (0.29)  15.72 (0.19) 
110 Fe-Ni-S 23 1223 240 1.61 (0.32) 17.08 (0.36)  
86 Fe-Ni-S 23 1273 120 1.62 (0.37) 16.48 (0.13)  
79 Fe-Ni-S 23 1323 20 1.29 (0.59) 16.37 (0.33)  
87 Fe-Ni-S 23 1373 60 0.90 (0.22) 16.79 (0.97)  
128 Fe-Ni-S 23 1773 60 0.57 (0.03) 13.76 (0.33)  
Da048 Fe-S 40 1323 20 0.07 (0.05)  22.51 (0.16)2 
Da055 Fe-S 40 1473 20 0.04 (0.03)  22.91 (0.64)2 
Da050 Fe-S 40 1553 11 1.30 (0.53) 12.10 (0.21)  
Da048 Fe-Ni-S 40 1323 20 0.04 (0.03)  24.34 (1.50)2 
Da058 Fe-Ni-S 40 1473 30 1.81 (0.04) 13.12 (2.89)  
Da050 Fe-Ni-S 40 1553 11 0.85 (0.82) 12.99 (0.49)   

 

1 concentrations in wt %, the numbers in brackets indicate one sigma errors of 
multiple analyses 

2 (Fe,Ni)3+xS2 is thought to be present due to kinetic limitations in these short, 
relatively low temperature runs, (Fe,Ni)3S is believed to be the equilibrium phase 
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Abstract 
 The partitioning coefficients of P, S, Cr, Mn, Fe, Co and Ni between face-

centred cubic (fcc) γ-Fe and Fe-S liquid have been experimentally determined at 9, 15 

and 23 GPa. The results show modest, though significant, fractionations between the 

two phases with the metal elements having Dsolid/liquid values in the range 0.56-1.18. 

Phosphorous and sulphur range in Dsolid/liquid from 0.23-0.66 and 0.02-0.04 

respectively and are solubility-controlled. We have modified the crystal lattice strain 

model in common use for silicate partitioning and applied it to this metal-sulphide 

system. The results of the first row transition metals are well reproduced by their 

deviance from the ideal site size as predicted by the model. This suggest the solid 

structure is more important in determining the partitioning coefficients of the metallic 

atoms than the liquid structure. Applying our model to the conditions found at the 

inner core boundary we predict there will be modest fractionation of the first row 

metal elements (Sc to Zn) present in the core. Only Fe, Co and perhaps Ni will 

fractionate into the inner core, while all the other first row metals will be 

preferentially excluded and concentrate into the liquid outer core. 

 

3.1 Introduction 

 In the absence of direct samples, estimations for the bulk composition of the 

Earth’s core rely on a combination of cosmochemical, geochemical and seismological 

data. Current models (e.g. Allegre et al., 1995; McDonough, 2004) favor a bulk core 

dominated by Fe-Ni metal (80-85 wt% Fe, 5 wt% Ni), with ~ 10 wt% consisting of 

one or more light elements (H, C, O, Si, and/or S). As the crystallization process 

responsible for the formation of the Earth’s inner core proceeds, elements will 

partition between the liquid and solid. The fractionation of these elements between 

solid and liquid phases causes compositional buoyancy in the liquid outer core, which 

may have been essential for the development, and continuing presence, of the Earth’s 

magnetic field (Labrosse, 2003). 

 

 Although many studies have quantified how elements partition between solid 

and liquid metal (see Chabot and Jones, 2003 for a review), these experiments have 

mainly been performed at atmospheric pressure. The existing high-pressure studies 

have focused either on sulfur, in order to test bulk core compositional models (Li et 

al., 2001), or have focused on the behaviour of selected siderophile elements often not 
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directly related to core chemistry (platinum group elements (PGEs): Fleet and Stone, 

1991; Au, Ni, P and Ge: Jones and Walker, 1991; PGEs, Ni and P: Walker, 2000). 

The partitioning of minor core elements between the solid inner and liquid outer 

regions of the Earth’s core at high pressure are as yet unknown. Quantitative 

information on high-pressure minor element partitioning between solid and liquid 

metal is crucial to test claims (Brandon and Walker, 2005) of very large, very early 

fractionations of minor elements during solid core crystallization. 

 

 In this study we have determined the effect of pressure and temperature on the 

metallic solid-sulphide liquid partition coefficients of P, Cr, Mn, Co and Ni, minor 

elements estimated to be present in Earth’s core at concentrations above 0.1 wt% 

(McDonough, 2004). We develop a theoretical model to relate our measurements to 

physical processes taking place during element exchange between solid and liquid 

metals. Previous models, based on 1 atm data alone, have focused exclusively on the 

role of liquid as the control for partitioning systematics, assuming the solid metal 

composition has no effect on partitioning (Walker, 2000). Here, we show that the 

nature of the solid phase has a major effect on partitioning.  

 

3.2 Methods 

 Starting material was synthesized from pure powders of Fe, Fe66Ni34, Cr, Mn, 

Co, FeP, and S, then ground under ethanol for 30 minutes before being drying under 

an infrared lamp (Table 1). Though 1 atm data (Chabot et al., 2003) have shown that 

element partitioning varies with light element component in the liquid metal, such 

comparisons may be misleading, as the sulphur content of the liquid is an invariant 

value set by the temperature and pressure within the phase diagram involved. Thus we 

use the same starting material for all experiments, placed within the most iron-rich 

liquidus loop of the Fe-S binary system (Fei et al., 2000; Li et al., 2001). The 

phosphorous-content in our starting material is low, similar to concentrations expected 

for the Earth’s core, and will have little effect on the Fe-S phase relations (Chapter 4, 

this thesis). 

 



 
Chapter 3   Metal-Sulphide Partitioning 

26 

Table 1 – Starting material and estimated bulk Earth core compositions. 

  
Starting 
Material 

McDonough & 
Sun (1995) 

McDonough 
(2003)a 

Allègre et al. 
(1995)a 

Fe 87.5 wt% 87.50 85.5 79.39 
P 0.4 0.50 0.2 0.369 
Ni 5.4 5.40 5.2 4.87 
Cr 0.9 0.95 0.9 0.779 
S 5 5.00 1.9 2.3 
Co 0.4 0.26 0.25 0.253 
Mn 0.4 0.50 0.03 0.582 

a both of these estimations include significant Si and/or O concentrations 

 
 Experiments were performed with a Walker-type multi-anvil device at ETH 

Zurich (Walker, 1991). Pressures of 9 and 15 GPa were generated using an assembly 

with octahedron edge and cube truncation lengths of 14 mm and 8 mm respectively 

(Mosenfelder et al., 2000), while 23 GPa was obtained using an assembly with 10 mm 

and 3.5 mm octahedron edge and cube truncation lengths (Chapter 5, this thesis). 

Samples were contained in polycrystalline MgO capsules during the runs. 

Experiments were brought up to pressure and then heated to the desired temperature at 

a rate of 50 K/min. Samples were quenched by turning off the power to the lanthanum 

chromite furnace, reducing the temperature to below 500 K in less than 1 second. 

 

 Recovered samples were mounted in epoxy and polished to a 1 micron 

finish. Carbon-coated polished sections were then analyzed by JEOL JXA-8200 

electron microprobe at ETH Zurich. All samples displayed the typical dendritic 

growth of crystals normally observed (e.g. Li et al., 2001) for Fe-S liquids after 

quenching, along with a second phase free of dendrites - the unmelted sample portion 

(Figure 3.1). Quantitative analyses of the quenched liquids were performed with a 

defocused electron beam up to 50 µm in diameter to account for the dendritic texture 

in the liquid quench, a focused beam was used on the unmelted phase. Microprobe 

operating conditions were 20 kV and 20 nA with standards of pure elemental metals 

for Fe, Ni, Cr, Co and Mn along with pyrite and apatite standards for S and P 

respectively. Mg and O were also analysed for quantification of the capsule material 

and as possible contaminants in the metal charge; standards were periclase and 

hematite. Nernst Fe solid–sulphide liquid partition coefficients, Dsolid/liquid
i, were 

calculated from the data in weight percent values of the element, i, concerned. 
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100 m�

 
 

Figure 3.1 – Backscattered electron image of experiment 120 (15 GPa, 1673K). The 
quenched liquid shows the characteristic dendritic growth texture. 
 
 
 

3.3 Results and Discussion 

The experimental results are presented in Table 2. Experimental conditions all 

lie in the range where pure Fe and Fe+Ni occur in the face-centered cubic structure 

(fcc, γ-Fe; Boehler, 1993a; Huang et al., 1988). Experiments were run for 1-41 hours 

with temperatures stable to within +/- 5 K to ensure equilibration of the sample 

charges. Majewski and Walker (1998) performed a series of experiments into the Fe-

Ni-S-P system at 1 GPa and observed, at both similar scale and temperatures to our 

experiments, diffusion rates fast enough to reorganize the sample material and 

separate the solid and liquid portions of the charge in less than 20 minutes. Thus our 

experiments should be well homogenized. The analyses of both solid and liquid metal 

phases were quite homogeneous for the elements P, Fe, Co and Ni. Mn, and in some 

experiments S and Cr, show signs of slight heterogeneity as indicated by their larger 

relative sigma error values (Table 2). 



Table 2 – Experimental conditions, phase compositions and calculated partition coefficients. 1σ errors are given in parentheses. 
Run Number 117   118   120   122   123   129   
P (GPa) 23  23  15  15  23  9  
T (K) 1673  1573  1673  1573  1773  1523  
time (hrs) 1   5   15   40   6   41   
 Wt% Wt% Wt%  Wt% Wt% Wt%

Fe-Solid             
  Fe  93.92 (0.49) 93.07 (0.63) 93.79 (0.22) 94.51 (0.22) 94.19 (0.47) 95.45 (0.27) 
  P  0.39 (0.01) 0.39 (0.01) 0.26 (0.01) 0.25 (0.02) 0.35 (0.02) 0.17 (0.01) 

  Ni  5.02 (0.14) 5.32 (0.07) 5.28 (0.05) 5.33 (0.06) 5.31 (0.05) 5.27 (0.05) 
  Cr  0.50 (0.10) 0.82 (0.20) 0.44 (0.02) 0.39 (0.04) 0.67 (0.04) 0.30 (0.03) 
  S  0.51 (0.09) 0.49 (0.06) 0.25 (0.01) 0.20 (0.01) 0.51 (0.01) 0.15 (0.01) 

  Co  0.42 (0.01) 0.41 (0.01) 0.41 (0.01) 0.42 (0.01) 0.41 (0.01) 0.41 (0.01) 
  Mn  0.26 (0.07) 0.32 (0.12) 0.09 (0.01) 0.10 (0.03) 0.25 (0.04) 0.04 (0.01) 

Fe-S Liquid        
  Fe  81.67 (1.15) 80.12 (0.76) 84.20 (1.18) 82.82 (0.80) 82.19 (0.68) 85.37 (0.78) 
  P  0.62 (0.03) 0.59 (0.02) 0.81 (0.06) 0.80 (0.05) 0.61 (0.02) 0.74 (0.04) 

  Ni  4.97 (0.14) 5.39 (0.09) 5.43 (0.14) 5.48 (0.20) 5.35 (0.06) 5.59 (0.11) 
  Cr  0.89 (0.18) 1.26 (0.03) 0.69 (0.13) 0.62 (0.14) 1.15 (0.03) 0.38 (0.05) 
  S  11.78 (1.10) 12.83 (0.62) 9.57 (1.16) 10.98 (0.80) 11.39 (0.69) 8.82 (0.76) 

  Co  0.36 (0.01) 0.36 (0.01) 0.37 (0.02) 0.36 (0.01) 0.35 (0.02) 0.37 (0.02) 
  Mn  0.35 (0.09) 0.30 (0.01) 0.12 (0.03) 0.10 (0.01) 0.26 (0.01) 0.06 (0.02) 

Dsolid/liquid        
  Fe  1.15 (0.02) 1.16 (0.01) 1.11 (0.02) 1.14 (0.01) 1.15 (0.01) 1.12 (0.01) 
  P  0.63 (0.04) 0.66 (0.03) 0.31 (0.03) 0.31 (0.03) 0.58 (0.03) 0.23 (0.02) 

  Ni  1.01 (0.04) 0.99 (0.02) 0.97 (0.03) 0.97 (0.04) 0.99 (0.02) 0.94 (0.02) 
  Cr  0.56 (0.16) 0.65 (0.16) 0.64 (0.13) 0.62 (0.15) 0.58 (0.04) 0.78 (0.13) 
  S  0.04 (0.008) 0.04 (0.005) 0.03 (0.003) 0.02 (0.002) 0.04 (0.003) 0.02 (0.002) 

  Co  1.18 (0.05) 1.14 (0.05) 1.13 (0.06) 1.16 (0.03) 1.18 (0.08) 1.12 (0.07) 
  Mn  0.74 (0.27) 1.06 (0.41) 0.74 (0.20) 1.02 (0.31) 0.96 (0.15) 0.80 (0.29) 
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There is evidence of significant interaction of Cr, Mn and Fe with the MgO 

sample capsule (Figure 3.2a). There appears to be a halo around the sample charge in 

the capsule of Cr and Mn enriched MgO (Figure 3.2b), with the concentrations of 

both elements significantly higher in the capsule material than that residing in the 

metallic sample charge. Iron is found in the sample capsule at up to about 5 wt% and 

likely represents an FeO component dissolving into the MgO. The iron concentration 

decreases away from the sample charge (Figure 3.2a). Co also shows a slight presence 

in the area of the capsule directly contacting the sample, but does not pervade into the 

capsule as substantially as Fe, Cr or Mn. The other studied elements show negligible 

concentrations in the capsule. The contamination effect is expected to be largely time 

and temperature dependant and the longer experiments do indeed show significant Cr 

and Mn loss (Table 2). We do not expect this loss to have a substantial effect on 

calculated partitioning values, with the exception of higher reported errors in their 

values due to the lower absolute concentrations measured. 
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Figure 3.2: Electron microprobe transects from the Fe-S sample charge into the MgO 
capsule. 
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The partitioning results for the minor elements and nickel show small, but 

significant, fractionation between solid iron and iron-sulphide liquid to occur at high 

pressures (Table 2). Of the elements studied, there is no strong variation in partition 

coefficients with temperature and only phosphorous indicates any significant pressure 

effect. Partitioning coefficients for Ni and Cr may also display minor trends with 

pressure, however these trends fall within the inaccuracy of the measurements. Over 

the pressure-temperature range investigated, Fe, Co and possibly Ni partition 

preferentially into the solid fraction with Dsolid/liquid values above 1. 

 

 In partially molten silicate systems, the lattice strain model (Blundy and 

Wood, 1994; Blundy and Wood, 2003) has allowed the development of predictive 

models in which knowledge of the partitioning behaviour of one element suffices to 

predict the behaviour of other elements entering the same crystal lattice site. These 

models have shown the importance of crystal lattice strain in determining the 

energetics of the exchange of elements between solid and molten silicate. Although 

parameterizations exist to predict solid-liquid metal D values for single elements 

(Chabot and Jones, 2003), to date no models are available that link differences 

between the partitioning behaviour of different elements through one theoretical 

framework in metallic systems. Furthermore, the predictive models for single 

elements that do exist ignore the solid metal as a possible controlling variable, 

focusing instead on the importance of melt composition and structure. 

