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Abstract

A variety of early solar system processes provide a route to melting the majority

of the Earth’s already differentiated mantle, creating a magma ocean. This makes

the differentiation of the mantle to produce today’s structure reliant entirely on the

properties of the liquids which would have constituted this molten history. The

modern mantle is known to be composed mostly of the magnesium perovskite min-

eral, bridgmanite, with the calcium counterpart also being a significant contributor

and the second most abundant mineral is that of periclase. The liquid counterparts

to these compositions are therefore crucial to our understanding of how a magma

ocean cooled to produce the solid Earth. For this goal the melting curves of these

minerals, and associated mixtures, are the primary relations. I apply first principles

molecular dynamics to calculate the thermodynamic properties of both solid and

liquid phases. In order to calculate melting temperatures, Gibbs free energies of

each phase must be found, which requires entropy to be known. Entropy is cal-

culable for the solid using existing techniques but liquid entropy proves to be one

of the most challenging thermodynamic quantities. I refine and evaluate the re-

cently developed two-phase thermodynamic method of calculating liquid entropy

from first principles molecular dynamics simulations before applying this to calcu-

lating the whole mantle liquidus for Mg-Ca perovskites, completely independently

from experiment. I also investigate the structural properties for these liquids under

compression to super-earth relevant pressures. Finally, I apply similar scrutiny to

carbonate liquids, which possess low melting temperatures and extremely low vis-

cosity which makes them relevant liquids in today’s mantle as well as the upper

portions of the ancient magma ocean.
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Impact Statement

The principle findings of this thesis relate to properties of liquids which are tra-

ditionally difficult to calculate and not yet possible to measure. A new method

for calculating the entropy of liquids is evaluated for systems of higher complex-

ity than previous studies. This is applied to conditions relevant to the early Earth’s

molten mantle, the magma ocean, but also shows that the method is accurate across

a wide range of pressures and temperatures. With this comes the possibility that

the two-phase thermodynamic (2PT) method of calculating entropy is appropriate

many applications where entropy, structure and free energy of liquids is of use. I en-

vision this aiding the development of emerging energy industries such as fuel cells

and batteries where understanding of complex phase relations is crucial to advance-

ment.

I test the 2PT method on the MgSiO3 melting curve. This is the composition

of the most common mineral in today’s solid mantle, and therefore the most com-

mon composition in the ancient magma ocean. The liquidus of this composition has

been found at upper mantle conditions by experiment and estimated for lower man-

tle pressures from theoretical studies, interspersed by sparse experimental points.

The collection of melting temperature estimates for the core mantle boundary span

an uncertainty of over 1000 kelvin despite this being the most studied system for

these conditions. This work is completely independent of previous estimates (unlike

many theoretical studies before) and provides confirmation of the liquidus over the

entire mantle pressure range. By doing so we provide certainty in the freezing prop-

erties of the single component magma ocean from which thermal evolution models

can be based, allowing a robust understanding of how the Earth evolved from its
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early molten state.

Following this single component melting curve, I evaluate the mixing proper-

ties of the MgSiO3-CaSiO3 system which has previously not seen explicit analysis

and is routinely assumed to be simple and ideal. I find non-ideality at conditions

pertaining to the shallow magma ocean and increasing ideality with depth. This de-

parts from conventional assumptions and gives valuable understanding of the struc-

ture and behaviour of complex liquids upon compression. The eutectic melting

point is calculated for this compositional join to aid the understanding of how the

magma ocean cooled and provide further insight into interactions between crystal

and liquid buoyancy.

Finally, liquid compositions relevant to today’s upper mantle are investigated

in terms structural and transport properties. Carbonate melts are found as low vis-

cosity lavas in continental interiors (for example the east African rift valley) and

are thought to initiate melting in subducting slabs and drive metasomatic processes

beneath back arc volcanism. I find previously unidentified anomalous structure and

behaviour of CaCO3 (the most important composition in the deep earth carbon cy-

cle) compared to other alkali earth metal carbonate liquids where behaviour was

previously assumed to follow a trend with increasing ionic radius. This finding will

be crucial for the understanding of the deep carbon cycle and therefore the distribu-

tion of greenhouse gasses over geologic time.
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Grüneisen Parameter . . . . . . . . . . . . . . . . . 103