 

 We have modified the lattice stain model (Blundy and Wood, 2003) to test its 

applicability to partially molten metallic systems. The most significant difference 

between silicate and metal partitioning modeling is the absence of ionic bonding, 

hence ionic radii cannot be reliably used as a proxy for atom or site size. Here we use 

atom sizes of uncharged, neutral species (hereafter termed neutral radii) calculated by 

Clementi et al. (1967). Compared to silicate systems this provides a substantial 

simplification as there are no heterovalency complications.  
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 The resulting model equation is  

 

( ) ( )

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡
+

•=
RT

r-r
3
1r-r

2
r

EN4-
exp  D  D

3
0(M)i

2
0(M)i

0(M)
MA

0(M)i

π
 

 
 Where Di and ri are the distribution coefficient and radius of an atom with 

neutral radii i, D0(M) is the strain-compensated partition coefficient of an atom with 

neutral radius r0(M), the ideal radius for site M, NA is Avogadro’s number, EM the 

apparent Young’s modulus of the crystallographic site in the solid metal where the 

elements reside, R the gas constant and T the temperature (in Kelvin). The model was 

applied to each experiment separately with D0, r0 and EM determined through as a 

non-linear fit (Figure 3.3). Remarkably, the metallic elements Ni, Co, Fe, Mn and Cr 

display the exact same near-parabolic structural site relationship between atom radius 

and solid-liquid partition coefficient as observed in silicates (Blundy and Wood, 

2003). 

 

 Over our experimental range of conditions there is no significant variation in 

D0, the strain-compensated partition coefficient, at 1.15 +/- 0.01. The consistent ideal 

site radius, r0, of 1.547 +/- 0.002 Å closely matches the radius of iron, 1.56 Å 

(Clementi et al., 1967). The variation in Young’s modulus, E, from 81-141GPa with 

errors up to 41 GPa each, averaging to 115 +/- 12 GPa over our experiments, agrees in 

order of magnitude with the Young’s modulus at atmospheric pressures for iron of 

~ 200 GPa (Panakkal et al., 1990), possibly moderately weakened by the 

incorporation of light element impurities. The well formed parabolas on the Onuma 

diagrams (Figure 3.3) at similar peak radii is indicative of the various metallic atoms 

all entering into the same crystallographic site in the solid, replacing Fe itself, and 

additionally provides evidence that all these elements are complexed into the metallic 

melt in the same fashion. The relatively small difference in neutral radii between the 

metals, as compared with elements partitioning in silicate systems, is evident in the 

small absolute values of the partitioning coefficients, varying less than one order of 

magnitude. From the point of view of geochemical models of core composition, our 

observation implies that accurate knowledge of a Dsolid/liquid value of only one of the 

elements shown in figure 3.3 is sufficient to predict the partitioning behaviour of other 

elements under the same conditions.  
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Figure 3.3: Lattice strain models for each of the experimental runs. Note the larger 
errors on Mn and Cr. 
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Figure 3.4 – Onuma diagrams for low pressure iron-sulphide partitioning data of 
Chabot et al. (2003). a) Data for the first row metals (square symbols with dashed 
parabola) with our results at 23GPa and 1773 K indicated for comparison (solid line 
with circles); b) low pressure data for the third row metals. 
 

 A preliminary evaluation of low-pressure data (Chabot et al., 2003) suggests 

the same parabolic trends dominate partitioning data at these conditions as well. 

Figure 3.4a displays the low pressure data together with our results. Compared to our 

high pressure data, the site radius shows little variation, there is a minor increase in 

the peak D value, but most obvious is the closing of the parabola limbs, defined by 

Young’s modulus. The narrower parabola indicates a higher value for apparent 

Young’s modulus of the Fe site. This observation can be explained by the negligible 

sulphur solubility in iron metal at atmospheric pressures compared to the 1-2 wt% 

sulphur solubility at our conditions (Li et al., 2001a); Chapter 2, this thesis). The 

presence of sulphur should locally distort the metallic structure, thereby leading to 

lowered Young’s modulus. An Onuma diagram of the third-row elements examined 

by Chabot et al. (2003) (Figure 3.4b) again records the parabolic relationship between 

atom size and partitioning coefficient, but the occupied site is significantly larger than 

that of iron. Therefore, these larger elements are not incorporated into the solid phase 

by simple replacement of Fe and another crystallographic position must occur in the 

solid and/or liquid structure, at least at low pressures, thus also explaining the 

different absolute Dsolid/liquid values as compared to the first row metals. Care, certainly 

at low pressure, must be taken in selecting the elements to apply to a particular 

Onuma relationship. As the effect of pressure on the site-occupation of the various 

rows of transition metals is unknown, we limit ourselves here to discussion of the first 

row metals. 
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 The non-metals, sulphur and phosphorous, do not fit the lattice strain model. 

This is not surprising, as these elements are much smaller than the others and cannot 

replace iron in the metallic structure. Their partition coefficients are instead 

determined by their solubility in the solid metal. As noted above, at ambient 

conditions sulphur is not soluble in iron, but increases its solubility with increasing 

pressure. Phosphorus however, is soluble at ambient conditions to a maximum of 

2.6 wt% in pure Fe, but also increases its solubility with pressure (Chapter 3, this 

thesis). As the solubilities of both of these elements is dependant on pressure, and also 

should be strongly correlated with temperature as indicated by their binary phase 

diagrams with iron, the partition coefficients for these elements presented here should 

only be extrapolated with great care and we have not made an attempt to make any 

such extrapolations. 

 

 Extending our results to the inner core boundary (ICB), we can predict the 

composition of the inner and outer cores assuming sulphur is the major light element 

component. As there were no systematic changes in partitioning values with pressure 

in our experiments, we have directly applied the average parabola of the results from 

15 and 23 GPa experiments to the bulk composition of the core. The main limitation 

of this estimation is the prediction that at the Earth’s core conditions, solid iron will 

not be present as the face centred cubic structured γ-Fe phase of our experiments, but 

hexagonally close packed ε-Fe, or double hexagonally close packed β-Fe (Saxena et 

al., 1996). The effect of iron phase changes on partitioning behaviour is unknown, 

though given the minor absolute differences in partitioning, our results at least provide 

a first approximation for the magnitude of fractionations that can be expected in a 

metal-sulphide liquid system such as the Earth’s core. Thus we proceed, though with 

caution to the reader on the uncertainties in this calculation. As the model parabola is 

predictive of partition coefficients, we can also estimate the values for elements not 

included in this study but expected to reside in the core at trace levels (McDonough, 

2004) replacing iron. We limit our application of the model to the first row metals 

(Table 3). This is necessary as, mentioned above, one atmosphere observations 

indicate third row metals, and thus perhaps the fourth row metals as well, may not 

follow the same method of incorporation into the solid or liquid phases. The greatest 

fractionation is on the limbs of the parabola, where the atom will not fit well into the 
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crystal lattice, this is most evident for the estimates of V, Cr and Cu. As the raw 

partition coefficients reveal, fractionation of the first row transition metals is 

relatively modest. 

 

Table 3 – Estimated partitioning and elemental concentrations in the solid and liquid 
portions of the Earth’s core. 
Element Atomic Radii (Å) Bulk (ppm) Dsolid/liquid a Inner Core Outer Core
V 1.71 150 0.28 44 156
Cr 1.66 9000 0.58 5332 9193
Mn 1.61 300 0.93 280 301
Fe 1.56 855000 1.10 935821 850746
Co 1.52 2500 1.08 2689 2490
Ni 1.49 52000 1.00 52000 52000
Cu 1.45 125 0.73 92 127

 

a D solid metal/liquid sulphide values estimated based on the average parabola of our results 
 

3.4 Conclusions 

We have adapted the crystal-lattice strain model commonly exploited for 

silicate-silicate melt partitioning results for use in metallic systems. While the 

absolute values of fractionations are much smaller than those observed in silicate 

systems, there is still significant partitioning between the solid and liquid phases. In 

our model for inner core crystallization, we predict, with the exception of Cr, only 

minor fractionation between metallic elements present at both major and minor 

concentrations. More significant fractionation is expected for Cr and the trace 

elements V and Cu whose atomic size should cause problems for incorporation into 

the solid iron phase. As this study only examines the iron in the fcc structure, the true 

values may differ significantly in a hexagonally-close packed inner core. Our 

hypothesis can be tested by confirming the partition coefficients derived for elements 

predicted by our model. 
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Abstract 

 Phosphorous is an important element believed to be present in the Earth’s 

core. As a non-metal its solubility in iron is limited and it will form phosphides at 

high concentrations. Here we present experimental results for the iron-rich portions of 

the Fe-P binary and Fe-P-S ternary systems at 23 GPa. We find no new phases in the 

Fe-P system with the Fe-Fe3P-Liquid eutectic point occurring at 9 wt% P and 1275ºC 

at 23 GPa with up to 4 wt% P dissolved in the solid. The ternary Fe-P-S system at 

23 GPa displays a simple cotectic relationship between the Fe-P and Fe-S high 

pressure binary phase eutectic points. At subsolidus conditions, there is a solid 

solution between Fe3P and Fe3S, with the cotectic assemblage as Fe + Fe3(P,S) + 

Liquid. The high solubility of phosphorus in solid iron along with its miscibility in 

Fe3S and iron-sulphur liquids at high pressures combined with expectation of only 

minor concentrations of phosphorous in planetary cores indicate phosphorous will not 

form a distinct phase in the Earth’s core. 

 

4.1 Introduction 

 The Earth’s core is dominated by iron and nickel, in a 16.4:1 weight-ratio, 

along with one or several light element components (McDonough, 2004). In addition 

to the major elements, cosmochemical abundance ratios require minor concentrations 

of Co, Mn, Cr and P along with trace concentrations of numerous other metals to be 

present in the core (Allègre et al., 1995; McDonough, 2004). The metallic 

components readily alloy with iron and, at the low expected concentrations, should 

have little effect on core phase relations. However, the non-metal phosphorus may 

significantly change melting temperatures and the compositions of coexisting liquids 

and solids. Phosphorus is a light element which is unambiguously present in the core 

due to its prominent deviation below the volatility trend when comparing natural 

chondritic abundances with the concentrations estimated for the silicate earth 

(McDonough, 2004). McDonough and Sun (1995) estimated core phosphorus 

concentrations of 0.50 wt% based on Ni/P ratios of 10 +/- 1 as found in CI chondrites, 

while Allegre et al (1995) estimated 0.369 wt% on the basis of Fe/Ca and P/Ca ratio 

variation within a suite of chondrite classes. More recent examination of CI chondrite 

data (McDonough, 2004) resulted in the somewhat lower estimate of 0.20 wt% P. 

While phosphorus is present at <1 wt% levels in the core, another light element, or 
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combination of light elements, must also be present at concentrations of several wt% 

to account for the observed density deficit (Anderson and Isaak, 2002; Birch, 1952). 

A candidate accounting for at least part of the additional light component is sulphur, 

which is estimated to be present in the core at concentrations between 2 and 8 wt% 

(Anderson and Isaak, 2002; Li and Fei, 2004; Sherman, 1997). 

 

 
 

Figure 4.1 – Simplified Fe-P phase diagram at 1atm  (Baker, 1992; Zaitsev et al., 
1995) compared to the 21 GPa phase diagram of Fei et al (2000). Both figures have 
been redrawn for easier comparison. 
 

 Schreibersite is a mineral commonly occurring in meteorites and is a solid 

solution between Fe3P and Ni3P end members (Skála and Císařová, 2005). The crystal 

structure of Schreibersite has been determined as I 4  (ibid.) and, at least the Fe3P end 

member, is stable to a minimum 54 GPa (Santillan et al., 2004). Fe3S is stable above 

21 GPa (Fei et al., 2000) and occurs to at least 57 GPa at room temperature (Lin et al., 

2004), but because of the minimum pressure necessary, Fe3S has not been observed 

naturally. Structural determinations by Fei et al. (2000) indicate that Fe3S belongs to 

the same tetragonal space group I 4  as schreibersite. The striking similarities between 

the atmospheric Fe-P phase diagram (Zaitsev et al., 1995) and the high pressure Fe-S 

phase diagram (Figure 4.1) in conjunction with the isostructural relationship between 

Fe3P and Fe3S lead Fei et al. (2000) to suggest phosphorous may be easily 

incorporated into Fe3S. These similarities also suggest that high pressure phase 

relationships in the iron-rich portion of the ternary, Fe-P-S, system may be relatively 

simple. In this paper we have determined the phase relation in the iron-rich portions of 

the Fe-P binary and Fe-P-S ternary systems, both at 23 GPa, with the aim of further 
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constraining the nature of metallic cores in the Earth, along with other rocky planets 

and planetary bodies. 

 

4.2 Methods 

 High-pressure experiments were performed at ETH Zurich in a 1000 ton 

Walker-type 6/8 multi-anvil press (Walker, 1991) with the 10/3.5 mm assembly 

described in Chapter 5 of this thesis. Starting materials were prepared from 

mechanical mixtures of pure iron, pure sulphur and FeP powders. The powders were 

ground in ethanol using an agate mortar and pestle for 30 minutes to homogenize the 

sample and ensure fine grain sizes. Three sample materials were prepared, one for the 

binary phase diagram as (in wt %) Fe95P5, and two materials for the ternary 

experiments: Fe94P1.5S4.5 and Fe94P4.5S1.5. These three compositions were chosen to 

fall within the expected iron-rich liquidus loop in their respective systems at 

experimental temperatures. 

 

 During the experiments, samples were contained in MgO capsules. The axial 

thermocouple positioning in the 10/3.5 mm assembly design allows for two samples 

to be exposed to pressure-temperature conditions simultaneously, thereby 

dramatically reducing the number of necessary experiments (see Chapter 5). All runs 

were performed at 23 GPa, with temperatures in each experiment between 1000-

1600ºC. Samples were pressurized first over 2.5 hours, followed by isobaric heating 

to the experimental temperature. Conditions were held constant for up to 40 hours. 

Experiments were then quenched by switching off furnace power, with sample 

temperatures reducing to below 500ºC in less than 1 second as recorded by the WRe5-

WRe26 (Type C) thermocouple. The multi-anvil module was then decompressed and 

the entire octehedra recovered and mounted in epoxy. With careful polishing through 

the assembly, both samples were exposed simultaneously for analysis. Samples were 

carbon-coated and analyzed by JOEL JXA-8200 electron microprobe at ETH Zurich 

with operating conditions of 20 kV and 20 nA. Fe, S, and P were analyzed by 

wavelength dispersive spectrometry (WDS) employing analytical standards of pure 

iron, pyrite and apatite, respectively. Magnesium and oxygen were also analyzed as 

potential contaminants, using periclase and hematite as standards, though no 
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significant contamination of the charges was observed. Peak and background counting 

times were 20 and 10 seconds respectively. 

 

100 m�

 
Figure 4.2 – Backscattered electron image of experimental charge 125b, into the Fe-P-
S system at 1300ºC and 23 GPa. 
 

 Phases in quenched samples were examined by backscattered electron imaging 

(Figure 4.2). Quenched liquids were identified texturally in all our systems by typical 

dendritic growth crystals as described by Li et al (2001) in the Fe-S system. Our solid 

Fe-rich residua commonly also displays the non-uniform texture Li et al (2001) 

reported and attributed to the electron channeling effect on the polycrystalline sample 

with variable grain orientations. We assume the same process is occurring in our 

charges. To ensure representative compositions were measured, 10-40 µm defocused 

beam sizes were used on the quenched liquids to average out the effect of quench-

induced growth crystals, focused beam sizes were used for the solid phases. In some 

runs, a third sulphide or phosphide phase in addition to the iron-rich crystalline and 

liquid phases was present in the colder region of the capsule, away from the 

thermocouple sitting in the hot spot of the assembly. We interpret these solids as a 

product of the temperature gradient in our samples resulting in the cold-regions 

crystallizing subsolidus phases. The presence of such phases should not affect the 

liquid-solid equilibrium and have not been considered in this study. 

 



 
Chapter 4  Fe-P-S System 

43 

4.3 Results 

4.3.1 Binary Systems 

 A summary of our results into the iron-rich portion of the Fe-P binary is 

presented in Table 1. Up to 4 wt% phosphorus was found to dissolve in crystalline 

iron at 23 GPa. This compares to 2.6 wt% of phosphorus dissolving at atmospheric 

pressures (Zaitsev et al., 1995). The eutectic liquid composition and temperature 

change with increasing pressure, from 10.5 wt% P and 1048ºC at atmospheric 

pressures (Zaitsev et al., 1995) to 9 wt% P and 1275ºC at 23 GPa (Figure 4.3a). As a 

consequence the liquidus loop narrows by simultaneously increasing P solubility in 

iron and decreasing P concentration in the eutectic liquid, this behaviour is analogous 

to the pressure effect on the Fe-S system (Fei et al., 1997; Li et al., 2001; Chapter 2, 

this thesis). Below the eutectic, the iron-rich portion of the Fe-P system crystallizes to 

Fe + Fe3+xP. The origin of slight excess iron (Table 1) as compared to the ideal Fe3P 

structure, 15.6 wt% P, is unknown, but a similar excess was noted in the Fe3S phase 

observed in the 21 GPa Fe-S study by Fei et al. (2000). The relatively minor changes 

in the Fe-P system with pressure preserves its similarities with the high pressure Fe-S 

system and continues to suggests a relatively simple high pressure ternary phase 

diagram. 

 
Table 1 – Results of experiments in the Fe-P system at 23 GPa. Values are in wt%. 
Run 
Number T (ºC) time (hrs) Psolid Pliquid Pphosphide 
116 1200 14 2.30 (0.17)  13.61 (0.07) 
124 1250 15 2.86 (0.24)  14.48 (0.10) 
118 1300 5 3.17 (0.11) 8.75 (0.47)  
117 1400 1 3.95 (0.24) 9.17 (0.97)  
123 1500 6 3.88 (0.07) 9.78 (0.75)  
131 1600 4 2.84 (0.03) see footnote  

The capsule in experiment 131 leaked such that there was no liquid remaining, the 
concentration of phosphorous in the solid may have a large error. 
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 In addition to the Fe-P system, we have compiled available data on the Fe-S 

system for comparison (Figure 4.3b). Direct comparison with identical experimental 

techniques and a pressure of 23 GPa can be made with the work presented in Chapter 

2 of this thesis. The iron-rich portion of the Fe-S phase diagram has also been 

determined at 21 GPa (Fei et al., 2000) and 25 GPa (Li et al., 2001). With typical 

error estimates for multi-anvil devices in this pressure range of about +/- 1 GPa, all 

three data sets can be considered residing at similar pressures. As can be seen in 

Figure 4.3b, there is good agreement between all three studies, confirming the 

precision to which the phase diagram has been measured at 21-25 GPa. Between 

studies, there is some variation in the eutectic point determination: 16.2 wt % S and 

1050ºC in the our data, 15.5 wt% and 1075ºC at 21 GPa (Fei et al., 2000) and 

14.7 wt% S and 1130ºC at 25 GPa (Li et al., 2001). Up to 1.7 wt% sulphur was found 

to dissolve into the solid iron phase at the eutectic temperature in our previous study; 

this is significantly higher than the 0.8 wt% S found by Li et al. (2001) at 25 GPa.  
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Fig 4.3 – a) The Fe-S system at 21-25 GPa: data from Fei et al., 2000 (21 GPa, 
diamonds), Li et al, 2001 (25 GPa, circles) and Chapter 2 (23 GPa, squares); b) The 
Fe-P system, errors are smaller than symbols unless indicated. Open symbols are solid 
phases and closed symbols liquids. The pure iron melting temperature is taken from 
(Boehler, 1993). 
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4.3.2 Ternary System 

 Results into the iron-rich portion of the ternary, Fe-P-S system, at 23 GPa are 

presented in Table 2. The ternary diagram and its isothermal sections (Figure 4.4) 

were constructed using the binary systems to constrain the Fe-P (Table 1) and Fe-S 

(Chapter 2, this thesis) axes of the ternary plot with the 3-component experiments 

(Table 2) constraining the relationships within the ternary diagram. Our data indicate 

a simple cotectic relationship between the two iron binary eutectics through the 

ternary diagram (Figure 4.4c) without new ternary phases appearing. Sulphur- and 

phosphorus-iron liquids appear to be completely miscible. Above 1275ºC, the eutectic 

point of the Fe-P binary system, the liquid coexists with an iron-rich phase; while 

above the melting temperature of pure iron the system is presumably completely 

liquid. Below 1275ºC, the ternary system begins to crystallize the Fe3(S,P) phase, 

with the exact temperature for the onset of crystallization determined by the particular 

position in compositional space. At subsolidus conditions, below 1050ºC, the Fe-S 

eutectic, we find complete miscibility between the endmembers Fe3P and Fe3S in a 

Fe3(P,S) solid solution and the phase assemblage is Fe + Fe3(P,S). In figure 4.4b, the 

analytical results from each analysis of Fe3(P,S) for the two charges at 1000ºC are 

presented and show a significant variation. While the average values are at the 

expected compositions for the bulk compositions, the variation within each single 

charge is large. It is also noted from these results that at higher phosphorous content, 

the Fe3(P,S) grains conform less well to the ideal composition as per stoichiometry, 

with increasing iron excess towards the phosphorous end member. 

 
Table 2 - Experimental results into the ternary Fe-P-S system at 23 GPa. Values in wt%. 

Run 
T 

(ºC) 
time 
(hrs) Psolid Ssolid Pliquid Sliquid PP-S-ide SP-S-ide 

126a 1400 1 n/a n/a 5.68 (0.09) 4.26 (0.12)   
126b 1400 1 1.10 (0.06) 0.42 (0.01) 1.59 (0.07) 12.10 (0.44)   
125a 1300 5 2.83 (0.05) 0.19 (0.01) 6.13 (0.16) 4.85 (0.17)   
125b 1300 5 1.11 (0.03) 0.41 (0.01) 1.67 (0.06) 11.66 (0.39)   
127a 1000 40 1.60 (0.16) 0.08 (0.03)   8.28 (3.84) 6.89 (4.11) 
127b 1000 40 0.40 (0.11) 0.25 (0.09)   4.94 (2.47) 10.50 (2.68) 

 

n/a – no solid residue was uncovered for analysis after 3 polishing attempts 
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Figure 4.4 – The iron-rich portion of the Fe-P-S system: a) isothermal section at 
1300ºC through the phase diagram with the results of experiment 125 confining the 
iron + liquid field; b) isothermal section at 1000ºC with results of experiment 127 
confining the subsolidus phase relations; c) the liquidus surface of the ternary at high 
iron concentrations demonstrating the cotectic relationship between the Fe-S and Fe-P 
binary eutectic points (values are in ºC). The axes of all diagrams are in weight 
percent. 
 

4.4 Discussion 

 The suggestion that phosphorus might easily be incorporated into the Fe3S 

phase (Fei et al., 2000) is shown to be correct by our experiments. Thus, phosphorus 

can indeed be incorporated into planetary cores in the Fe3S structure (and vice-versa). 

With the possible exception of Mars (see Chapter 2), iron-rich cores of planets and 

planetary bodies are expected to only begin crystallizing a sulphide phase upon 

evolving to the eutectic composition from more iron-rich liquids. As Fe3S would 

occur only once this eutectic is reached, the behaviour of phosphorus in these systems 

is dominated by the solubility of phosphorous in the solid iron phase, not the late-

forming sulphide crystallizing once eutectic conditions are reached.  
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 The solubility of phosphorus in the solid iron residua of melting is much 

higher than that of sulphur, at both 1 atmosphere (Baker, 1992; Zaitsev et al., 1995) 

and 23 GPa (Chapter 2; this study). Examining our data for the partitioning behaviour 

of phosphorus between solid metal and liquid sulphide is somewhat difficult due to 

concentrations of phosphorus above 1 wt%; partition coefficients generally only 

remain applicable at minor concentrations while Henry’s law remains valid. 

Nevertheless, calculating Dsolid/liquid for phosphorous in experiments 126b and 125b, 

those with the P-poor ternary starting material, we find Dsolid/liquid = 0.69 and 0.66 

respectively. These partition values indicate only a modest preference of phosphorus 

for the liquid, reflecting its high solubility in solid iron. These results can only be 

directly applied to the phase of iron stable at our experimental conditions, face centred 

cubic (FCC) structured γ-Fe (Shen et al., 1998). The Earth’s core is expected, 

however, to be in the stability field of the hexagonally closest packed (HCP) ε-Fe, or 

possibly the so-called double HCP β-Fe (Saxena et al., 1996). Nevertheless, as the 

changes in phase relations and partitioning in the low pressure Fe-P system, where 

iron occurs as δ-Fe (body-centred cubic structure), differ little with the results of the 

system at 23 GPa, where γ-Fe is the stable liquidus iron phase, it is quite likely that 

changes in these properties will also be minor upon the stabilization of another iron 

structure. Thus, assuming a similar value for the phosphorous partitioning coefficient 

at the inner-outer core boundary of the earth, we calculate there would be roughly 

twice the concentration of phosphorous in the outer core than the inner core. 

 

4.5 Conclusions 

 High concentrations of phosphorus are able to dissolve into iron at high 

pressures over a wide temperature range. This combined with low absolute 

phosphorus concentrations expected in planetary bodies, miscibility between melts in 

the Fe-P-S system and the Fe3S-Fe3P solid-solution indicate that phosphorus will not 

form a distinct phase within the Earth’s core. Due to the modest solid-liquid metal 

partition coefficient, phosphorous may be concentrated by a factor of only 

approximately two into the liquid phase over solid iron. Assuming continued core 

crystallization to the onset of sulphide saturation, phosphorus will incorporate most 

readily into the Fe3S phase as a solid solution. The effect of phosphorus on the 

temperatures and compositions of planetary core phases with <0.5wt% P is thus only 

minor. 



 
Chapter 4  Fe-P-S System 

48 

References 
 
Allègre, C.J., Poirier, J.P., Humler, E. and Hofmann, A.W., 1995. The chemical 

composition of the Earth. Earth and Planetary Science Letters, 134(3-4): 515-
526. 

Anderson, O.L. and Isaak, D.G., 2002. Another look at the core density deficit of 
Earth's outer core. Physics of the Earth and Planetary Interiors, 131(1): 19-27. 

Baker, H., 1992. ASM handbook: alloy phase diagrams. ASM International, Materials 
Park. 

Birch, F., 1952. Elasticity and constitution of the Earth’s interior. Journal of 
Geophysical Research, 57: 227-286. 

Boehler, R., 1993. Temperatures in the Earth's core from melting-point measurements 
of iron at high static pressures. Nature, 363(6429): 534-536. 

Fei, Y., Bertka, C.M. and Finger, L.W., 1997. High-pressure iron-sulfur compound, 
Fe (sub 3) S (sub 2) , and melting relations in the Fe-FeS system. Science, 
275(5306): 1621-1623. 

Fei, Y., Li, J., Bertka, C.M. and Prewitt, C.T., 2000. Structure type and bulk modulus 
of Fe (sub 3) S, a new iron-sulfur compound. Am. Mineral., 85(11-12): 1830-
1833. 

Jana, D. and Walker, D., 1999. Core formation in the presence of various C-H-O 
volatile species. Geochimica et Cosmochimica Acta, 63(15): 2299-2310. 

Li, J. and Agee, C.B., 1996. Geochemistry of mantle-core differentiation at high 
pressure. Nature (London), 381(6584): 686-689. 

Li, J. and Fei, Y., 2004. Experimental constraints on core composition. Treatise on 
Geochemistry, 2.14: 521-546. 

Li, J., Fei, Y., Mao, H.K., Hirose, K. and Shieh, S.R., 2001. Sulfur in the Earth's inner 
core. Earth Planet. Sci. Lett., 193(3-4): 509-514. 

Lin, J.F., Fei, Y., Sturhahn, W., Zhao, J., Mao, H.K., Hemley, R.J., 2004. Magnetic 
transition and sound velocities of Fe3S at high pressure:implications for Earth 
and planetary cores. Earth and Planetary Science Letters, 226: 33-40. 

McDonough, W.F., 2004. Compositional model for the Earth's core. Treatise on 
Geochemistry, 2.15: 547-568. 

McDonough, W.F. and Sun, S.s., 1995. The composition of the Earth. Chemical 
Geology, 120: 223-253. 

Santillan, J.D., Williams, Q. and Scott, H.P., 2004. The equation of state of Fe3P-iron 
phosphide to 54 GPa. Eos Trans. AGU, 85(47): Fall Meet. Suppl., Abstract 
MR11A-0912. 

Saxena, S.K., Dubrovinsky, L.S. and Haggkvist, P., 1996. X-ray evidence for the new 
phase beta -iron at high temperature and high pressure. Geophysical Research 
Letters, 23(18): 2441-2444. 

Shen, G., Mao, H.K., Hemley, R.J., Duffy, T.S. and Rivers, M.L., 1998. Melting and 
crystal structure of iron at high pressures and temperatures. Geophysical 
Research Letters, 25: 373-376. 

Sherman, D.M., 1997. The composition of the Earth's core; constraints on S and Si vs. 
temperature. Earth and Planetary Science Letters, 153(3-4): 149-155. 

Skála, R. and Císařová, I., 2005. Crystal structure of meteoritic schreibersites: 
determination of absolute structure. Physics and Chemistry of Minerals, 31: 
721-732. 

Walker, D., 1991. Lubrication, gasketing, and precision in multianvil experiments. 
Am. Mineral., 76: 1092-1100. 