2.4.2 Dynamic Properties . . . . . . . . . . . . . . . . . . . . . . 103

2.4.2.1 Diffusion . . . . . . . . . . . . . . . . . . . . . . 103

2.4.2.2 Viscosity . . . . . . . . . . . . . . . . . . . . . . 105

2.4.2.3 Velocity distribution . . . . . . . . . . . . . . . . 106

2.4.2.4 Velocity Auto-Correlation Function . . . . . . . . 108

2.4.2.5 Vibrational Density of States . . . . . . . . . . . 109

2.4.3 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

2.4.3.1 Radial Distribution Function . . . . . . . . . . . 110

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

3 Entropy 116

3.1 Gas and Solid Entropies . . . . . . . . . . . . . . . . . . . . . . . . 120

3.2 Two Particle Excess Entropy . . . . . . . . . . . . . . . . . . . . . 122

3.3 Two Phase Thermodynamic Method . . . . . . . . . . . . . . . . . 126

3.4 Particle Insertion . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

3.5 Thermodynamic integration . . . . . . . . . . . . . . . . . . . . . . 136

3.6 Melting methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

3.6.1 Determination of Melting . . . . . . . . . . . . . . . . . . 138

3.6.1.1 Theory of Melting . . . . . . . . . . . . . . . . . 139

3.6.2 Z method . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

3.6.3 Waiting Time Analysis . . . . . . . . . . . . . . . . . . . . 145

3.6.4 Two-Phase Coexistence . . . . . . . . . . . . . . . . . . . 146

3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

4 Magnesium Silicate Liquid 149

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

9



4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

4.2.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . 151

4.2.2 Entropy calculation . . . . . . . . . . . . . . . . . . . . . . 151

4.2.3 Spectral Validation . . . . . . . . . . . . . . . . . . . . . . 158

4.2.4 Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . 160

4.2.5 Melting Temperature . . . . . . . . . . . . . . . . . . . . . 164

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

4.3.1 Comparison to published results . . . . . . . . . . . . . . . 165

4.3.2 Contributions to liquid entropy . . . . . . . . . . . . . . . . 166

4.3.3 Pressure and Temperature dependence of Liquid MgSiO3 . . 170

4.3.4 Melting curve . . . . . . . . . . . . . . . . . . . . . . . . . 172

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

5 Magnesium - Calcium Silicate Liquids 182

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

5.3.1 Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . 185

5.3.2 Structural properties . . . . . . . . . . . . . . . . . . . . . 194

5.3.3 Vibrational properties . . . . . . . . . . . . . . . . . . . . . 197

5.3.4 Transport Properties . . . . . . . . . . . . . . . . . . . . . 201

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

5.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

5.6.1 Calcium perovskite . . . . . . . . . . . . . . . . . . . . . . 205

5.6.2 Mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

6 MgO - CaO 208

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

10



6.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

6.3.1 Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . 210

6.3.2 Structural Properties . . . . . . . . . . . . . . . . . . . . . 213

6.3.3 Vibrational Properties . . . . . . . . . . . . . . . . . . . . 215

6.3.4 Transport Properties . . . . . . . . . . . . . . . . . . . . . 216

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

6.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

7 Carbonate Liquids 222

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

7.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

7.3.1 Equation of State . . . . . . . . . . . . . . . . . . . . . . . 225

7.3.2 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

7.3.3 Transport Properties . . . . . . . . . . . . . . . . . . . . . 232

7.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

7.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

8 Conclusions 240

8.1 Two-Phase Entropy . . . . . . . . . . . . . . . . . . . . . . . . . . 240

8.2 Perovskites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242

8.2.1 Mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244

8.2.2 Calcium perovskite . . . . . . . . . . . . . . . . . . . . . . 245

8.3 MgO-CaO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

8.4 Carbonates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

8.5 Future Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247

A Appendix 249

11



Bibliography 262

12



List of Figures

1.1 From Lock et al. (2018), synestia are spinning doughnut shaped

bodies of rock vapour which surround a planet following giant im-

pacts. This illustrates the cooling and condensation of the early

Earth synestia in forming moon following the Theia impact (Halli-

day, 2000). This scenario is capable of explaining isotopic similar-

ities and differences seen in the Earth-moon system whilst necessi-

tating the presence of a magma ocean. . . . . . . . . . . . . . . . . 36

1.2 From Boyet and Carlson (2005). The 4.567 Ga isochron �tted to

147Sm-143Nd data from chondrites (solid symbols) and terrestrial

samples (open symbols) representing the time from which the sig-

nals are correlated. This is interpreted as the time from which the

mantle is differentiated. . . . . . . . . . . . . . . . . . . . . . . . . 38

1.3 From Caracas et al. (2019) where the possibilities of either batch

(A,B) or fractional (C,D) crystallisation are explored with an on-

set of crystallisation (and buoyancy) occurring both shallow (B,D)

and deep (A,C). Colour of items in the cartoons depict the relative

enrichment of incompatible elements (principally iron), for exam-

ple the batch crystallisation scenarios will maintain equilibrium be-

tween crystal and melt throughout cooling and so all crystals have

equal iron enrichment. For fractional schemes, the initial crys-

tals are more iron depleted than subsequent ones, and are coloured

lighter to re�ect this. The residual melt is enriched in iron if low

iron crystals rise from a deep initial formation. . . . . . . . . . . . . 46

13



1.4 Adapted from Di Paola and Brodholt (2016), the prominent esti-

mations of the whole mantle melting curve of Mg-perovskite over

the last several decades. Early results include only experiment and

are limited to low pressure, the extrapolation of which proves to be

inconsistent with modern results for higher pressure. Despite the

large scatter in uncertainties, especially at the base of the mantle,

the con�uence of results gives a good understanding of this melting

temperature throughout the mantle. . . . . . . . . . . . . . . . . . . 47

1.5 From Stixrude et al. (2009). The position and gradient of isentropes

in the ancient magma ocean will have de�ned the depth of initial

crystallisation and the dynamics of the magma ocean which followed. 48

1.6 From Thomson et al. (2016). The deep mantle is potentially de-

pleted in carbon due to de-volatilisation below 660 km in slab

subduction. The hosting phases of carbon in the deep mantle are

also limited (Dasgupta and Hirschmann, 2010) making saturation

at depth a possibly. Experimental works have shown that diamond

can be precipitated under the reduced oxygen fugacity of the as-

thenosphere (Stagno and Frost, 2010). . . . . . . . . . . . . . . . . 49

1.7 Experimental and computational equations of state for calcium car-

bonate liquid and comparable liquids. This shows the limited pres-

sures explored in a planetary context and large uncertainty. . . . . . 51

2.1 From Tao et al. (2003), this cartoon shows the less complex and

poorer accuracies involved with early exchange correlation func-

tionals such a the local density approximation whilst also highlight-

ing that these techniques form the foundation that makes more ad-

vanced counterparts possible. The Uppermost rungs of the ladder

become harder to implement and less widely applicable, with the

generalised gradient approximation and meta-GGA being the most

popular categories of XC functionals. . . . . . . . . . . . . . . . . 77

14



2.2 Velocities for each Cartesian component averaged over every atom

at each time step, plotted with standard deviations. This is a 20 ps

MgSiO3 simulation with multiple restarts in order to be computed in

24 hour batches (each panel represents a different restart, timesteps

are given on x-axis). This shows that the practice of resubmitting

only with positional and velocity information will successfully con-

tinue without applying a new randomised velocity distribution. The

dashed lines show the restart time of the simulation and therefor the

concatenation point. . . . . . . . . . . . . . . . . . . . . . . . . . . 85

2.3 The average velocities (lower curves) and the standard deviation of

the velocity (upper curves) across a restart (1908 fs) at which the

temperature was decreased from 10000 K to 1600 K. . . . . . . . . 86

2.4 Total energy of an 80 atom supercell of crystalline periclase (MgO)

as a function of the energy cutoff for two different tested versions

of the Mg projector augmented wave potential. . . . . . . . . . . . 87

2.5 Test of converged energies and �uctuation of energy with time from

simulations with differing k-point sampling. Both systems are of 27

formula units of MgSiO3 at 3000 K and 2.57 g mol-1. . . . . . . . . 88

15



2.6 Differing choices of the number of cores on which the calculation

is performed and the number of bands which are treated in paral-

lel are analysed for the time to compute a molecular dynamic step.

The test case is 27 formula units of MgCO3 at 2000K in a cubic cell

giving a density of 2.0928 g cm-3. A combination of Davidson and

RMM-DIIS algorithms are used for an electron density minimisa-

tion routine. Inset upper: number of cores is �xed at 120 and the

number of bands to be treated in parallel is varied giving little opti-

misation above minimal values. Inset lower: varying the number of

cores whilst having the number of bands treated in parallel equal to

the number of cores. Without the consideration of both the available

parallelisation and the treatment of it the advantage of increased re-

sources is offset by computational overhead before Ncore = Natoms.

Main: when properly handled, parallelisation offers computational

ef�ciency peakingNcore � Natom after which the overhead of paral-

lelisation results in diminishing returns. . . . . . . . . . . . . . . . 95

2.7 Testing of suf�cient simulation size through comparison of struc-

tural properties (RDF, main panel) and thermodynamic properties

(energy, top inset and pressure, bottom inset wheredE = 0.00579

eV atom-1 anddP = 0.1824 GPa) of a standard sized system (27 for-

mula units, blue) and a larger system (54 formula units, red) where

both are MgSiO3 liquid at 3000 K and 2.57 g cm-3. . . . . . . . . . 96

2.8 Time evolution of MgSiO3 liquid simulation pressure with density

of 2.57 g cm-3 at 1600, 3000 and 4000 K. The shaded region de-

notes a typical equilibration time which is discarded when calcu-

lation time average properties from the simulation. The horizontal

lines indicate the time-average values and shading about these lines

indicate the uncertainty in the average. . . . . . . . . . . . . . . . . 97

16



2.9 Time evolution of MgSiO3 liquid simulation energy with density of

2.57 g cm-3 at 1600, 3000 and 4000 K. Here the effect of reduced

temperature on system dynamics is evident in the longer time for

a 1600 K case to reach equilibrium compared to 4000 K (where a

typical equilibration time of 1250 fs is shown in the shaded region).