 
Chapter 4  Fe-P-S System 

49 

Zaitsev, A.I., Dobrokhotova, Z.V., Litvina, A.D. and Mogutnov, B.M., 1995. 
Thermodynamic properties and phase equilibria in the Fe-P system. Journal of 
the Chemical Society, Faraday Transactions, 91(4): 703-712. 

 



 
Chapter 5  10/3.5 Multi-anvil Assembly 

50 

 

 

 

 

 

 

 

 

Chapter 5* 
 

The effect of gasketing and 
assembly design: A novel 

10/3.5mm multi-anvil assembly 
reaching perovskite pressures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* Published in High Pressure Research 26 (2006) as: Stewart, A.J., van Westrenen, 
W., Schmidt, M.W., Melekhova, E., “The effect of gasketing and assembly design: 
A novel 10/3.5mm multi-anvil assembly reaching perovskite pressures” 



 
Chapter 5  10/3.5 Multi-anvil Assembly 

51 

Abstract 

A new design of multi-anvil assembly and modified gasket characteristics with 

octahedron and truncation edge lengths of 10 and 3.5 mm, respectively, is presented 

for reaching pressures and temperatures over 24 GPa and 2000ºC. Partially 

dehydroxylated pyrophyllite half-gaskets with a tapered design fully nesting the 

octahedron have been employed to prevent excessive octahedron extrusion between 

the cubes. The assembly utilizes an axially placed thermocouple through the 

octahedral centre allowing two samples to be present at identical high P-T conditions 

on either side of the thermocouple during a run. A third sample can be used as 

packing around the thermocouple, so long as that sample is inert with respect to the 

thermocouple and surrounding material. The temperature gradient within the sample 

locations has been well characterized using two-pyroxene thermometry in the CaO-

MgO-SiO2 system and numerical modeling calculations. The results indicate good 

agreement in the gradient shape, although the numerical model appears to under-

estimate the magnitude of temperature change. The assembly maintains stable 

temperatures and provides low failure rates. 

 

5.1 Introduction 

High pressure devices are becoming more commonplace in chemistry, physics, 

and Earth and material sciences. Typical uses for such machines include high 

pressure-high temperature material studies, synthesis of novel compounds, phase 

equilibria experiments into multi-component systems and even in-situ phase transition 

examinations. Most popular is the 6/8 (MA8) arrangement comprised of 6 outer 

wedges pressing onto 8 cubes, typified by the Kawai- [1, 2] and Walker-type [3] 

machines. Both systems, in practical use, are able to achieve pressures between 4 and 

25 GPa employing a combination of steel wedges and tungsten carbide cubic anvils. 

Here we present an assemblage optimizing the potential of the octahedral sample 

space provided by the Kawai- and Walker-type multi-anvil apparatus. We focused on 

designing an assembly which maximizes sample volume and number, maintains a 

controlled thermal gradient while reaching very high pressures with a high 

reproducibility and low failure rate. 
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5.2 Experimental Setup and Details 

The assembly presented here follows the general outline of multi-anvil devices 

using separate gaskets and octahedron [4]. Pressure is generated by a 1000 ton 

uniaxial ram pushing onto the pressure module. Toshiba F-grade tungsten carbide 

cubes with 32 mm edge length were used with 3.5 mm truncations. Anvils were 

separated by two 3.1 mm deep, deformable partially dehydroxylated pyrophyllite half 

gaskets. Gasketing is the main reason for the efficiency loss from the ram force to the 

sample pressure and careful work has been made to minimize this effect. Each half-

gasket has a slanted edge facing the octahedron (Ito, per. comm.), allowing the two 

half gaskets to nest themselves around the octahedral edge, leaving no empty space as 

compared with more conventional assemblies employing single gaskets which leave 

two open triangular channels below and above each octahedron edge (Figure 5.1a). 

Using two half-gaskets, with each cube truncation receiving 3 gaskets, allows for the 

ease of assembly of the octahedron within the cubes, with the two paired gaskets of 

each contacting cube forming the full thickness gasket typical of multi-anvil 

assemblies. Due to this half-gasket method, only one size of gasket is used on all 

cubes. 

 

ZrO2

MgO

Sample

Platinum

Molybdenum

LaCrO  Heater3

5mm

a b

 
Figure 5.1: a) Schematic cross-section through the assembled cubes showing the 
nesting of the octahedral cavity using tapered gaskets, cubes not to scale; b) A section 
of the cell arrangement within the 10 mm octahedron. 

 

Pyrophyllite gaskets are ‘hardened’ before use by thermally induced 

dehydroxylation (discussed by [5]). Natural unfired pyrophyllite was not found to be 

ideal for high pressure generation, as the gasket is too soft and extrusion into the intra-

cube space becomes excessive at high pressures. Employing unfired gaskets we were 

unable to form perovskite (1600ºC, 23GPa) at maximum ram force (1000 ton). As 
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detailed below, gasket hardening improved our high temperature, high pressure 

efficiency by at least 20%. The de-hydroxylation process is both time and temperature 

dependent. A series of experiments was performed to examine this effect. X-ray 

diffraction patterns from gaskets heated at variable temperatures show the progressive 

dehydroxylation of pyrophyllite  (Figure 5.2). Gaskets were fired at their respective 

temperatures for 1 hour. Below 400ºC no dehydroxy-pyrophyllite component was 

observed in the XRD pattern of the fired gaskets. Between 500 and 600ºC, 

progressive growth of dehydroxy-pyrophyllite peaks can be observed, while above 

800ºC no further change in the diffraction pattern was noted. Area comparisons of 

Gaussian peak fitting to the characteristic XRD peaks between 37.1-37.3 degrees 

indicate 51% and 87% dehydroxylation at 500 and 600ºC respectively. Through 

empirical testing of variously heated and timed gaskets, we now use gaskets fired at 

500ºC for 15 hours, which seem to limit gasket and octahedron creep off the 

truncation edges in an ideal way. In contrast, fully dehydroxylated pyrophyllite 

gaskets were found to regularly cause blowouts, which we ascribe to the insufficiency 

of plastic deformation under high loads and the related buildup of stress, until 

catastrophic failure occurs (similar to cast octahedra with integrated gaskets).  

 

The octahedron consists of Cr2O3 doped MgO with 10 mm edge length. A 

central hole 3.7 mm in diameter is drilled between two of the octahedral faces into 

which the heating and sample assembly is inserted (Figure 5.1b). The sample is heated 

through a zirconia insulated, straight LaCrO3 furnace providing stable run 

temperatures. The zirconia insulation sleeve is prevented from making contact with 

the cube truncations by MgO end rings, a measure necessary to avoid blowouts which 

invariably occurred when having the zirconia in direct contact with the truncation. 

These blowouts are believed to occur due to the hardness of zirconia and its resulting 

resistance to flow, thereby building large stresses at the cube contacts. A molybdenum 

plug is inserted into both ends of the furnace making electrical contact with the 

tungsten carbide. The plug's diameter, 1.8 mm, is minimized to prevent slip over the 

truncations edge and extrusion of the plug with the flow of the octahedron into the 

intra-cube space where the molybdenum could make electrical contact between the 

cubes. This modification has significantly increased our heating success rate. 

 
 



 
Chapter 5  10/3.5 Multi-anvil Assembly 

54 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.2: Diffraction patterns of progressively dehydroxylated pyrophyllite. 
Reference spectra showing pyrophyllite and dehydroxy-pyrophyllite are presented. 

 

Temperature is recorded using a WRe5-WRe26 (Type-C) thermocouple placed 

radially through the assembly by drilling a 0.3-0.5 mm diameter hole from the center 

of the edge of the octahedron through the zirconia sleeve and furnace (Figure 5.1b). 

The direct contact between thermocouple and furnace was found to be unproblematic 

as long as both perforation points of the furnace are level, the AC component being 

very efficiently filtered by a Eurotherm 902 controller. The noise on the temperature 

reading, compared to electrically isolated thermocouples, is increased by 2-4ºC. This 

placement of the thermocouple through the axial centre of the assembly allows the 

symmetrical placement of two charges exposed to high pressure and temperature 

during one experimental run, one on either side of the thermocouple junction (Figure 

5.1b). The open volume around the thermocouple can either be packed with ceramic 

powder, alternatively, a third (refractory) sample can act as the packing around the 

thermocouple. Careful choice of the starting material for this position is necessary (we 

found e.g. CaO-MgO-Al2O3-SiO2-systems suitable) such that there is no interference 

with or contamination of the thermocouple, furnace, or other contacting materials. 
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Sample volumes for the two symmetrical localities are limited by the internal 

diameter of the furnace, 1.8 mm, the thickness of the capsule material and the 

tolerable thermal gradient in the charge. In practice, ceramic capsules 1.8 mm OD x 

0.8 mm ID and metallic capsules 1.2 mm OD x 1.0 mm ID have been used. The 

metallic capsules must be insulated from the furnace with a MgO sleave. Capsules 

with sample volumes exceeding 0.25 mm3 have been successfully used. The 

thermocouple-contacting sample location can also hold samples of similar volumes. 

Hence in one experimental run up, significant amounts of sample material can be 

exposed to the high pressure-high temperature environment. 

 

5.2.1 Pressure Calibration 

Pressure calibration of the unheated assembly was based on monitoring 

electrical resistivity across the semiconductor-metal phase transitions of ZnS, GaAs 

and GaP [6] while increasing applied force (oil pressure). High temperature 

calibrations were made by pressurizing the module to the desired ram oil pressure, 

which was then held constant as temperature was applied to the sample. The quenched 

and depressurized sample was then investigated by Raman spectroscopy. The high 

temperature deviation from the room temperature curve was assessed using the 

Mg2SiO4 phase transitions of wadsleyite to ringwoodite [7] and the transition 

ringwoodite to perovskite + periclase [8, 9], both at 1600ºC (Figure 5.3). Synthetic 

forsterite was used as the starting material for both sets of calibrations. 
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Figure 5.3: Pressure calibrations of the 10/3.5 mm multi-anvil assembly. Cold 
calibration pressures, squares, are based on phase transitions in ZnS, GaAs and GaP. 
The 1600ºC calibrations are based on the Wadsleyite (open diamond) to Ringwoodite 
(filled diamond) (Wads-Rw) transition at 20GPa and the Ringwoodite (filled circles) 
to Perovskite + Periclase (Pw-Pv/Pc) reaction at 23GPa, the grey cicle indicates an 
experiment containing all three phases. The calibration curves presented by the 
Carnegie group [10], dotted lines, for their 8/3 and 10/5 mm (a) assembly and the 
10/5 mm (b) assembly, dashed line, developed in Bayreuth [11] are presented for 
comparison. 
 

5.2.2 Thermal Gradient Calculations 

 Due to the offset of our sample chambers from the centre of the furnace, and 

the invasive position of the thermocouple relative to the furnace, it is of utmost 

importance to understand the thermal gradients within this new assembly. We have 

assessed the gradient in two ways. As a first estimation, we have utilized the 

numerical model of Hernlund et al. [12]. A typical post-experiment octahedron was 

sectioned carefully to obtain a central cross-section which represents the geometry of 

the assembly at experimental conditions (irreversible flow occurs during pressurizing 

but decompression is predominantly elastic expansion). As such, the resulting model 

takes into account the parabolic geometry of the multi-anvil furnace by separating the 

furnace and insulating sleeve into discrete units (see Figure 5.4). A 128x128 point  
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Figure 5.4: A cartoon of a modeled assembly made using CellAssembly [12]. 
Calculated thermal gradients through the assembly overlie the cartoon, with the 
thermocouple model temperature at 1300ºC. Isotherms are shown in 25ºC increments 
with bold lines every 100ºC. Minor fluctuations in the isotherms due to the stepped 
furnace model are an artifact of this simplification and not expected to occur in 
reality. 
 
matrix grid was created from the model cartoon using the software described in 

Hernlund et al. [12] kindly provided by Kurt Leinenweber. Only a quarter of the 

assembly cross-section needs to be modeled due to the 4/m symmetry of the 

assemblage. Minor deviations from this model can be expected due to the 

thermocouple positioning, which represents a linear high thermal conductivity defect. 

The assembly was modeled to have a thermocouple temperature of 1300ºC with a 

platinum sample capsule containing Forsterite. The calculated thermal gradient 

through the assembly can be seen in Figure 5.4. The possibility that the penetration of 

the thermocouple wire through the furnace may impact the hot-spot characteristics 
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was not incorporated into the presented model, the furnace had no perforation point. 

However, various attempts were made to account for the thermocouple as a possible 

heat sink. The model shown in Figure 5.4 was modified to include a thermocouple 

extending to the cube truncation, either penetrating or being bridged by the furnace, 

but this had no significant effect on the thermal gradient within the sample area, thus 

any minor thermocouple effects on the thermal gradient of the assemblies can be 

ignored. 

 

5.2.3 Thermal Gradient Thermometry 

 To asses the reliability of the numerical modeling, we have used two-pyroxene 

thermometry experiments to asses the thermal gradient within this new assembly. The 

methodology involves determining the extent of solid solution between calcium-rich 

clinopyroxene and calcium-poor orthopyroxene in the system CaO-MgO-SiO2 [13, 

14]. The starting material was contained within a platinum capsule in one sample 

position, while the mirroring position held the material in an MgO capsule. The 

system was pressurized to 5 GPa and heated to 1300ºC for 24 hours. Unfortunately, 

starting material contained in the magnesia capsule completely crystallized to an 

Olivine+Clinopyroxene mixture, thus pyroxene thermometry was impossible. The 

observation of the temperature gradient through the platinum capsule (Figure 5.5) 

indicates a temperature gradient of up to 100ºC across the sample. Absolute errors in 

the temperature determinations are similar to the +/-50ºC uncertainty in the pyroxene 

solvus [15]. Comparing thermometry experiments to theory, it is observed that the 

numerical model agrees generally in the gradient geometry, with lower temperatures 

away from the thermocouple, but is inconsistent in the magnitude of the gradient. The 

measured temperature gradient over the sample location is larger (100ºC) compared to 

the calculated estimation (50ºC). 
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Figure 5.5: Comparison between the numerical modeling results and two-pyroxene 
thermometry results of a sample in the Cao-MgO-SiO2 system. Numbers presented 
are given in ºC. 
 

5.3 Discussion and Conclusions 

Here we have presented a new octahedral assembly and gasket setup for 

traditional 6/8 style multi-anvil high pressure machines. A decisive step for reaching 

high pressures and a reliable setup for this 10/3.5 combination is the modified 

geometry of the gaskets and their ‘hardening’ through partial transformation to 

dehydroxylated pyrophyllite. Thermal gradient examination has shown good 

temperature control within the sample locations, and the possibility of extending 

samples to the colder regions may be desirable in certain experimental examinations 

which this assembly would be well suited to. At the time of writing our lab has run 

this assembly at high pressure and temperature for 63 experiments experiencing 4 

furnace failures, all at temperatures above 1900ºC, and a single high-temperature 

blowout; the highest temperature achieved with the assembly has been 2300ºC for 20 

minutes. Such an assembly is ideally suited to situations where normally large 

numbers of experiments are needed using different materials at similar P-T 

conditions. Using this assembly it is possible to reduce the number of experiments 

performed by up to one-third as compared with traditional assemblies capable of 

reaching silicate perovskite pressures. 
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Abstract 

 High quality micro-analysis of carbon in iron-dominated samples is an 

important advancement for the quantification of carbon in the Fe-C system at high 

pressure. Small samples containing multiple phases are the cornerstone of high 

pressure research and exceed the limits of X-ray fluorescence and laser ablation 

techniques for carbon analysis. We have optimized the JOEL JXA-8200 electron 

microprobe at ETH Zurich for the analysis of carbon in iron samples. Statistical 

analysis of the results indicates detection limits at or above 0.2 wt% carbon with two 

sigma errors also of at least 0.4 wt%. Carbon concentrations in the Fe-C system at 

high pressure relevant to planetary cores are predicted to be below 2 wt% (Wood, 

1993). Due to the high detection limit and large analytical errors, the method 

described is not suitable for the analysis of low carbon phases in the Fe-C system at 

high pressures. 

  

6.1 Introduction 

 The study of carbon in metallic iron is dominated by the metallurgy industry. 

Carbon concentration in steel is an important factor for the physical and chemical 

properties of that steel. The current standard method for quantification of carbon in 

steel is X-ray fluorescence (XRF) (Wheeler, 1998) or laser ablation coupled with 

inductively coupled plasma atomic emission spectroscopy (LA-ICP-AES) (Ishibashi, 

2001). 

 

From a geochemical prospective, the behaviour of carbon in iron-dominated 

systems is also important. Carbon is a primary candidate as a light element component 

in the Earth’s core at major element concentrations. Research studies at increasingly 

high pressures are being performed to uncover the phase relationships in the Fe-C 

system (see Wood, 1993). As a general rule, with increasing pressures the sample 

volumes decrease, hence the analytical technique applied to samples from high 

pressure experiments must accommodate this small size. Additionally, the 

measurement technique must be able to spatially limit the analysis to single phases in 

sample charges where multiple phases may coexist. The ideal technique combines 

analytical capabilities on a micron scale with a method of observation to distinguish 

multiple phases. XRF analysis falls short in both categories and would require 
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separation of coexisting phases impossible in such small samples. Laser ablation 

techniques are better suited to the spatial requirements, but are currently limited to 

optical visualization for the identification of separate phases. Electron probe 

microanalysis provides both excellent spatial resolution of analysis points as well as 

multiple methods for visual phase identification: reflected optical microscopy along 

with secondary and backscattered electron imaging. In this paper we optimize the 

JOEL JXA-8200 microprobe available in the Institute of Mineralogy and Petrography 

at ETH Zurich for carbon analysis in iron-carbon samples from high pressure 

experiments and calculate the statistical errors in performing such measurements. 

 

6.2 Methods 

Wood (1993) analysed carbon bearing iron samples with a LDEC crystal (2d = 

10 nm) using an acceleration voltage of 15 kV and synthetic standards with 0.0, 0.42, 

0.63, 0.91 and 4.50 wt% carbon along with a natural meteoritic cohenite (Fe3C, 

6.7wt% C) from the Canyon Diablo meteorite. Wood points out that due to the ever-

presence of carbon in the microprobe chamber, carbon always appears to be present in 

samples. Correcting for this effect, he used a calibration curve based on 0.0, 0.42, 0.91 

and 4.50 wt% carbon followed by ZAF-correction of the concentrations. The results 

from this calibration indicate one sigma errors in the range 0.18-0.25 over at least 8 

replicate analyses, with absolute concentrations reported between 0.4-4.8 wt % carbon 

(Wood, 1993). A more recent paper quantified carbon in iron by simply using the 

depression of analytical totals from 100 wt%, with an estimated error of 1.5 wt% 

(Chabot et al., 2005). The researchers define their reasoning for not quantifying 

carbon more rigorously “due to the difficulty of obtaining reliable standards, the C-

coat on the sample, and the contamination of the sample from C within the probe 

itself.”  The amount of carbon predicted to be dissolved in iron at pressures above 

10 GPa are less than 1wt% (and decreasing with pressure, see Wood, 1993), thus 

errors above 0.1-0.2 wt% are not tolerable. 

 

In this work we have attempted to improve and adapt the process described by 

Wood (1993) to the facilities available at ETH Zurich. Standards used in our 

procedures were pure iron (99.98+ wt% rod from Sigma-Aldrich) and two standards 

from the National Institute of Standards and Technology (NIST): standard 1227, 
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0.97 wt% carbon in carbon steel, and standard c1145a, 2.92 wt% carbon in white cast 

iron. Attempts were made to acquire a cohenite sample for standardization from both 

the ETH mineral and meteorite collections as well as through industrial suppliers but 

no suitable sample could be found. Standards were mounted in epoxy, and prepared 

for analysis by rough polishing on silicon carbide (SiC) paper followed by high 

polishing with 6, 3 and 1 µm diamond paste. The diamond paste was cleaned from the 

standard surface using ethanol after each polishing step. Optically, there was no 

apparent film or other visually observed contamination of the standards by the 

preparation media. Standards were not carbon coated; conductive silver paint was 

used to connect the standards to the microprobe stage. 

 

Optimization of the electron microprobe for carbon analysis was made in 

numerous ways: emission current and acceleration voltage optimization for carbon 

Kα X-ray generation, time-dependant count rate changes, and peak characterization 

from different Wavelength Dispersive Spectroscopy (WDS) crystals as well as the 

Energy Dispersive Spectroscopy (EDS) system. NIST standard 1227 (0.97 wt% 

carbon) was used for the initial optimization of carbon Kα X-ray production. This 

standard should display any major matrix effects possibly present in experimental 

iron-carbon samples. The objective of these variations was to find the conditions 

providing the clearest and most reproducible Kα peak signal with an high 

peak:background ratio. 

 

6.3 Results and Discussion 

6.3.1 Voltage and Current Optimization 

 Based on microprobe fundamentals, higher beam energies (as represented by 

the machine acceleration voltage (kV) and emission current (nA)) should result in 

higher peak counts as the number of atoms excited into releasing an X-ray increases. 

However higher energies also result in higher background counts due to the increased 

system noise at higher energy. There is as well a critical excitation voltage required to 

shift an electron to a higher order shell in an atom as determined by the energy 

difference between those two shells. For carbon, the minimum voltage required to 

produce a Kα X-ray response is 0.7 keV, while for iron it is 7.4 keV. As a general 

rule, twice this voltage should be used for an appropriate measurement of a particular 
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element. Using an iterative approach to idealize voltage and current, we examined the 

peak characteristics of the carbon Kα peak first with varying acceleration voltage. For 

the quantification of peak:background ratio we have used the LED2 crystal (2d = ca. 

10 nm) centered on the C Kα peak (128.000 mm with the physical settings of the 

probe we used) with appropriate backgrounds set (30 mm above and 20 mm below the 

peak on our spectrometer). The peak and background were each counted for 20 

seconds (total counting time of 40 seconds). Data are based on the average of 5 sets of 

peak and background measurements. The results presented in figure 6.1 show the 

peak:background ratio for 5, 10, 15, and 20 kV at 20 and 90 nA. Less rigorous 

examination of further intermediate voltages were made, but the results do not differ 

from the trends apparent in figure 6.1. The first important observation is the low 

absolute values of peak:background ratios, measurements at all conditions are 

generally below 8:1, indicating poor peak quality. For reference, major elements 

commonly display ratios above 300:1. At 20 nA, there is a negative correlation 

between increased voltage and peak:background ratio. This is due to the increased 

noise at higher voltage. The same is not as apparent at 90 nA as the increased 

production 
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Figure 6.1 – Relationship of peak:background ratio and voltage at 20 and 90 nA. Each 
point is the average of 5 analyses, error bars are one sigma errors. 
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production of carbon Kα X-rays seems to counter balance the noise more effectively. 

From the 20 nA data, the lowest voltage setting seems the most promising for 

achieving good peaks. However, after several iterations between voltage and current, 

10 kV was chosen as the voltage most reproducible in terms of peak counts. 10 kV 

also has the benefit that it will excite iron atoms into producing Kα radiation. 

 

 With the voltage set to 10 kV, we proceed by determining the effect of current 

on the same peak:background ratio, with a continued attempt to find the clearest 

signal. Individual analyses are presented in figure 6.2 and indicate at low currents the 

peak:background ratio is extremely variable and irreproducible. This is due to the low 

total peak count in relation to the effect of single spikes on background and peak 

measurements. Variability remains throughout the range of current explored, but 

above 80 nA the variability appears constant. We have selected the lowest energy 

above which variability is constant, 90 nA. Iteratively re-evaluating this current with 

various acceleration voltages (figure 6.1), shows no significant difference in 

peak:background ratios over acceleration voltages between 5-15 kV. 
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Figure 6.2 - Relationship of peak:background ratio and current at 10 kV. Each point is 
a single analysis. 
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6.3.2 Time-dependant Emmissivity 

 Before continuing with the idealized beam current and voltage we determined 

above, work was done regarding time-dependant peak counts from the carbon Kα 

radiation. There are two possible effects of exposure time on sample X-ray 

production. The first is that with more time under the beam, the sample will heat and 

the near-surface carbon may diffuse away from the point of analysis and cause a 

reduction in the number of counts with exposure time. This type of effect is a typical 

problem in the analysis of sodium on the microprobe (Nielsen and Sigurdsson, 1981). 

The second possibility for a carbon artifact is due to the ever-presence of carbon in the 

microprobe chamber in the form of various oils, solvents and other carbon molecules 

involved in the functioning of the machine. These molecules can polymerize at the 

electron beam impact point resulting in higher carbon concentrations and counts with 

time. This carbon contamination can be highly reduced using an air jet across the 

sample or a cold finger near the analysis location (MIT, 2003); such systems are not 

available at the ETH facility. To asses if either effect occurs, we ran a series of tests. 

Analyzing the same sample location, with repetitive peak and background counting, 

we observe a strong negative correlation between peak counts and time over the first 

10 minutes (figure 6.3). After 20 minutes, the count rate systematically rises. After 

analysis for long counting times, a visible mark on the surface of the standard at the 

analysis point is observed. We believe that the initial reduction in counts is the result 

of carbon diffusion away from the analytical point. This is followed by progressive 

buildup of carbon contamination at the beam impact point which begins to dominate 

the carbon signal after 10 minutes. As our counting times are under 1 minute, this 

contamination effect should not be significant. Diffusion may cause a problem and we 

have attempted to limit its effect both by limiting total peak count time to 20 seconds, 

and ensuring the peak is measured before the background. The background counts 

show no variation with time. 



 
Chapter 6  Electron Microprobe Analysis of Carbon 

68 

0 20 40 60 80
Time (minutes)

95

100

105

110

115

120

125
P

ea
k 

C
ou

nt
s 

(p
er

 s
ec

on
d)

 
 

Figure 6.3 – Background corrected counts per second (cps) on the carbon Kα peak on 
standard 1227 with exposure time to beam energies of 10 kV and 90 nA. 
 

6.3.3 Quantitative Measurement 

 With the establishment of suitable beam conditions for the production of 

carbon Kα X-rays, we now examine the optimum method available for quantitative 

measurement. The ETH facility has four potential observation methods for this X-ray 

energy: three WDS crystals: LDE2 (2d = 10 nm, used in the optimization of the 

beam), LDE1 (2d = ca. 6 nm), LDE1H (2d = ca. 6 nm) and the EDS system. Peak 

results at 10 kV and 90 nA for each WDS crystal and the EDS system are show in 

figure 6.4. The apparent lack of an obvious carbon Kα peak recorded in the LDE1 

spectra and the small, very broad peak from LDE1H requires their exclusion as 

possible crystals upon which to obtain meaningful quantitative analyses. Peak quality 

from the EDS system was much better, producing an average peak:background ratio 

of 4.5:1 from the average of 5 analyses of 60 seconds each (figure 6.4B). The carbon 

EDS peak is strongly affected by overlapping with the large neighboring Lα iron 

peak. The system providing the best results was the LDE2 crystal, with 

peak:backgraound ratios above 7:1. The WDS system is also preferred to the EDS 

system due to the lower count times required for similar precision and the time-

dependant problems discussed in section 1.3.2. 

diffusion 
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contamination 
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Figure 6.4 – A) Carbon Kα peak responses from the WDS system: i) LDE2 crystal; ii) 
LDE1 Crystal; iii) LDE1H crystal; B) Carbon peak recorded by the EDS system. 
Relevant peak positions are indicated. 
 

6.3.4 Statistical Analysis 

 With the establishment of a measurement technique for carbon analysis on the 

JOEL JXA-8200 electron microprobe, examination of the quality of quantification can 

begin. Analyses of the three standard compositions: 0.0, 0.97 and 2.92 wt% C were 

made on 50 individual points per standard. The electron beam was defocused to 10 

µm to limit the effect of any small heterogeneities in the standards.  
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Figure 6.5 – Calibration curves for background corrected peak intensities of the three 
standards. Errors are given as one sigma of 50 separate analyses. 
 

The three standards do not form a linear trend between concentration and peak 

intensities (figure 6.5). It would be irresponsible to simply draw a best fit line through 

this data when considering the low absolute intensity values and the significant error 

this would create, even in reproducing the concentrations of the standards themselves. 

For statistical analysis of quantitative errors, we have used the carbon-free standard 

with each NIST standard and calculated statistics for two individual linear trends (thus 

negating the effect that one of the standards may be problematic for some reason), 

from 0.0-0.97 wt% carbon (standard 1227) and from 0.0-2.92 wt% carbon (standard 

c1145a). Both the inclusion of all three standards together as well as the employment 

of more conservative calculations will make errors larger and, as described below, 

irrelevant for our purpose. The curves are corrected for the effect of the systematic 

carbon blank by simple subtraction such that 

 

PureFeicorri III −=  

 

Where Ii corr, Ii are the corrected and measured peak intensity for a sample with 

carbon concentration i and IPureFe is the carbon-free, blank, peak intensity. These 
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intensities are based on values after individual background correction. Sigma errors 

must also be propagated in conjunction with this correction such that 

 

2
PureFe

2
icorri σσσ + =  

 

In order to estimate the error this value imposes on the results of an unknown 

sample, we have calculated back concentrations using the standard analyses as 

unknowns and comparing them to their own respective calibration curves. This results 

in the most liberal option available to assess minimum systematic errors. Because the 

intensity and concentrations are related according to  
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Where Cukn and Cstd are the weight percent carbon concentration in the 

unknown and standard respectively; Iukn corr and Istd corr are the background and blank 

corrected peak intensity of the unknown and standard. FZAF is a correction factor for 

sample effects base on corrections for atomic number (Z), adsorption (A) and 

fluorescence (F). We calculate the error in concentration such that 
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The results indicate that the one sigma errors for these measurements are over 

0.2 wt% (Table 1). We then estimate the instrumental detection limit value as three 

times the standard deviation of the background noise. This noise is represented by the 

standard deviation of the peak intensity of the carbon-free standard, converted into a 

concentration value. The calculation for detection limit is presented individually for 

each calibration curve in Table 1. 
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Table 1 – Results of statistical calculations on standard analyses. 
Standard wt % C Istd

a σ std I std corr
b σ std corr σ ukn wt% 2σ ukn wt% DLc 

Pure Fe 0.00 27.68 7.07      

1227 0.97 105.03 11.66 77.35 13.64 0.25 0.50 0.20 

c1145a 2.92 124.05 13.12 96.37 14.90 0.22 0.44 0.50 
 

a average of 50 analyses individually corrected for their background counts 
b intensity corrected for the iron blank 
c Detection limit is calculated as three standard deviations of the blank value 

recalculated to wt %. 
 