Horizontal lines give the time-average values and uncertainty in the

average is shown by the associated surrounding shading. . . . . . . 97

2.10 Example mean squared displacement from which diffusivity can be

calculated. 11 picosecond simulation of MgSiO3 at 3000 K and

2.57 g cm-3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

2.11 Stress auto correlation functions for MD simulations of MgSiO3

(black and grey lines) and CaCO3 (green). Lower viscosities will

see the correlation decay more rapidly, producing a smaller integral. 106

2.12 Velocity distributions for a simulation of MgSiO3 (circles) at 3000

K for durations up to 32 picoseconds with accompanying Maxwell-

Boltzmann distributions for the same temperature given (line) as the

theoretical target for these distributions. The H-function of these

distributions is calculated according to Haile (1992). . . . . . . . . 108

2.13 Example velocity auto correlation functions of liquid (light line),

solid (heavy line) and theoretical gas (dashed line). The real ex-

amples are simulations of MgSiO3 (showing only the magnesium

component) at 3000 K and 2.57 g cm-3 and 3000 K and 3.97 g cm-3

for the liquid and the solid respectively. . . . . . . . . . . . . . . . 109

2.14 Example vibrational density of states for liquid (light line) and solid

(heavy line) simulations of MgSiO3 (showing average of all com-

ponent ions) at 3000 K and 2.57 g cm-3 and 3000 K and 3.97 g cm-3

for the liquid and the solid respectively. . . . . . . . . . . . . . . . 110
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2.15 An example radial distribution function for liquid MgSiO3. Total

RDF (black line) gives detail about the liquid as a whole with an

asymptote to one at large distances and pair distribution functions

(coloured lines) show the behaviour of speci�c species pairs where

their �rst peak will reveal bonding distance and coordination num-

ber. Excluded radii of zero value show the inability for overlap be-

tween ions. Inset shows the integral of the �rst peak can be applied

to calculating coordination numbers but de�nition of termination is

non-trivial. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

3.1 Comparing the two-body calculated (Baranyai and Evans, 1989) en-

tropy (orange diamonds) to that of De Koker and Stixrude (2009)

(blue triangle). Continuous trend of two body entropy (black line)

is achieved via heat capacity integration from 3000 K result (via

S= S0
R Cv

T dT, whereCv = 4.18 NkB). The systematic overestima-

tion of entropy is due to the subtraction of S2 terms from the ideal

gas entropy being an incomplete representation of correlation be-

tween particles in the system. . . . . . . . . . . . . . . . . . . . . . 124

3.2 From Baranyai and Evans (1990), The evaluation of contributions

to the system entropy from two-body and three-body terms. The

authors point out that for many conditions of the Lennard-Jones

�uid, the contributions from two-body interactions suf�ciently de-

scribes the ordering of the system. Unfortunately, for other condi-

tions, three-body terms are signi�cant and not fully converged and

can be expected to be far worse for a real system. Top left shows

a case where two-body terms are mostly satisfactory, and to right a

case where they are not. Bottom shows the convergence of three-

body effect with changing density of the �uid. . . . . . . . . . . . . 125
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3.3 The difference between the two-body excess entropy method and

the absolute entropy of a system can be seen to converge in the

limit of in�nite volume where the effect of higher than S2 con-

tributions to con�guration are reduced to zero. These results are

calculated from FPMD simulations of liquid MgSiO3 via the two-

body method (S2 and the two phase thermodynamic method (2PT)).

Convergence with the true absolute entropy could involve thermo-

dynamic integration to �nd such a value independently. . . . . . . . 126

3.4 Comparison of the total vibrational density of states (black) to the

gas-like portion of the VDOS computed via the Enskog approxima-

tion (blue) and the memory function approach (green). . . . . . . . 131

3.5 Same as Fig. 3.4 but on a log-log scale to emphasise the overesti-

mate of the VDOS in the Enskog approximation at large frequencies

and the much more physical result obtained with the memory func-

tion approach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

3.6 From Bernardi et al. (2015) illustrating the description of well-

tempered metadynamics and how it allows the exploration of a va-

riety of valleys in the free-energy landscape without oversampling. . 135

3.7 From Luo et al. (2005). The authors compare Melting temper-

ature (top) to the Lindemann parameter (middle) and vibrational

frequency (bottom) from VDOS. They report a pressure non-linear

pressure effect on the rmsd(or Lindemann parameter) and suggest

this makes extrapolations of Lindemann law based melting curves

problematic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

3.8 Adapted from Braithwaite and Stixrude (2019), the shape of this

heating relation gives the method its name. As a critical point of

super-heating is reached, the system melts and the temperature re-

duces to an upper limit of the melting curve. The waiting method

can be applied to re�ne the liquidus point accuracy. . . . . . . . . . 145
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3.9 From Braithwaite and Stixrude (2019), the time taken for a sys-

tem to melt will increase as the overheating temperature reaches the

melting temperature. The authors examine the evolution of the �rst

peak of the structure factor to quantify a waiting time. The melting

temperature can be constrained by extrapolating this waiting time

to it's in�nite limit. . . . . . . . . . . . . . . . . . . . . . . . . . . 146

4.1 MgSiO3 liquid, 38.9 cm3mol-1 (2.57 g cm-3), 3000 K. Un�ltered

velocity autocorrelation function shows the rapid decay of velocity

correlation with a small oscillatory (repetition of non-zero corre-

lation and anti-correlation) period which shows a not completely

diffusive behaviour. The decay to approximately zero correlation

after several wavelengths demonstrates a non crystalline behaviour.

Growth of signal amplitude beyond 200 femtoseconds is unwanted

noise in the signal. Dashed lines are the theoretical VACF calcu-

lated from moments (Isbister and McQuarrie, 1972). . . . . . . . . 152

4.2 Choice of damping time is important to remove the noise arising

from the poor statistical representation of large time intervals in the

VACF. Damping is de�ned by an Gaussian decay where the signal

amplitude is reduced to 0.1 at the damping time. Hard-sphere decay

time gives a minimum theoretical time based only on elastic colli-

sion interactions, where as the periodic sound speed time gives an

approximate upper limit where signals related to the cell size and

it's periodicity will be include for values above this. . . . . . . . . . 154
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4.3 A vital quantity which must be preserved during damping of the

VACF in producing the VDOS is the zero frequency limit. This

quantity will be underestimated with the damping time being too

short, where the full VACF waveform is not captured. This �gure

shows the convergence of the VDOS calculated diffusion coef�cient

for magnesium (maroon), silicon (green) and oxygen (orange) in a

MgSiO3 simulation at 3000 K and 38.9 cm3mol-1 (2.57 g cm-3).

At damping time of around 500 femtoseconds the absolute value of

diffusivity converges with the independently calculated, via mean

square displacement (eq. 2.114), value. Beyond this, the uncer-

tainty of values can be seen to grow due to the inclusion of noise in

the spectrum from the large time intervals of the VACF. . . . . . . . 155

4.4 Choice of the number of integration points to include when per-

forming the cosine transform of the VACF to produce the vibra-

tional density of states. Half of the maximum (where 8000 is the

total number of timesteps included in the computation) integration

points is suf�cient to reproduce the real signal, as per the Nyquist

frequency (Nyquist et al., 1979). Inset shows the entropy calculated

from the different sampling rates and con�rms that 4000 produces

a converged result compared to the maximum. . . . . . . . . . . . . 157

4.5 A properly damped and sampled (during integration) density of

states for MgSiO3 simulation at 3000 K and 38.9 cm3mol-1 (2.57

g cm-3). Damping time-length was set at 500 femtoseconds and the

number of integration points was half of the total included timesteps

(half of the available resolution). . . . . . . . . . . . . . . . . . . . 158

4.6 Spectral comparison between this study at 2.58 g cm-3 1600 K (or-

ange line) and 2.86 g cm-3 3000 K (green line) and experimental

spectra (light blue, Raman and dark blue, infrared) of glass (Ku-

bicki et al., 1992) at 2.84 g cm-3, 300 K. The chosen densities of

this study re�ect close to equal density and close to equal pressure. . 159
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4.7 Velocity distributions of an extended simulation of MgSiO3 at 3000