Two sigma errors have also been calculated and presented in Table 1 because 

they are more commonly reported in scientific literature, providing a 95+ % 

confidence level compared to ca. 68 % for one sigma errors. With measurement errors 

on the order of 0.5 wt% and detection limits similar, the analysis of samples 

containing less than a few wt % carbon would not be statistically significant or 

reproducible. 

 

6.4 Conclusions and outlook 

 With the equipment available at the ETH electron microprobe facility, carbon 

analyses on iron samples containing carbon as a minor element are not recommended. 

The main possibility for improving carbon analysis at low concentrations would be 

the acquisition of a diffraction crystal with a higher 2d value than 10 nm. Such a 

crystal should provide higher carbon Kα X-ray yields. The benefit of such a crystal 

may be limited, however, due to the variability in carbon peak counts from the 

standards. Such variability likely also results from any unknown sample, thus high 

errors will pervade carbon analysis on the microprobe. Other possible improvements 

to the facility, such as the use of a ‘cold-finger’ or air-jet to reduce surface 

contamination of the sample are unnecessary as this type of contamination is 

significant only in those analyses lasting longer than 10 minutes. 
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 Multi-anvil experiments have been carried out at high pressure and high 

temperature to further constrain the Fe-S system and determine how other elements, 

relevant to planetary cores, behave within the confines of this system. The following 

section provides a brief, chapter-by-chapter summary of the major results and 

conclusions of this thesis. I then discuss some general and specific suggestions for 

future work that have become apparent over the course of the development of this 

thesis. 

 

7.1 Chapter 2 

 Experimental evidence for the entirely liquid state of the core of Mars 

 

 With the characterization of the Fe-S and Fe-Ni-S phase diagrams to 40 GPa, we 

have constrained the melting temperatures of a sulphur rich core in Mars. The results 

indicate the core, at present, will most likely be completely liquid. With further 

cooling the core will begin to crystallize, however not in the way the Earth’s does. At 

10-14 wt% sulphur, Fe-rich crystals will form at the core-mantle boundary and sink 

through the core, possibly forming a sedimentary inner core. Alternatively, at higher 

estimates for the Martian core sulphur concentration, 14-16 wt% sulphur, an inner 

core will crystallize in situ as Fe3S with minor nickel, with a liquid outer core 

becoming progressively iron enriched. 

 

7.2 Chapter 3 

 Minor element partitioning between fcc Fe metal and Fe-S liquid at high 

pressure: the role of crystal lattice strain 

 

 Iron – sulphide liquid partitioning coefficients for the minor elements present in 

the Earth’s core were determined at 9, 15 and 23 GPa. The results show there is little 

change in partitioning of first row metals with either temperature or pressure. The 

magnitude of the partitioning is modest but significant and we find the behaviour can 

be modeled with crystal lattice strain theory previously only used in silicate systems. 

Based on the theory, we have been able to roughly estimate the magnitude of 

fractionation that is likely to occur at the inner-core boundary. 
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7.3 Chapter 4 

 Sulphur and Phosphorus in the Earth’s Core: The Fe-P-S System at 23 GPa 

 

 We have determined the phase relations in the Fe-rich portion of the Fe-S binary 

and Fe-P-S ternary systems at 23 GPa. There is a simple cotectic relationship between 

the high pressure Fe-P and Fe-S binary eutectic points. Sulphide and phosphide 

liquids appear to be completely miscible. At subsolidus conditions, iron, with minor 

dissolved S and P, is found to coexist with a solid solution of Fe3P-Fe3S. Such a solid 

solution can only occur at high pressures as the Fe3S phase is only stable above 

20 GPa. The large solubility of phosphorous in solid Fe, Fe3S and sulphide liquids 

indicates that phosphorous will not form an independent phase in planetary cores and 

will have only minor effects on relevant phase relations and temperatures.  

 

7.4 Chapter 5 

 The effect of gasketing and assembly design: A novel 10/3.5mm multi-anvil 

assembly reaching perovskite pressures 

 

 The design for the multi-anvil assembly used in the majority of the work 

undertaken in this thesis is presented in this chapter. The assembly employs cubes 

with 3.5 mm edge length truncations and a magnesia octehedra of 10 mm edge length. 

Uncommon aspects to the design employed include the use of fired half gaskets to 

better nest the octahedra and radial thermocouple placement. The assembly routinely 

attains 23 GPa and stable temperatures above 1500ºC with blowouts and cube 

breakage quite rare. 

 

7.5 Chapter 6 

 Quantification of carbon in iron-rich phases by electron microprobe analysis: 

applicability to high pressure samples 

 

 In Chapter 6 we have presented an optimization of the JOEL JXA-8200 electron 

microprobe at ETH Zurich for the analysis of carbon in Fe-C samples. The best results 

were obtained using an accelerating voltage of 10 kV and a beam current of 90 nA. 
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Statistical analysis of the results confirm the large errors experienced by Wood (1993) 

and highlight the unsuitability in using the electron microprobe for carbon analysis in 

samples containing less than a few weight percent carbon. 

 

7.7 General Recommendations for Future Research 

 

 While the work in this thesis has focused on the Fe-S system, the other light 

element candidates (H, C, O, and Si) are in dire need of attention. A database of high 

pressure phase relations between iron and each of these elements, as well as higher 

order phase relations between iron and multiple light elements, should tightly 

constrain the light element component of the core. As with increasing pressure the 

number of relevant phases appears to be decreasing (for example the Fe3S-Fe3P solid 

solution discussed in Chapter 4), such information on compatible and incompatible 

iron-light element in appropriate compounds is invaluable. However, the limit to the 

acquisition of this data is, at the moment, largely technical; the ability to perform 

equilibrated experiments at high enough pressures to be relevant for the Earth’s core 

still remain difficult. The following section describes valuable work that can 

immediately take place with the current technical abilities of multi-anvil and diamond 

anvil laboratories worldwide: 

 

7.7.1 Fe-C system 

 

The amount of work done on the Fe-C system at high pressure in very small, 

especially in consideration of the amount of work completed on the low pressure 

phase diagram for steel. Wood (1993) provided the seminal paper, however he drew 

conclusions from very large extrapolations. The important conclusion reached was 

that the eutectic point in the system is at such low concentrations of carbon 

(~ 2.1 wt%) at 15 GPa, and decreases with pressure, that carbon cannot account for 

the density deficit observed in the Earth’s core as at concentrations higher than 

0.25 wt% C (the estimated eutectic composition at the core-mantle boundary) the core 

would crystallize a carbide, and it does not. An experimentally determined Fe-C 

binary phase diagram above 15-20 GPa is essential to test if this is correct. The major 

problems that must be addressed are the analysis of the samples (Chapter 6), but either 
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ion microprobe, or possibly laser ablation methodologies may prove the solution. In 

limited unpublished testing, we have found that MgO capsules may be suitable for the 

work. 

 

7.2.2 Crystallographic sites in Fe metal 

 

 In Chapter 3, it is shown that partitioning between metals and sulphide liquids 

follows the crystal lattice strain model. Such a model suggests the crystallographic 

site in the solid is responsible for the partitioning behaviour based on its size and 

strength. A review of previous work at low pressure seems to indicate at least two 

separate sites, one for the first row metals, but another for the PGE elements. 

Crystallographic research into how these elements are actually incorporated into the 

iron structure may lay the groundwork for a more robust and accurate model to 

predict how different elements will partition in iron dominated systems. 

 

7.7.3 Partitioning in metals and phase transitions 

 

 Unfortunately multi-anvil devices are limited to pressures well below those of 

the Earth’s core. In the experiments presented in this thesis, iron is present as the face 

centred cubic phase. Thus the extrapolation of results directly to the core is difficult. 

Is there a strong difference between allotropes of pure metals with respect to chemical 

behaviours such as partitioning?  If the crystal lattice strain model is correct, perhaps 

not: regardless of the structure, the elements replacing iron will always need to fit into 

a site presumably of optimal size for iron. An analogue study of partitioning in a 

metal which undergoes similar metallic phase transitions at attainable pressures would 

be ideal to asses the applicability of iron results to the Earth. 

 

7.7.4 Fe-P-S system 

 

 In Chapter 4, we presented the Fe-P-S ternary system at 23 GPa with results 

indicating there is a solid solution between the phases Fe3P and Fe3S. At low 

pressures, the Fe-P and Fe-S systems do not share the same stable phases. An 

interesting, though possibly complex, research project would be to see how this 
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ternary system evolves with pressure, the effect of phosphorous in (de)stabilizing 

higher order sulphides, and the solubility of sulphur in the phosphides. 

 

7.7.5 Higher order systems 

 

 As mentioned in the introduction to this thesis, the aim of the type of research 

I have undertaken is to discover an elemental combination able to account for the 

density of the Earth’s inner and outer cores. This target can only be reached by adding 

further complexity to the studied system. The physio-chemical effect of each of the 

‘light’ elements on each other in Fe-systems must be assessed to allow their inclusion 

or exclusion as potentially important components of planetary cores. Much more work 

into the high pressure ternary systems must be conducted with the Fe-S-Si and Fe-S-C 

systems a priority, followed by the quaternary effect of oxygen on these systems. I 

believe that incremental steps in complexity for these systems will provide the best 

method for true understanding of the light component in the core. 

 

7.7.6 Fe-FeS Eutectic to higher pressures 

 

 A very interesting, though flawed, set of diamond-anvil experiments were 

conducted by Boehler and presented in his paper “Fe-FeS eutectic temperature to 620 

kbar” (1996). Unfortunately, a starting material problem (impossible to identify at the 

time the experiments were conducted) resulted in the likely measurement of the Fe3S-

Fe3S2-L peritectic invariant point instead of the desired eutectic point. It would be 

quite useful to perform these experiments again, but with a more appropriate starting 

material. With modern diamond anvil techniques having advance significantly in the 

past decade, and the relatively low temperatures involved, even higher pressures 

should be attainable in a revisit to this research. 
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A.1 Introduction 

 This appendix is intended to serve as a guide to the experiments performed in 

the process of this thesis but unsuitable to be included in other chapters due either to 

the persistence of significant problems, inconsistencies in the data, or the lack of full 

understanding of the system in question.  This information is included here to serve as 

a reference for experiments which have been performed and perhaps will be useful in 

the context of future experimentation. 

 

A.1.1 Experimental Nomenclature 

 I have chosen to not follow the traditional naming convention in experimental 

geochemistry of using your personal initials followed by a run number.  The 

reasoning for this was the lack of useful information this nomenclature provides for 

the sample.  Such a system would result in experiments being named AS-1 through to 

AS-134.  Instead, we chose a nomenclature where more useful information is 

presented.  The limitation to the system used here is the increasingly complex naming 

as experimental systems becomes increasingly complex.  However, the benefits of 

knowing the starting composition of an experiment from its name outweigh this 

drawback (at least for the relatively simple systems studied here). 

 

 All experiments here are numbered sequentially, starting from 1, with the final 

number(s) of the run name indicating this experimental number.  The composition of 

any particular experimental charge is approximated in the run name with, for 

example, Si9-16 indicating experiment number 16 which contained a composition of 

approximately 9 wt% Si in Fe, C5-54 indicating experiment 54 and containing 5 wt% 

C and so forth.  Experiments containing nickel as an additional component indicate 

this in their run number by the subscript letter “n”, followed by its concentration; for 

example experiment Sin614-91 is experiment number 91, containing 6wt% Ni, 14wt% 

Si in Fe.  An x in the experimental name indicates the starting material for the 

experiment in question was mixed from powders including a commercially produced 

iron-alloy powder (either Fe64Ni36 or Fe83Si17).  Experiments which contained 

multiple sample charges, the run number will be the same, but compositional 

information different. 
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A.2 Fe-Si 

Experiments into the Fe-Si system were a dominant theme explored 

throughout this thesis.  A variety of starting materials were used in different 

experiments.  All materials were made from mechanical mixtures of pure Fe, pure Si, 

pure Ni, and/or Fe83Si17 powders.  The progression of experiments can be mainly 

characterised by the search for a suitable capsule material to hold the sample charge. 

 

A.2.2 MgO Capsules (Experiments 1, 2, 3, 4, 6, 7) 

Experiments into the Fe-Si system were first attempted at 15 GPa using MgO 

capsules.  The resulting experiments all contained oxide phases.  Often Mg2SiO4 

could be identified chemically, but most commonly non-stoichiometric Fe-Si-O and 

Fe-Mg-Si-O compounds formed throughout the sample charge and resulted in a very 

mottled appearance to the polished run product.  The two experiments at highest 

temperature, 1800ºC, appeared to display a texture possibly indicating a quenched 

molten state. 

 

 
Figure A1 - Si4-6 (1800ºC, 15 GPa) Backscattered electron image, the width of the 
sample is approximately 800µm across. The texture of the sample may indicate the 
molten state. 
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The main conclusion from this set of experiments was that Mg from the 

capsule was heavily interacting with the Si-Fe sample and oxygen concentrations in 

the experiments were far too high.  With the acceptance of the poor usefulness of the 

MgO capsules, several other capsule materials were explored to find a more suitable 

candidate. 

 

A.2.3 ZrO2 Capsules (Experiments 16, 20, 21, 22, 23) 

 The first choice for a replacement capsule composition was ZrO2 (stabilized 

with Y2O3).  Zirconia capsules were made from pressed, high purity, powder.  The 

results were an improvement over the MgO capsules as neither Zr or Y were detected 

within the sample chamber.  There was a reaction rim found around the sample at the 

capsule contact along with some minor iron chemical dissolution into the capsule 

material near the sample. The main concern from these experiments was the pervasive 

presence of SiO2 crystals within the sample, indicating continued poor control of 

oxygen during the experiments. 

 

 
Figure A2 – Run Si9-22 (1350ºC, 15 GPa) Backscattered electron image, the width of 
the sample is approximately 800µm across. 

 

A.2.4 SiO2 Capsules (Experiments 27, 28, 30, 31, 32, 33, 34, 38, 41, 43, 47, 48, 49, 
73, 74, 75, 76) 

 

With the problem of SiO2 persistance in zirconia capsules, the idea was 

generated for using SiO2 as a capsule material.  The hope with these capsules was 

both the absence of pore space as a possible oxygen supply to the sample and the lack 

SiO2 

metal

ZrO2 Capsule 
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of any contaminant element, with the exceptions of oxygen of course, in the capsule 

material. Another possible benefit of the capsule would be to provide an ideal 

crystallization surface for SiO2 and thus oxygen may be buffered by SiO2 

crystallization on the capsule wall.  Fused silica rod was ordered to the diameter 

appropriate for the 14/8 mm Bayreuth-type assembly and cut using a diamond rotary 

saw.  The sample chamber was abrasively drilled using diamond dentistry tools 

mounted on a small drill press and with a significant amount of patience.  Making the 

capsule was slow and about 50% successful with unsuccessful attempts resulting from 

chipping from the side of the capsule.  Heating problems plagued the experiments run 

with SiO2 capsules, with only 6 of 12 experiments well controlled, all below 1400ºC.  

Experiments at these lower temperatures did seem to result in good textures with two 

metallic phases coexisting. 

 

 
Figure A3 - Si10-34 (1300ºC, 15 GPa) The two phases contain 7.3 +/- 0.7 wt% Si 
(light) and 10.6 +/- 0.3 wt% Si (dark).  Backscattered electron image, the width of the 
sample is approximately 800µm across. 
 

 A reaction between the SiO2 capsule and LaCrO3 furnace may occur at high 

temperatures.  In some experiments a slight green colour to the capsule after polishing 

was observed.  This possible capsule contamination, with the problem of reaching 

higher temperatures, caused suspicion the two were connected and the result of 

LaCrO3 furnace – SiO2 capsule interaction.  The combination of time constraints and 

the knowledge of the publication by Kuwayama and Hirose (2004) of a Fe-Si phase 

diagram at 21 GPa using Al2O3 capsules, I moved on from SiO2 capsules and 

attempted to recreate the published diagram. 
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A.2.5 Al2O3 capsules (Experiments 83, 84, 85, 88, 91, 92, 93, 98, 99, 107, 108) 

Initial experiments were conducted at 15 GPa, followed by 23 GPa 

experiments to more closely follow the published phase diagram.  An MgO sleeve 

was placed between the furnace and capsule to ensure no interaction took place.  This 

capsule configuration proved the most successful, however we often had difficulty 

reaching consistently high temperatures required for melting in the system.  

Nevertheless, at high temperatures we were successful in generating a strongly 

textured region in the capsules believed to be quenched melt.  This region was always 

only a very small volume percent of the total charge.  The small amount of melt was 

localized in the capsule, towards the thermocouple, the hottest temperature part of the 

capsule based on our thermal gradient calculations and observations (see Chapter 5).  

The small size of the melted regions and the coarse dendritic texture resulted in large 

analytical errors on the electron microprobe for melt compositions. 

 

 
Figure A4 - Si14-99 (1800ºC, 23 GPa).  The region believed to be melted is indicated.  
The thermocouple position was to the top of the image.  Backscattered electron image, 
the width of the sample is approximately 300µm across. 

 

Thermal gradients in the 10/3.5 mm assembly increase with higher 

temperatures.  Hence, at temperatures above 1600ºC we were concerned with regards 

to the accuracy of the thermocouple reading compared to actual sample temperature.  

The liquidus loop of the system is very narrow in temperature (Kuwayama and 

Hirose, 2004), and thus a temperature gradient results in poor control of the true 

conditions at very high temperatures.  This gradient does have an advantage, however, 

in that experiments can be easily conducted where solid and liquid will coexist.  This 

feature would allow the measurement of partitioning of different elements between 

the two phases were they to be included in the starting material. 

melt

metal



 
Appendix  Additional Experiments 

 86

A.2.6 Inclusion of Nickel (Experiments 91, 92, 93, 96, 98, 99, 108) 

Upon the movement to 23 GPa with Al2O3 capsules, we exploited the 

symmetry of the assembly to perform nickel-bearing experiments in the same 

experimental runs with the pure Fe-Si system.  The results of these experiments are 

very similar to those of the Ni-free system with a small melting fraction in the hottest 

portion of the capsule. 

 
 

Figure A5 - Sin614-99 (1800ºC, 23 GPa).  A nickel-bearing experiment.  The region 
believed to be melted is indicated.  The thermocouple position was to the bottom of 
the image.  Backscattered electron image, the width of the sample is approximately 
300µm across. 
 

 
Figure A6 - Sin614-91 (1900ºC, 23 GPa) higher magnification of a suspected molten 
region in a nickel-bearing Fe-Si experiment. 

melt 

metal

melt 
metal

capsule



 
Appendix  Additional Experiments 

 87

A.2.7 Melt Identification Problems 

Before melt was finally texturally well distinguished after experiment 91, there 

was a continuing problem of the possibility that no melt quench texture existed in the 

Fe-Si system.  With no melt texture in the molten system, melting would possibly 

need to be identified in another manner.  The expectation of a very narrow liquidus 

loop exasperated the problem as the probability of having a liquid and solid coexisting 

and hence contrasting each other dramatically (for example the Fe-S system, see 

Chapter 3) would be low.  With this potential problem in mind, 4 different types of 

experiments, utilizing the capsule we were experimenting with at the time, were 

designed and carried out to test for melt generation at high pressure-temperature 

conditions. 

 
A.2.7.1 ZrO2 float-sink experiments (Experiments 38, 41, 43) 

 In these experiments, a chip of ZrO2 was placed near the base of the capsule 

before the experiment with the hope it would float if the sample became molten.  Our 

previous experience with zirconia capsules indicated it would not contaminate the 

sample.  The chip was not found to float in any of the experiments, including one up 

to 1800ºC.  

 

 
Figure A7 - Si10-43 (1800ºC, 15 GPa) Experiment containing a ZrO2 float as a 
indicator for melting.  Up is towards the top of the page, the chip did not float.  
Backscattered electron image, the width of the sample is approximately 800µm across 
A.2.7.2 Diamond trap experiments (Experiments 47, 48, 49) 

ZrO2 Chip 
metal

capsule 
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 Diamond traps for aqueous liquids are commonly used in our laboratory, 

applied to crustal and subduction-related systems.  We attempted to apply the same 

technique as a possible liquid metal melt trap.  At the base of the sample charge was a 

layer of fine diamonds (~10 µm), when a low viscosity liquid/fluid is present in an 

experiment, the liquid/fluid should migrate into the pore spaces between the diamond 

grains.  All three experiment failed to reach their desired temperatures and significant 

penetration of metal into the diamond trap was never observed. 

 

A.2.7.3 Heating curve 

 Raising furnace power at a constant rate and measuring the resulting 

temperature change should show inflections in the heating curve where phase 

transformations and melting occurs.  We recorded data in this manner for several 

experiments, but no consistent curve inflections were observed.  The small volume of 

the sample and the many number of materials in the assembly being heated likely 

overprint any small transformational signal from the sample.  The same method was 

attempted in the Fe-S system unsuccessfully even with good knowledge of the 

melting point. 

 

 



 
Appendix  Additional Experiments 

 89

A.2.7.4 Resistancy experiment (Experiment 45) 

 At lower pressure, resistance experiments were previously conducted to 

determing melting relations in the Fe-Si system (up to 5.5 GPa, Yang and Secco, 

1999).  Although the published work indicated significant contamination of platinum 

contact leads by the sample can occur even at moderate temperatures, we attempted to 

adapt the methodology to higher pressures.  A platinum lead was fed through the base 

of the capsule and out the bottom of the octahedra, while a second platinum lead was 

fed from the sample chamber through a hole in the capsule cap and up through the 

thermocouple ceramic insulated from the normal thermocouple leads.  The sample 

was heated and resistance through the wires and sample measured as temperature was 

increased to 1600ºC.  The resulting measurements did not shed any light on melting 

and were difficult to interpret with resistance droping to values below zero.  Analysis 

of the sample after the experiment showed significant contamination of the sample by 

Pt along with heavy contamination of the Pt lead by Fe.  Silicon did not seem to 

contaminate the platinum lead.  A possible cause for the odd behaviour of the 

resistancy measurements was the generation of an electromotive force within the 

sample assembly due to the changing composition of the lead wires and sample. 
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Figure A8 – Resistance curve with increasing temperature in experiment Si18-45. 
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A.2.8 Nitrogen flushing 

 In an attempt to limit the oxygen content of the experimental charge, attempts 

were made to flush the octahedra of oxygen and replace it with nitrogen.  This was 

achieved using an improvised dessicator.  The prepared octahedra was placed into a 

dessicator.  The dessicator was then evacuated under vacuum and sealed.  A reservoir 

of liquid nitrogen (due to the unavailability of gaseous nitrogen at the time) was 

attached to the inlet port of the dessicator and the valve slowly opened.  The 

dessicator and octahedra thus filled with nitrogen instead of oxygen-bearing air.  

Results from experiments with this step included did not show results different to 

those without nitrogen flushing.  It is likely that during the time between flushing the 

octahedra, assembling it into the cubes and then also pressuring the experiment, the 

benefit of the flushing would have been long since lost. 
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Table A1 – Fe-Si experiments 

Run # 
Assembly 

(mm) 
Pressure 

(GPa) Capsule T(°C) 
Time 

(minutes) Notes Results 

Si8-1 14/8 15 MgO 1800 8
Temperature based on power 
curve 

matrix (Si 7wt%) + various Fe-Si-O 
phases 

Si9-2 14/8 15 MgO 1600 10   
Quench textured matrix (Si 6wt%) + 
highly variable Fe-Si-O phases 

Si9-3 14/8 15 MgO 1500 10
Temperature based on power 
curve 

matrix (Si 4wt%) + various Fe-Si-O 
phases 

Si9-4 14/8 15 MgO 1300 73
Temperature based on power 
curve 

2 coexisting phases (Si 8wt% and Si 
5-6wt%) 

Si4-6 14/8 15 MgO 1800    
Quench textured matrix (Si 4wt%) + 
(MgFe)2SiO4 

Si4-7 14/8 15 MgO 1600  
Temperature based on power 
curve 

Quench textured matrix (Si 4wt%) + 
various and abundant Fe-Si-O phases 

Si9-16 14/8 15 ZrO2 1500 8 First ZrO2 capsule test matrix (Si 7.5 wt%) + minor SiO2 
Si9-20 14/8 15 ZrO2 1530 10   matrix (Si 3wt%) + SiO2 

Si9-21 14/8 15 ZrO2 1300 10   
2 major phases (Si 6.8, Si 12 wt%) + 
variable Fe-Si-O phases 

Si9-22 14/8 15 ZrO2 1350 10   matrix (Si 3-6) + SiO2 with variable Fe 

Si9-23 14/8 15 ZrO2 1350 10   
matrix (Si 6 wt%) + variable Fe-Si-O 
compounds 

Si9-27 14/8 15 SiO2 failed at 900    
very imhomogeneous, variable Fe-Si 
and Fe-Si-O phases 

Si9-28 14/8 15 SiO2 failed at 900    
matrix (6-8 wt% Si) + many non-
equilibrated phases 

Si9-30 14/8 15 SiO2 1400 10   
matrix (Si 5.1 wt%) + Fe-Si-O phases, 
thick intergrowth texture 

Si9-31 14/8 15 SiO2 failed at 1500 5 Lost sample on polishing sample lost on polishing 

Si9-32 14/8 15 SiO2 1340 30 Nitrogen flushed 
matrix (Si 3.5-5 wt%) + Fe-Si-O 
phases 
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Run # 
Assembly 

(mm) 
Pressure 

(GPa) Capsule T(°C) 
Time 

(minutes) Notes Results 

Si10-33 14/8 15 SiO2 1250 30 Nitrogen flushed 
2 solid metal phases (Si 7.6, Si 10.3 
wt%) + minor Fe-Si-O phases 

Si10-34 14/8 15 SiO2 1300 20 Nitrogen flushed 
2 solid metal phases (Si 7.3, Si 10.7 
wt%) 

Si10-38 14/8 15 SiO2 1380 21 Nitrogen flushed 
2 solid metal phases (Si 8.1, Si 10 
wt%) 

Si10-41 14/8 15 SiO2 1200 7 Nitrogen flushed ZrO2 Chip did not float 

Si10-43 14/8 15 SiO2 1800 5
Temperature based on power 
curve 

ZrO2 Chip did not float, single metal 
phase (Si 8.6 wt%) 

Si18-45 14/8 15 MgO up to 1800  Resistancy experiment see text 

Si10-47 14/8 15 SiO2 1400  
Temperature based on power 
curve no metal in diamond trap 

Si10-48 14/8 15 SiO2 failed at 1400    no metal in diamond trap 
Si10-49 14/8 15 SiO2 failed at 1200    no metal in diamond trap 

Si18-73 14/8 15 SiO2 
failed above 
1400   Capsule leaked Capsule leaked to furnace contact 

Si18-75 14/8 15 SiO2 1750 5 Failed afer 5 minutes 

no Fe found, SiO2 + MgO sleave 
appear as dendrtitic material to 
furnace 

Si17x-76 14/8 15 SiO2 1050 45
Temperature based on power 
curve Single phase metal (Si 15 wt%) 

Si17x-83 14/8 15 Al2O3 
failed at low 
temperature     unmelted, unannealed sample powder 

Si17x-85 14/8 15 Al2O3 1800 5
Temperature based on power 
curve No quench texture, many oxide grains 

Si14-91 10/3.5 23 Al2O3 1900 20
Temperature based on power 
curve 

metal (Si 14.6-15.2 wt%) + minor melt 
(Si 6-15 wt%) 

Sin6_14-91 10/3.5 23 Al2O3 1900 20
Temperature based on power 
curve 

metal (Si 14.5, Ni 5.3 wt%) + minor 
melt (Si 11, Ni 6 wt%) 
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Run # 
Assembly 

(mm) 
Pressure 

(GPa) Capsule T(°C) 
Time 

(minutes) Notes Results 
Si14-92 10/3.5 23 Al2O3 1600 20   1 phase (Si 15 wt %) 

Sin6_14-92 10/3.5 23 Al2O3 1600 20   
metal (Si 14.7, Ni 4.9 wt%) + minor 
melt (Si 11, Ni 6.3 wt%) 

Si14-93 10/3.5 23 Al2O3 1750 20
Temperature based on power 
curve 

melt (14.5 wt%), thermocouple 
contamination and sample contact 

Sin6_14-93 10/3.5 23 Al2O3 1750 20
Temperature based on power 
curve 

metal (Si 14.5, Ni 5.2 wt%) + minor 
melt (Si 13.5, Ni 6.8 wt%) 

Sin6_14-96 10/3.5 23 Al2O3 1000 2
Temperature based on power 
curve 

one unmelted phase (Si 16, Ni 5.9 
wt%) 

Si14-98 10/3.5 23 Al2O3 1725 30   one unmelted phase (Si 16.1 wt%) 

Sin6_14-98 10/3.5 23 Al2O3 1725 30   
one unmelted phase (Si 15.3, Ni 5.3 
wt%) 

Si14-99 10/3.5 23 Al2O3 1800 30   
metal (Si 16 wt%) + minor melt (Si 
13.6 wt%) 

Sin6_14-99 10/3.5 23 Al2O3 1800 30   
metal (Si 15.3, Ni 5.3 wt%) + minor 
melt (Si 15, Ni 6.4 wt%) 

Six20-107 10/3.5 23 Al2O3 1746 30   2 phases, unmelted 
Six8-107 10/3.5 23 Al2O3 1746 30   metal + minor melt 

Six30-108 10/3.5 23 Al2O3 1600 60   

Two major phases (Si 25.5 and Si 
34.1) + minor melt too small for 
analysis. 