K and 38.9 cm3mol-1 (2.57 g cm-3) were increasing number of

timesteps are included in the distribution showing the need for� 10

ps to accurately reproduce the modelled Maxwell-Boltzmann dis-

tribution (green line). Whilst large simulations produce better aver-

aging of noise to precisely match the MB distribution, shorter sim-

ulation times produce noise around the distribution without under-

representation of any portion. Inset shows the calculated H-function

(Haile, 1992) for increasing simulation duration compared to the

theoretical value for a Maxwell-Boltzmann distribution. . . . . . . . 162

4.8 Comparison of different methods of estimating uncertainty for in-

creasing number of timesteps in the calculation. The uncertainty

should reduce with increasing duration as a more complete repre-

sentation of velocities is included. Moments based estimations do

not follow a consistent downwards trend, whilst overestimating er-

ror compared to the other methods. Velocity distribution is better

but with similar problems. Comparing the moment-calculated en-

tropy to that of the high frequency tail �tting method proves the

most consistent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

4.9 Comparison of calculated entropy of this work at 1600K, 3000 K

and 4000 K, via 2PT method (orange squares), interpolated via heat

capacity (black line, equation 4.9 between temperatures to the re-

sults of De Koker and Stixrude (2009) (blue triangles) at 1773 K

and Stebbins et al. (1984) at 1600 K (orange circle, extrapolated). . 166

4.10 Entropy calculated using the 2PT method natively divides the en-

tropy of the system into solid (stars) and gas-like (pentagons) con-

tributions, as is shown here for MgSiO3 at 3000 K and a range of

volumes. Comparison is shown to the crystalline calculated result

of Karki et al. (2000) from lattice dynamics. . . . . . . . . . . . . . 168
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4.11 Entropy of liquid MgSiO3 3000 K is described through an ideal gas

theoretical maximum (circles) and an excess entropy contribution

(triangles) which is always negative (here this is simply the differ-

ence between total and ideal values). . . . . . . . . . . . . . . . . . 169

4.12 Simulations of solid (�lled symbols) and liquid (open symbols) at

3000 K over a range of volumes corresponding to a pressure range

of 0 to 180 GPa. The gas fraction (crosses) shows the proportion

of the vibrational spectra assigning to the gas-like subsystem in the

2PT calculation. The zeroth moment of the VDOS (circles) facil-

itates the calculation of the Grüneisen parameter (from equations

2.112 and 2.113). . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

4.13 Internal energy. (Lower curves, left hand axis) Energy of the liquid

(�lled circles) and solid (�lled squares) and temperatures 2000 K

(blue), 3000 K (green), 4000 K (orange), and 5000 K (red). The

open symbols indicate values of the liquid energy interpolated to

volumes at which solid simulations were performed. For clarity,

curves are shifted downwards by 0.5 eV (3000 K), 1.0 eV (4000),

1.5 eV (5000 K). (Upper curves, right hand axis) The difference in

energy between liquid and solid. The differences are plotted over

the range of volumes for which liquid and solid simulations overlap. 173

4.14 Entropy. (Lower curves, left hand axis) Entropy of the liquid (�lled

circles) and solid (�lled squares) and temperatures 2000 K (blue),

3000 K (green), 4000 K (orange), and 5000 K (red). The open sym-

bols indicate values of the liquid entropy interpolated to volumes at

which solid simulations were performed. (Upper curves, right hand

axis) The difference in entropy between liquid and solid. The dif-

ferences are plotted over the range of volumes for which liquid and

solid simulations overlap. . . . . . . . . . . . . . . . . . . . . . . 174
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4.15 The melting temperature computed according to Eq. 4.8 from sim-

ulations at 2000 K (blue), 3000 K (green), 4000 K (orange), and

5000 K (red). The dark gray line is a best �t to our results (Kechin,

2002): T(P) = T0(1+ P� P0
a )bexp(� P� P0

c ) with a = 4:3358 GPa,

b = 0:4221,c = 809:9 GPa,P0 = 8 GPa,T0 = 1275 K. This curve

was �t to those simulations that produced melting temperatures

closest to the simulation temperature (excluding 5000 K results, see

text). The red shaded band is the result of Stixrude and Karki (2005)

and encompasses subsequent experimental and �rst principles de-

terminations of melting of MgSiO3, prevalent examples of which

are shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

4.16 Comparison of pressures output from FPMD simulations (�lled

squares) to pressure calculated from change in Helmholtz free en-

ergy between simulations (crosses), and Helmholtz free energy with

imposed constant energy (open triangles) at 2000 K. The contribu-

tion of entropy dominates the volume change upon compression for

upper mantle conditions. . . . . . . . . . . . . . . . . . . . . . . . 180

5.1 Calculated CaSiO3 melting temperatures of this study (cir-

cles).Braithwaite and Stixrude (2019) (triangles) provides the ref-

erence curve (dashed line). Experimental results of Shen and Lazor

(1995) (squares), Gasparik et al. (1994) (horizontal diamonds) and

Zerr et al. (1997) (diamonds). . . . . . . . . . . . . . . . . . . . . . 186
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5.2 Pressure of mixing at constant volume for a low temperature (3000

K) and large volume (26.5 cm3mol-1, 6.5-3.8 g cm-3 for Ca and

Mg end members respectively) case. Left axis shows the absolute

pressures (blue circles) and the linear combination of end-members

(red line). Right axis shows the pressure of mixing (orange crosses)

which are the deviation from the red line. Bottom axis is the compo-

sition of the simulation points shown where 0 is a pure CaSiO3 sys-

tem and 1 is pure MgSiO3. Fitted line (orange) of pressure of mix-

ing (excess pressures) takes the formDP= A f(1� f )2+ B(1� f ) f 2

where f is the molar fraction of MgSiO3 and A and B are empiri-

cally �tted constants which allow asymmetry in the excess mixing

properties. The values of these constants are given in table 5.1. . . . 187

5.3 Pressure of mixing at constant volume for a high temperature (5000

K) and small volume (20.6 cm3mol-1, 8.4-4.9 g cm-3 for Ca and

Mg end members respectively) case. Left axis shows the absolute

pressures (blue circles) and the linear combination of end-members

(red line). Right axis shows the pressure of mixing (orange crosses)

which are the deviation from the red line. Bottom axis is the com-

position of the simulation points shown where 0. is a pure CaSiO3

system and 1. is pure MgSiO3. Fitted line (orange) of excess pres-

sures takes the formDP = A f(1� f )2 + B(1� f ) f 2 where f is the

molar fraction of MgSiO3 and A and B are empirically �tted con-

stants which allow asymmetry in the excess mixing properties. The

values of these constants are given in table 5.1. . . . . . . . . . . . 188
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5.4 Isochoric datasets are extrapolated to constant pressure via pressure

of mixing (�gures 5.2, 5.3) and compressibility (equation 5.2). The

functional formDV = A f(1� f )2 + B(1� f ) f 2 is applied as �tting

(solid lines) wheref is the molar fraction of MgSiO3 andA and

B are constants which are empirically �t, allowing for asymmetry.

The values ofA andB are given in table 5.2. Dashed line is the

linear trend between end member volumes representing ideal mixing. 189

5.5 Constant pressure enthalpy of mixing is calculated from the iso-

choric energy of mixing via equation 5.1 and �t to the formDH =

A f(1� f )2 + B(1� f ) f 2 (solid lines) wheref is the molar fraction

of MgSiO3 andA andB are empirically applied constants, the value

of which are provided in table 5.2. The solid line denotes an ideal,

linear mixing of end member enthalpies. . . . . . . . . . . . . . . . 190

5.6 Entropy of mixing across composition for a series of isochoric

datasets. Pink line denotes the ideal mixing entropy with the form

DSideal = � NkB( fi ln fi + f j ln f j ) where f is the molar fraction of

each component (i; j). Solid lines take the formDS= A f(1� f )2 +

B(1� f ) f 2 as an empirical �t allowing for asymmetry in the mixing

entropy whereA andB are constants, the values of which are shown

in table 5.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

5.7 Phase diagrams showing the liquidus of the CaSiO3-MgSiO3 join

at 40 and 143 GPa, as de�ned by the isochores shown in the pre-

ceding thermodynamic property �gures. Solid lines are constructed

from the �tted relations (viaDY = A f(1� f )2+ B(1� f ) f 2 of ther-

modynamic properties (Y) using equation 5.8. Dashed lines are the

theoretical case of ideal mixing from end members using the Le

Chatelier—Shreder equation. Experimental results of Nomura et al.

(2017) (blue diamonds, de�ning liquidus) and theoretical eutectic

result of Braithwaite and Stixrude (2019) (blue triangle) are shown

at 25 GPa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
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5.8 Radial distribution functions (top left) for compositional join be-

tween calcium (orange) and magnesium (light blue) silicate liquids

with metal-oxygen (bottom) and silicon-oxygen (top right) pair dis-

tributions. All shown are for intermediate volume and temperature

(26.5 cm3mol-1 and 3000 K respectively). This constant volume

case results in pressures ranging from 28 GPa (MgSiO3) to 53 GPa

(CaSiO3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

5.9 Coordination number of cations (Mg, green and Ca, blue) and oxy-

gen (as well as silicon-oxygen, orange) across compositional join.

Constant volume and temperature of 26.5 cm3mol-1 and 3000 K

respectively. Bond lengths corresponding to the points shown are

given in the inset, as calculated from the �rst peak of the relevant

pair distribution function. Comparison is made to the intermediate

diopside composition of Sun et al. (2011), CaSiO3 from Bajgain

et al. (2015) and MgSiO3 of Stixrude and Karki (2005). . . . . . . . 196

5.10 Comparison of this study (green lines) with Raman (purple) and

infrared (light blue) spectral data of CaSiO3 glass at 300 K and less

than 2 GPa fromKubicki et al. (1992). . . . . . . . . . . . . . . . . 198

5.11 Total vibrational density of states for a compositional range be-

tween calcium and magnesium perovskite liquid end-members.

Left panel shows 3000 K cases with high volume (26.5 cm3mol-1)

and right shows 5000 K and low volume (20.6 cm3mol-1) . . . . . . 199

5.12 Zeroth moment of the vibrational density of states (also known as

the characteristic temperature of the system) for two (green : 3000

K 26.5 cm3mol-1, red : 5000 K 20.6 cm3mol-1) isochoric cases

across MgSiO3-CaSiO3 compositional join . . . . . . . . . . . . . 200

5.13 Self-diffusion coef�cients for the constituent ions of simulations

across the compositional join under constant volume and temper-

ature. Values are calculated via the zero frequency limit of the vi-

brational density of states. . . . . . . . . . . . . . . . . . . . . . . 201
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5.14 Shear stress auto-correlation function of all examined compositions

at 5000 K and 8.36 g cm-3 (CaSiO3) to 4.87 g cm-3 (MgSiO3). . . . 202

5.15 Isochoric viscosities for conditions 26.5 cm3mol-1 and 3000 K

(green) and 20.6 cm3mol-1 and 5000 K (red). Green diamond is

the MgSiO3 result of Karki and Stixrude (2010) at 27GPa, which

corresponds to the pressure of the MgSiO3 end-member in this study. 203

6.1 Isochoric pressure of mixing between CaO (0) and MgO (1) end

members at three volume - temperature conditions: 13.2 cm3mol-1

2000 K (blue), 16.5 cm3mol-1 5000 K (red) and 13.2 cm3mol-1 6000

K (pink). Right axis shows the excess pressure of mixing where the

dashed line represents ideal mixing. . . . . . . . . . . . . . . . . . 210

6.2 Isochoric energy of mixing between CaO (0) and MgO (1) end

members at three volume - temperature conditions: 13.2 cm3mol-1

2000 K (blue), 16.5 cm3mol-1 5000 K (red) and 13.2 cm3mol-1 6000

K (pink). Right axis shows the excess energy of mixing where the

dashed line represents ideal mixing and �ts as solid lines. . . . . . . 211

6.3 Isochoric entropy of mixing between CaO (0) and MgO (1) end

members at three volume - temperature conditions: 13.2 cm3mol-1

2000 K (blue), 16.5 cm3mol-1 5000 K (red) and 13.2 cm3mol-1 6000

K (pink). Right axis shows the entropy of mixing where the dashed

line represents ideal entropy of mixing (Ssimple
ideal = NkB å X lnX). . . 212

6.4 The two-body entropic contribution as de�ned by Baranyai and

Evans (1989) is produced as an integral of all pair distributions in

the liquid structure. This is shown for the CaO-MgO join at 13.2

cm3mol-1 and 2000 K. Inset shows the calculated entropic value

and the deviation from a linear trend alongside the theoretical ideal

mixing entropy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
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6.5 Radial distribution functions of compositions across the CaO-MgO

join at constant volume (13.2 cm3mol-1) and temperature (2000 K).

Noise about an average in the signals is due to peaks in the distri-

bution being related to components that are present in small numbers.214

6.6 Averaged metal-oxygen coordination numbers (main, red circles)

across the compositional join between CaO and MgO liquid at

constant volume (13.2 cm3mol-1) and temperature (2000 K). Inset

shows the speci�c cation-oxygen bond length across the join. . . . . 215

6.7 Vibrational density of states of compositions across the CaO-MgO

join at constant volume (13.2 cm3mol-1) and temperature (2000 K).

Heavy lines represent the total vibrational spectra and light lines

are the gas-like modes. Magnesium (top) and calcium (middle) are

offset from for clarity. . . . . . . . . . . . . . . . . . . . . . . . . . 216

6.8 Self diffusion coef�cients of constituent atoms (magnesium: red,

calcium: green, oxygen: blue) in compositions across the CaO-

MgO join at constant volume (16.5 cm3mol-1) and temperature

(6000 K). Trends agree with the inverse of pressure where the MgO

end member sees lower pressures than the CaO equivalent for the

same volume. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

6.9 Stress auto correlation functions of compositions across the CaO-

MgO join at constant volume (16.5 cm3mol-1) and temperature

(5000 K). Decay of this function to zero is representative of the

systems ability to transmit shear stresses and is therefore related to

viscosity. Increasing noise at larger time intervals is due to the re-

duced number of these windows available in the given simulation

time. Exponential damping is applied to these functions when com-

puting viscosity (10% signal strength at 500 fs). . . . . . . . . . . . 218
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6.10 Viscosities computed from shear stress auto-correlation function

across the CaO-MgO compositional join at constant volume and

temperature. Two cases are shown: 5000 K at 16.5 cm3mol-1 and

6000 K 9.9 cm3mol-1 which correspond to pressure ranges of 146-

53 GPa and 152-78 GPa respectively (where the higher pressure

corresponds to the pure CaO composition. . . . . . . . . . . . . . . 219

7.1 Comparison of the structure of calcium carbonate melt derived from

different initial structures (cubic perovskite; orange and aragonite;

green). The close similarity shows that the use of the simple cu-

bic perovskite structure is suitable for the further analysis of melts

give it has no impact on the �nal equilibrated liquid con�guration

at 2000 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

7.2 Comparison of liquid carbonate equations of state of this study with

experimental results of Hudspeth et al. (2018) (squares) and pair po-

tential calculations of Hurt and Lange (2019) (triangles). All points

are equilibrated at 2000 K. . . . . . . . . . . . . . . . . . . . . . . 226

7.3 Comparison of calcium carbonate liquid bulk modulus of this study

(at 2000 K) from 3rd order BM EOS compared to the experimental

study of Hudspeth et al. (2018) and the pair potential study of Hurt

(2018). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

7.4 Total radial distribution functions (all possible pairings) of MgCO3

calculated from a minimum of 8 ps of equilibrated timesteps.