Sixn25_30-
108 10/3.5 23 Al2O3 1600 60   

metal (Si 33.7, Ni 22.4) + melt (Si 46-
59, Ni 15.6 wt%) 
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A.3 Fe-S-Si 

 Two exploratory experiments into the Fe-S-Si ternary system were conducted 

in MgO capsules at 15 GPa.  The starting material for both experiments contained 7.1 

wt% S and 1.75 wt% Si in Fe and was named S7Si2.  As there were only two 

experiments we will discuss both in detail. 

 
Table A2 – Fe-S-Si experiments 

Run # 
Assembly 

(mm) 
Pressure 

(GPa) Capsule T (ºC) notes 

S7Si2-35 14/8 15 SiO2 950, 30 minutes capsule interaction 
S7Si2-36 14/8 15 MgO failed at 700   

 
 
A.3.1 Experiment S7Si2-35 

In the first run, S7Si2-35, a SiO2 capsule was used as it had been found to limit 

the oxygenation of the sample charge in experiments and was being used for the Fe-Si 

system at the time.  With the inclusion of sulphur the capsule is not inert.  Feathery 

growths appear between what remains of the sample extending to the capsule-furnace 

contact.  Elemental mapping of the run product indicated only minor S and Si 

remaining in the metallic charge with the mass loss of this material evident in the 

sample chamber morphology, resembling a collapsed caldera with a plug of capsule 

material having descended into the sample chamber to replace the lost material.  

Much of the capsule is replaced with fine dendritic-textured area.  The elements Fe, S, 

Si, La and Cr were all found within the dendritic region, indicating a strong 

interaction including the LaCrO3 furnace.  This capsule material was deemed 

unsuitable for these ternary experiments. 

 
Figure A9 - S7Si2-35 (950ºC, 15 GPa) Backscattered image (BSE), Si elemental map 
and S elemental map. The original sample charge is the brightest phase in the BSE 
image. 
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Figure A10 - S7Si2-35 (950ºC, 15 GPa) backscattered electron image of a dendritic 
area of the sample. This area before experimentation would have been the pure SiO2 
capsule. 
  
A.3.2 Experiment S7Si2-36 

For the second experiment into the ternary, we used a MgO capsule hoping to 

avoid the capsule interaction discovered in the first experiment.  The experiment 

unfortunately failed at 700ºC, though it was held near that temperature for 5 minutes.  

Examination of the run products indicates the capsule performed well to these 

conditions with no obvious reaction with the starting material.  Though the 

experiment only reached low temperatures, significant recrystallization of the sample 

with grain sizes up to 40 µm took place.  All sulphur was found recrystallized to large 

grains of FeS (sulphur was present in the starting material in its native form).  Silicon 

was often present as FeSi, but also occurred as well as various concentrations with 

iron and sulphur, likely reflecting the non-equilibration of the experiment.  The matrix 

of the experiment consisted of nearly pure Fe.  This experiment was promising, but 

the lack of a Fe-Si binary diagram as a constraint, nor the presence of any ternary 

phases pushed me to focus on the Fe-Si pure system before continuing with the 

ternary. 
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Figure A11 - S7Si2-36 (680ºC, 23 GPa) Backscattered electron image. 
 
A.4 Fe-C 

Five experiments were conducted into the Fe-C system (Table A3).  Three 

starting materials were prepared for these experiments from pure Fe and C powders: 

C1 (1.10 wt% C), C2 (2.51 wt% C), and C5 (4.99 wt% C).  The C1 and C2 materials 

were prepared for experiments on the carbon poor side of the eutectic point as 

estimated by Wood (1993).  Subsequently, material C5 was prepared to attempt 

experiments between the estimated eutectic and Fe3C phase (6.7wt% C) with the hope 

that the higher carbon content could be more easily quantified.  All the experiments 

were performed in MgO capsules at 15 GPa using Bayreuth-type 14/8 mm assemblies.  

Ultimately the system was abandoned due to a lack of appropriate analytical 

facilities/methods to accurately quantify carbon concentration in the samples (See 

Chapter 6).  While meaningful quality quantitative analysis was not conducted on the 

resulting samples, imaging on the JOEL JXA-8200 electron microprobe has allowed 

some qualitative observations. 

 

 

FeSi 
Fe matrix 

MgO capsule
FeS 
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Table A3 – Experiments into the Fe-C System 

Run # Starting material 
Pressure 

(GPa) Capsule T(°C) 
Time 

(minutes) 
C1-24 1.1wt% C 15 MgO 1550 9 
C1-26 1.1wt% C 15 MgO failed at 700ºC   
C2-15 2.5wt% C 15 MgO 1650 10 
C5-54 5% C 15 MgO 1450-1500 10 
C5-55 5% C 15.5 MgO 1800 10 

 
 

A.4.1 Experiment C1-24 

 The backscattered electron image of run C1-24 shows metal with a significant 

number of small black spheres (1-2 µm in size).  Elemental mapping of the sample 

was inconclusive for carbon with the black spheres apparently high oxygen areas.  At 

high magnification, a graphitic texture is apparent in the samples, whether the texture 

in this system represents crystallization from the eutectic composition is unknown. 

 

  
 

 
 

Figure A12 – C1-24 (1550ºC, 15 GPa).  Backscattered electron images. The 
continuous equally spaced horizontal lines are the result of sample charging and 
discharging under the electron gun due to the poor connection of the uncoated sample 
to the grounded stage. 
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A.4.2 Experiment C1-26 

The backscattered electron image of run C1-26 also shows a significant 

number of small black spheres (10um in size).  This experiment had failed at low 

temperature (700ºC), so indicates the low temperature presence of the feature 

observed in experiment C1-24.  This could also suggest it is an artefact of the original 

starting material, especially as the spheres are larger in this shorter, colder experiment 

than C1-24.  Elemental mapping of the sample seems to show the black spheres are 

oxygen-rich within the iron-rich matrix.  It was unclear where the carbon was in the 

experiment, likely due to the low overall concentration and the large uncertainties in 

the microprobe analysis. 

 

  
 

Figure A13 – C1-26 (failed at 700ºC, 15 GPa) Backscattered electron image and 
elemental map for oxygen.  Higher oxygen concentrations are indicated by brighter 
colour. 
 
A.4.3 Experiement C2-15 

The backscattered electron image of run C2-15 shows a texture possibly 

indicating a fully molten state during the experiment.  The experiment, at 1650ºC, 

should be hot enough to fully melt the sample based on the phase diagram of Wood 

(1993) indicating a 15 GPa eutectic point at 1600ºC.  There are again a limited 

number of small (1-2 µm) black spheres which are not clearly carbon-rich in 

elemental mapping. 
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Figure A14 – C2-15 (1650ºC, 15 GPa) Backscattered electron image. 
 
A.4.4 Experiment C5-54 

Run C5-54 also appears to have been, at least mostly, molten.  The back 

scattered electron image shows a somewhat unusual, but clearly dendritic pattern.  

The sample was not homogeneous with at least one area of apparent carbon 

concentration represented as a slightly darker region in the backscattered image.  The 

composition of the darker region is unknown, most probably Fe3C, native C, or a Fe-

C-O compound. 

 

 
Figure A15 – C5-54 (1450º, 15GPa).  Backscattered electron image with an enlarged 

view of the darker region in the sample. 
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A.4.5 Experiment C5-55 

 Run C5-55 did not display an obvious melting texture in backscattered 

imaging. This is perculiar as it was the highest temperature experiment conducted in 

the system. Again however there appears to be inhomogeneous distribution of BSE 

‘dark’ material including a large agglomerate near the centre of the capsule.  Image 

mapping of this area indicated it was rich in both carbon and oxygen (Figure A17).  

Such an agglomerate area is found in both high carbon experiments and may indicated 

the slow crystallization of a single Fe3C grain inside the capsule. 

 

  
 

Figure A16 – Experiment C5-55 (1800ºC, 15 GPa) Backscattered electron image. A 
higher magnification of an agglomerate region. 
 
 

100 mµ
 

Figure A17 - Experiment C5-55 (1800ºC, 15 GPa) Backscattered electron image 
(BSE) and elemental maps of carbon (C) and oxygen (O) concentration.  Brighter 
colours in the elemental maps indicate higher concentrations. 
 



 
Appendix  Additional Experiments 
 

 101

A.4.6 Overall comments 

Melting appears to be identifiable in the Fe-C samples texturally.  There does 

however appear to be a problem with carbon homogenization through the sample, 

though this is potentially only an artifact of a poor starting material 

composition/mixing and short run durations.  On a positive note, analysis of 

magnesium in the samples showed no contamination and thus MgO capsules may be a 

good choice for the system, as for Fe-S. 

 

A.5 Fe-Ni 

 Initial experiments into the Fe-Ni-S system produced an unexpected result: in 

addition to a sulphide phase, Fe and Ni appeared to segregate into two separate 

phases, a Fe-rich (>95 wt%) and Ni-rich (>80 wt%).  Since previously the two 

elements had been considered completely miscible at both low and high pressures, we 

persued experiments to discover the reason for this behaviour. 

 

 
 

Figure A18 - Sn15-58 (1025ºC, 23 GPa).  Backscattered electron image of a 
experiment into the Fe-Ni-S system using pure powders as a starting material. 

Ni-rich
Fe-rich
matrix
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First, we eliminated sulphur from the starting material to allow us to focus on 

the Fe-Ni behaviour alone.  The starting material was a mechanical mixture of pure Fe 

powder with pure Ni powder.  The two phase separation of Fe and Ni persisted in the 

absence of sulphur, though in most experiments strong grain boundaries were absent, 

suggesting equilibrium problems.  Thus we continued by running very long 

experiment to ensure equilibrium was reached (up to 52 hours at 900ºC).  The long 

experiments continued to have the two phases and the grain boundaries appeared to be 

increasingly sharp.  The consistency of the phase composition was not good between 

experiments however, and the reason for this was, and continues to be, unknown.  

Two separate hypotheses to explain the observations were developed: a highly 

modified Kamacite - Taenite phase diagram at high pressure (figure A19) or Taenite 

(fcc) - hcp phase coexistence (figure A20).  Both possibilities disagreed with previous 

diamond anvil data on the system at equivalent pressures. 
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Figure A19a - low pressure Fe-Ni 
phase digram (after ASM Handbook). 
 

 

 
Figure A20a - Phase diagram of Fe-
10% Ni alloy.  A field of 2 coexisting 
phases is noted (Lin et al., 2002). 
 

 

 
Figure A19b - possible 23 GPa Fe-Ni 
phase diagram, square symbols are 
actual data. 
 

 
 
Figure A20b - Possible configuration 
of the fcc-hcp phase relations in the 
system to account for the observed 
data. Square symbols are actual data. 
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Due to our continued suspicion of the possible starting material effect in the 

observed textures and phase compositions, an effort to make a homogeneous alloyed 

starting material of appropriate Fe:Ni ratio was made.  We developed a technique for 

making the alloy powder using in-house facilities.  Mechanically mixed Fe-Ni 

powder, previously directly used for experimentation, was melted in ZrO2 ampules 

under a controlled atmosphere in a CO2-H2 gas-mixing furnace.  The oxygen fugacity 

of the furnace was kept to the minimum possible.  After several hours in the furnace 

they were removed and quenched by placing the ampule in contact with water, 

without submerging the metal.  The resulting slug of metal produced had an outer 

layer of (Fe,Ni)O with a well homogenized centre.  Facilities able to quench the 

sample within the controlled atmosphere furnace should prevent the outer oxidized 

layer forming.  In our case, grinding was used to remove this layer leaving a 

unoxidized mass of metal ready for powdering.  Due to the malleability of the sample 

traditional agate grinding of the sample was difficult and it was quickly realized that 

slugs of the appropriate size for experimentation could be made to avoid the 

powdering step. 

  
Figure A21 – powder loaded in ZrO2 capsule; the metal after melting and quenching. 

 

a)      b)  
Figure A22 - Experiment 68 (1100ºC, 23 GPa) backscattered electron images of a) 
experimental results using a slug as starting material; b) raw powder as the starting 
material. 
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Unfortunately the method used for making the slugs prevents easy inclusion of 

a light element due to their volatility and insolubility in the metal at high temperature 

and low pressure.  Without a sulphur dioxide gas mix in the controlled atmosphere 

furnace, all suphur added to the charge is lost.  Even with the exploitation of a sulphur 

atmosphere, insolubility would result in a Fe + FeS slug separating into two discrete 

regions.  This highly heterogeneous slug would be of limited use in high pressure 

experiments limited; fine grains, homogeneously intermixed, are more condusive to 

rapid equilibration. 

 

A.5.1 Fe66Ni34 powdered alloy starting material 

 

With the inconsistent results of textures and phases between the same starting 

material, prepared in a different way, we sought external help for a more appropriate 

starting material for Ni-bearing experiments.  Inquiries were made with Goodfellow 

Inc (supplier of materials) about the possibility of custom manufacturing a suitable 

alloy powder for experimentation.  Unfortunately, the cost was prohibitive, but a high 

purity Fe66Ni34 alloy powder was available and immediately ordered.  Testing of this 

new material took place in two experiments, 77 and 78.  Both experiments produced a 

homogeneous single phase with the expected composition.  This alloy powder was 

then utilized in other experimental sets to incorporate nickel into the system, instead 

of the inclusion as pure Ni powder.  This change seems to avoid any Ni-rich phase 

observed otherwise.  The powder also has the benefit over slugs that it can be 

intimately mixed with light element powders. 
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Table A4 – Experiments on the Fe-Ni system 

Assembly 
(mm) 

Pressure 
(GPa) Starting Material Capsule T(°C) 

Time 
(min) notes 

10/3.5 23 powder MgO 1200 30   
10/3.5 23 powder MgO 1100 30   
10/3.5 23 powder MgO 1000 40   
10/3.5 23 powder MgO 1250 28   
10/3.5 23 powder MgO 1250 20 Temperature based on power curve 
10/3.5 23 powder MgO 1300 930   
10/3.5 23 powder MgO 1900 60 Temperature based on power curve 
10/3.5 23 powder MgO 900 3120   
10/3.5 23 6% Ni Slug MgO 1100 60 Slug test 
  powder MgO 1100 60 Second capsule  
10/3.5 23 powdered slug MgO 1300 885 Powdered slug test 
  powder MgO 1300 885 Second capsule  
10/3.5 23 powder MgO 1700 40 Temperature based on power curve 
10/3.5 23 powder MgO -  Furnace failure 
10/3.5 23 powder MgO 1000 10 Temperature based on power curve 
10/3.5 23 alloy powder MgO 1085 1260   
10/3.5 23 alloy powder MgO 1900 10   
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