All runs are at 2000 K with pressures ranging from -0.8 GPa to

13.8 GPa for volumes of 28.013, 28.310, 29.617, 31.766, 34.908,

42.645, 48.482 cm3mol-1. . . . . . . . . . . . . . . . . . . . . . . . 228

7.5 Pair distribution functions (as contributors to totals shown in �gure

7.4) with increasing pressure at 2000 K. . . . . . . . . . . . . . . . 229
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7.6 Radial distribution functions for alkali metal carbonate melts (all at

2000K), where the relative positions of oxygen-oxygen and metal

oxygen peaks form the differences between species beyond the �rst

peak. This shows a possible mechanism responsible for the com-

pression behaviour of different alkali metal carbonate liquids. 7.7

shows the positions of these constituent peaks. Densities are shown

as number density for formula units. . . . . . . . . . . . . . . . . . 230

7.7 Bondlengths of metal-oxygen pairs and oxygen-oxygen pairs, cal-

culated from the position of the �rst peak in the respective pair dis-

tribution functions. This gives detail for the constituent peaks in the

second peaks of the total radial distribution functions (7.6) where

calcium sees overlap of these bondlengths and those in SrCO3 are

in close proximity. . . . . . . . . . . . . . . . . . . . . . . . . . . 231

7.8 Comparison of the cation-oxygen coordination numbers found in

this study and Hurt and Wolf (2019b). The disparity between mag-

nesium carbonate and the other compositions seen in the calcula-

tions of Hurt and Wolf (2019b) is not reproduced by FPMD calcu-

lations. Inset show the cation radii (Shannon, 1976) to coordination

number in both studies at 0 GPa (interpolation and extrapolation is

applied to this study). . . . . . . . . . . . . . . . . . . . . . . . . . 232

7.9 Stress auto correlation functions for carbonates near 6 GPa and at

2000K. The decay time of these functions gives a qualitative indi-

cation of the viscosity of each composition. For absolute values

of viscosity the Green-Kubo relation is applied with the integral of

these functions. A damping time is necessary for this to be done

accurately. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

7.10 Viscosities of carbonate liquids at 2000K for a range pressures. The

limited number of points is a result of requiring long duration sim-

ulations (over 40 ps shown here) in order to minimise noise in the

SACF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234
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7.11 Self-diffusion coef�cient of the metal cations in MgCO3 (orange),

CaCO3 (green), SrCO3 (blue), BaCO3 (purple) at 2000 K in com-

parison to a pair potentials study (Genge et al., 1995) and an FPMD

study (Du et al., 2017) of CaCO3. . . . . . . . . . . . . . . . . . . 235
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Chapter 1

Introduction

Our understanding of the Earth's history is limited beyond the extent of the rock

record. The formation of planets is understood as a gravitationally driven accre-

tionary process whereby frequent collisions in the early stages of a solar system

incur signi�cant heating. For rocky bodies this heating produces melting which al-

lows the gravitational differentiation within a relatively short timescale (Yin et al.,

2002). It is therefore reasonable to view widespread melting and magma ocean

generation in young rocky bodies to be a common, if not ubiquitous process. Fur-

thermore, high concentrations of siderophile elements found in the mantle may re-

quire the mixing of core metals in a deep magma ocean setting (Li and Agee, 1996;

Righter et al., 1997; Rubie et al., 2004), followed by the core being, at least par-

tially, rained out from this ocean (Labrosse et al., 2007). Many processes have been

theorised to be capable of remelting signi�cant portions of planetary interiors, in-

cluding giant impacts (Melosh, 1990; Tonks and Melosh, 1993; Solomatov, 2007;

�Sŕamek et al., 2010) , radiogenic heating (e.g. Hevey and Sanders (2006)) and core

formation (Ricard et al., 2009). Isotopic studies suggest that Earth has experienced

multiple magma oceans (Tucker and Mukhopadhyay, 2014) making the involve-

ment of at least one of these processes likely after the majority of today's mass

was accreted. Many groups (Canup, 2012;Ćuk and Stewart, 2012; Nakajima and

Stevenson, 2014) show that large impacts deliver suf�cient energy to melt the ma-

jority of the Earth's mantle. Giant impacts may generate synestias, large bodies of

vapour and super-critical �uid that extend beyond the Roche limit, and from which
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our Moon may have condensed (Lock et al., 2018).

Figure 1.1: From Lock et al. (2018), synestia are spinning doughnut shaped bodies of rock
vapour which surround a planet following giant impacts. This illustrates the
cooling and condensation of the early Earth synestia in forming moon follow-
ing the Theia impact (Halliday, 2000). This scenario is capable of explaining
isotopic similarities and differences seen in the Earth-moon system whilst ne-
cessitating the presence of a magma ocean.

1.1 Magma Ocean

1.1.1 Evidence of Existence

1.1.1.1 Terrestrial

One of the strongest, now traditional, lines of evidence that the Earth was host to

a magma ocean in the past is the siderophile element concentration of the mantle,
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which is consistent with high pressure and temperature iron segregation (towards

core production) in a liquid setting (Li and Agee, 1996; Righter et al., 1997). Nickel

and cobalt have been shown to be present in a near chondrititc ratio in the mantle de-

spite signi�cantly differing melt partitioning (Ẅanke, 1981; Brett, 1984; Jones and

Drake, 1986; Drake et al., 1989; Schmitt et al., 1989), however this only correct for

ambient pressures. Under lower mantle pressures, nickel becomes less siderophile

in a more pronounced manner than cobalt and the elements see equivalent partition-

ing at around 28 gigapascals (Li and Agee (1996)). This was used by the authors to

argue for high pressure metal-silicate differentiation in a magma ocean, but this re-

sult alone does not exclude the possibility of lower pressure accretionary processes,

shown possible by others (O'neill, 1991).

Another line of evidence comes from Nd isotopes. Boyet and Carlson (2005)

showed that chondritic meteorites have142Nd/144Nd 20 ppm lower than that of vol-

canically derived samples. They argue that for the Earth's mantle to have an overall

chondritic composition, an enriched, thus far unsampled, reservoir must exist in the

mantle, presumably at great depth (so as to escape entrainment by mantle convec-

tion). Because of the greater incompatibility of Nd as compared with Sm, and the

half lives of the Sm-Nd decays, they argue that this enriched reservoir may be the

remnant of magma ocean crystallisation, and that the enriched reservoir formed in

the �rst 30 Myr of Earth's history. This hypothesis is supported some models of

magma ocean evolution (Labrosse et al., 2007; Ballmer et al., 2017b) and has since

been proven via simulation (Caracas et al., 2019) showing that melt-crystal density

coincidence in the freezing magma ocean will form a basal magma ocean for given

at least 1300 km of melting.
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Figure 1.2: From Boyet and Carlson (2005). The 4.567 Ga isochron �tted to147Sm-143Nd
data from chondrites (solid symbols) and terrestrial samples (open symbols)
representing the time from which the signals are correlated. This is interpreted
as the time from which the mantle is differentiated.

1.1.1.2 Lunar

After the success of the Apollo missions in bringing lunar samples to Earth for anal-

ysis, the question of moon formation was centred around a surface magma ocean

on the moon (Smith et al., 1970), and by association some kind of impact process

also involving the Earth. Although the depth of melting is not resolved directly by

observations, the presence of a magma ocean on the moon is generally accepted.

Samples collected are mostly comprised of the ma�c plagioclase feldspar, anor-

thite, giving the surface its pale colour. This mineral is low density and for many

years the theory of its buoyant rise to the top of a crystallising magma ocean was

the only available hypothesis. The age of this magma ocean was constrained by

Sm/Nd dating of lunar ferroan anorthosite to 4.44 Ga (Carlson and Lugmair, 1988)

and similarly young ages of lunar differentiation can be derived from Apollo 11 and

12 sample Rb-Sr studies (Papanastassiou and Wasserburg, 1971). Boyet and Carl-
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son (2005) link the142Nd/144Nd ratio of terrestrial samples to mostly near identical

ratios in lunar samples. They conclude that the moon was formed from impact with

an already differentiated Earth without ejected material sampling any lower mantle

primordial reservoir that may have escaped previous segregation.

1.1.1.3 Martian

Mars does not (yet) provide direct sample evidence for Earth to have hosted a

magma ocean, however there are reasons to believe that there was a martian magma

ocean, showing that these settings are not unique to Earth. Meteorites which con-

tain already differentiated mineral assemblages (McSween Jr, 1994) and appear to

be derived from Mars (through matching argon signatures between shergottite mete-

orites and measurements from the Viking landers in the 1970s (Bogard and Johnson,

1984; Becker and Pepin., 1984)) suggest, through182Tungsten and142Neodymium

modelled ages, that fractionation occurred early in the condensing solar system (Lee

and Halliday, 1995; Blichert-Toft et al., 1999; Kleine et al., 2002; Foley et al., 2005).

”Martian” meteorites are a group of 12 similar composition samples and in-

corporating three classes; shergottite, nakhlite, and chassigny, giving the general

term of SNC for the group. This, like cases in other rocky bodies described here,

shows that magma oceans are common in planetary formation. Some (Dauphas and

Pourmand, 2011) have suggested that re�ned (the uncertainty in Hf/W ratio of Mars

is compensated for with Lu-Th-W-Hf relations) Hf-W dating of martian meteorites

places complete accretion before 2.7 myr of solar system genesis, making Mars an

under developed planet. This study places the formation of Mars early enough in

the history of the protoplanetary disk that26Al decay would have certainly produced

a magma ocean. It should be noted that other groups suggest an extended cooling

history. Blichert-Toft et al. (1999) show that giant impacts or prolonged magmatism

through another process is necessary to produce Lu fractionation in the SNC mete-

orites. Debaille et al. (2007) argue that the142Nd and143Nd content of shergottites

describe a continued crystallisation of the magma ocean to around 100 million years

after core formation. Martian meteorites are also used to suggest that their source

regions are superchondritic in their aluminium (Al2O3) depletion (Treiman, 1986),
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relative to CaO. Righter and Chabot (2011) predict magma ocean depths between

400 and 1100 km (corresponding to 40-80% of martian mantle volume). The Mar-

tian dichotomy (the approximately hemispheric regions of low, smooth and high,

more complex topography) may be the product of one of more giant impacts (Frey

and Schultz, 1988; Watters et al., 2007; McGill and Squyres, 1991; Andrews-Hanna

et al., 2008).

1.1.1.4 Asteroids

Broad classi�cation of meteorites groups them into iron, stony-iron and stony. This

can obviously be subdivided many times but this simple grouping has long been in-

terpreted as mantle, core-mantle boundary and core material from destroyed planets

and Porto-planets. Dating of these reveals that if iron meteorites are relics of differ-

entiated bodies, the separation of core and mantle should occur during time-scales

that would necessitate magma oceans both through the speed of settling and temper-

atures expected in the early solar system. 4-Vesta is the most often cited large body

(despite not considered a planet or satellite) to have been host to a magma ocean in

our solar system. This asteroid is thought to be the parent body of several achon-

dritic meteorites with basaltic assemblages to reach Earth (Binzel and Xu, 1993).

Chondrules are spheroid inclusions in primitive asteroids inferred to be coalesced

melts from the early solar system (Connelly et al., 2012). Their shape is derived

from a low gravity accretion, whereby differentiation processes would be inhibited.

Achondrites have, therefore, experienced a molten state in a higher gravity setting

which has erased any chondrules. Binzel and Xu (1993) therefore conclude that

4-Vesta experienced differentiation in a magma ocean to produce basalts, before

collisions ejected the meteorites we have today. Papanastassiou and Wasserburg

(1968) show that these classes of meteorites are likely to have achieved this compo-

sition soon after ( 10 Ma) the �rst solids condensed from the solar nebula.
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1.1.2 Melting

1.1.2.1 Radiogenic Heating

As early as 1955 (Urey, 1955) the importance of radiogenic heating in the early so-

lar system was recognised. The radioactive isotope of aluminium is often the focus

of studies investigating early solar system thermal history as applied to rocky bod-

ies (Miyamoto et al., 1982; Ghosh and McSween Jr, 1998; LaTourrette and Wasser-

burg, 1998; Young et al., 1999; Sahijpal et al., 2007).26Al is now completely extinct

within our solar system due to its short half life and speci�c (locally absent) pro-

duction environment (Norgaard, 1980). Despite its present absence and low decay

energy compared to some other relevant radio-isotopes (table 1.1),26Al will have

been of primary importance for early solar system radiogenic heating because of its

abundance and widespread distribution within the in inner solar system (Villeneuve

et al., 2009).60Fe was of far greater abundance, but proves less signi�cant through

its far shorter half life and lower decay energy, although some studies do consider

both of these contributions (Sahijpal et al., 2007). Melting of an early mantle via

26Al is therefore dependent on the size of a planet within the �rst 2x106 years of so-

lar system formation. Hevey and Sanders (2006) expect there to be melting within

planetesimals of radius greater than 20 km within this short early period. Larger

bodies will retain heat for longer and so experience greater extent of melting for

longer times as would be expected due to heat loss being related to the surface

area of a bodyQloss µ pr2 and internal heating being proportional to the volume

of a bodyQgeneratedµ 4=3pr3. This route to magma ocean genesis is conducive to

continuation of a magma ocean produced through accretion or remelting within the

�rst 106 years, which is dif�cult to reconcile with geochemical signatures of a sec-

ondary melting occurring signi�cantly after an accretionary magma ocean. Tucker

and Mukhopadhyay (2014) show that the continued processing and degassing of

the mantle is capable of raising3He/22Ne ratios, and cannot reduce it, this ratio

found in the mantle is signi�cantly higher than primitive and nebular sources. At

least two separate occurrences of large scale degassing and atmospheric removal

are required to satisfy observed signals, also supported by the work of Coltice et al.
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(2011). Additionally, this group shows that the signi�cantly lower3He/22Ne ratio

found in mantle plumes, perhaps sampling deep primordial reservoirs, may require

that a magma oceans did not include the entire silicate mantle.

Isotope Daughter Half-life (years) Decay energies (MeV)
26Al 26Mg 7.17 x 105 4.00414(Beta+,EC)
60Fe 60Co,70Ni(stable) 2.50 x 106 1.332(Beta-)
146Sm 142Nd 6.8 x 107 2.455(alpha)
244Pu 240U,208Pb 7.92 x 107 4.6(alpha)
182Hf 182Ta,178Hf 8.90 x 106 0.375(Beta-)
40K 40Ar,40Ca 1.251 x 109 1.3(Beta-),1.5(EC gamma)
238U 234Th,206Pb(stable) 4.468 x 109 4.267(alpha)
235U 231Th,207Pb 7.038 x 108 4.679(alpha)
232Th 228Ra,208Pb 1.41 x 1010 4.081(alpha)

Table 1.1: Some Radioactive Isotopes relevant to Planetary Systems. Data collected from
the works of Simanton et al. (1954); Wallner et al. (2015); Kinoshita et al.
(2012); Meissner et al. (1987); Kuroda (1960); Firestone (1988); Engelkemeir
et al. (1962); Jaffey et al. (1971)

1.1.2.2 Giant Impacts and Accretion

It can be shown that a theoretical temperature gain from instantaneous accretion

is suf�cient to melt an Earth-like body (Elkins-Tanton, 2012). However the accre-

tionary process is understood to occur of millions of years (Wetherill, 1980), mak-

ing heating temporally distributed and tempered by black-body radiation (F = s T4

whereF is thermal �ux, s is the Stephan-Boltzmann constant andT is temper-

ature). We would also expect some fraction of accretionary heating to be lost in

material (mostly vapour and liquid) which is ejected from the system. Giant im-

pacts deposit accretional energy more deeply inside the growing planet where it can

be stored (Tonks and Melosh, 1993). Simulations show that a Mars-sized impactor

can melt the entire Earth (Nakajima and Stevenson, 2014). Measurements of the

isotopic composition of the Earth and Moon place some constraints on the nature of

the giant impact. In the canonical moon-forming impact (Canup, 2004), the Moon

is primarily derived from the impactor, failing the explain the isotopic similarity of

Earth and Moon (Lugmair and Shukolyukov, 1998; Wiechert et al., 2001; Zhang

et al., 2012). Lock and Stewart showed that a more energetic impact onto a rapidly
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rotating Earth can homogenize impactor and target mantles and explain the isotopic

data.

The isotopic similarities between the moon and Earth (Lugmair and

Shukolyukov, 1998; Wiechert et al., 2001; Zhang et al., 2012) imply that thor-

ough mixing has occurred between them. On the other hand, impacts consistent

with the size and dynamics of the moon and its orbit would result in the moon being

mostly formed of impactor (Canup and Asphaug, 2001; Canup, 2004, 2008).

The speci�cs of the magma ocean which is produced by impact is obviously

dependent on the impacting scenario, leading to a variety of predictions of the frac-

tion of mantle melted; from 20% (Canup, 2008) to greater than 55% of the mantle,

potentially the entire planet given comparable target to projectile sizes (Tonks and

Melosh, 1993). Both Lock et al. (2018) and Canup (2012) show that the conden-

sation of the moon from a large radius vapour cloud is a favourable scenario, this

produces a magma ocean via impact and sustains a molten state through insulation.

1.1.2.3 Gravitational differentiation

Monteux et al. (2009) show that for small to mid sized impactors, melt is concen-

trated towards the surface of a target planet, forcing the metallic component to sink.

Whilst the heating due to metallic differentiation is smaller than that of the captured

impact energy, it is less diffuse and could facilitate the melting of the target's lower

mantle. This study shows that heating from metal differentiation of the impactor

is several time less than impact energies absorbed by the target but may play an

important role in producing melt greater depths than capable by an impactor sized

appropriately for the Earth-moon system. Here we see a theme common to the

majority of works suggesting magma oceans: that they are basal magma oceans

produced by deep processes. Stevenson (2003) was amongst the �rst to illustrate

the problem with heat �ux and the geodynamo. The existence of a convecting iron

core is necessary to explain the majority of the palaeomagnetic record (Stevenson,

2003) (although a silicate dynamo present in the basal magma ocean may explain

magnetic �elds in early Earth (Scipioni et al., 2017)). However the high thermal

conductivity of iron in the core (de Koker et al., 2012) makes conduction extremely
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ef�cient, therefore an additional source of heat is required to necessitate convective

cooling, one that is not plausibly explained by radiogenic processes. Exsolution of

magnesium and SiO2, amongst others, are possible candidates for this mechanism

(O'rourke and Stevenson, 2016; Badro et al., 2016; Hirose et al., 2017). These ad-

ditional heat sources have an effect of raising temperatures base of the mantle well

above the solidus of the constituent silicate phases, implying a basal magma ocean

(Buffett, 2002; Labrosse et al., 2007). Unlike a giant impact, and general accre-

tionary processes, this results in a bottom up melting regime and a basal magma

ocean which may have long residency.

1.1.3 Evolution of the magma ocean

It would seem that a molten past is inevitable for the early Earth, with the man-

tle and surface often being described as a magma ocean in today's literature. It is

not obvious how liquids in such a setting should behave. However, with estimates

of Rayleigh number being in the region or 1025 (Elkins-Tanton, 2012), there is no

doubt the convection would have been vigorous with no likelihood of a core-like,

conductive regime. If a cooling regime would produce crystals which are of higher

density than the residual melt, the would settle and the remaining magma ocean

would continue to mix throughout cooling. In this scenario cooling would be rapid,

perhaps less than one million years (Elkins-Tanton, 2008). Of course this is not

the only possibility for the crystallisation of the magma ocean, if crystals �rst form

suspended in the magma column and are neutrally buoyant, they will create a phys-

ical barrier to mixing and further crystallisation will produce at least two separate,

chemically distinct reservoirs. Caracas et al. (2019) use both computational and ex-

perimental techniques to examine the densities of liquid and crystal phases through-

out the crystallisation of the magma ocean. The authors �nd that initial bridgmanite

crystallisation of the magma ocean will be iron poor compared to the melt which

results in the subsequent evolution driving the depth of crystal neutral buoyancy

from approximately 2500 km (� 115 GPa) upwards towards 1300km (� 50 GPa) at

the point of 50% crystallisation. Near this point, partial melts undergo a rheologi-

cal change from being melt de�ned to solid de�ned (Costa et al., 2009) and forms a
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physical barrier to continues convective mixing. Before this point the liquid-de�ned

rheology means vigorous convection in the whole mantle would prevent the segre-

gation of regions (crystals are mostly entrained in the residual liquid). This half way

point is also of interest because the sequence of crystallisation has been found to

only include bridgmanite up to at least this point (Nomura et al., 2014). This means

that bridgmanite is the only phase of consequence to basal magma ocean formation

(obviously evolution beyond this becomes heavily depended on other species). This

scenario is depicted, along with other possibilities given differing density relations,

by Caracas et al. (2019) in �gure 1.3.

The slow cooling of a basal magma ocean may then be responsible for seismi-

cally observable lower mantle structures such as large low shear velocity provinces

(LLSVPs) or ultra low velocity zones (ULVZs). To understand which of these his-

tories most closely represents the cooling of the terrestrial magma ocean we would

like to know the freezing, and therefore melting regime of lower mantle minerals.

Unfortunately, these properties are not well known. For bridgmanite, the mantle's

most abundant phase (Stixrude and Lithgow-Bertelloni, 2012), a great many studies

have examined the melting curve (Fig. 1.4), giving a reasonable overall understand-

ing of its melting behaviour over mantle pressures (1.5). For other components of

the magma ocean and particularly for multi-component systems, understanding is

far more limited. The melting curve of bridgmanite is thought to approximate the

mantle liquids however, because other major mantle minerals, including ferroper-

icalse and CaSiO3 perovskite, are thought to differ from this liquidus greatly, the

partitioning of elements between liquid and crystal is poorly constrained at present.
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Figure 1.3: From Caracas et al. (2019) where the possibilities of either batch (A,B) or frac-
tional (C,D) crystallisation are explored with an onset of crystallisation (and
buoyancy) occurring both shallow (B,D) and deep (A,C). Colour of items in the
cartoons depict the relative enrichment of incompatible elements (principally
iron), for example the batch crystallisation scenarios will maintain equilibrium
between crystal and melt throughout cooling and so all crystals have equal iron
enrichment. For fractional schemes, the initial crystals are more iron depleted
than subsequent ones, and are coloured lighter to re�ect this. The residual melt
is enriched in iron if low iron crystals rise from a deep initial formation.
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