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Abstract

Detailed models of the martian interior must be developed so that the results of 

future missions to Mars may be interpreted. Ab initio computer simulations are used to 

investigate the properties of iron sulphides as candidate phases for the martian core. The 

first simulations of experimentally observed and hypothetical phases of stoichiometric 

FeS and FesS provide details of the properties of these phases at high pressures that 

have yet to be investigated experimentally. Simulations of liquid iron sulphides 

constitute the first self-contained theoretical study of these liquids, providing new 

information about their structural, dynamical and bulk physical properties as a function 

of pressure, temperature and composition.

New models of the martian interior are developed that are geophysically sound, 

consistent with observations of Mars, incorporate new results from simulations of liquid 

iron sulphides, and generate temperature, density and seismic wave velocity profiles as 

a function of depth. Calculated thermal profiles constrain the core to be liquid. For a 

core compositions of Fe ~16 wt%S and Fe ~27 wt%S the core radius is constrained to 

-1500 - 1600 km and -1600 - 1800 km, respectively. Calculated densities and adiabatic 

bulk modulus are consistent with a mantle composed of olivines, pyroxenes and garnets, 

and exclude a perovskite layer at the base of the mantle. New seismic profiles indicate 

that the average primary seismic wave velocity in the core is only -3 km s'\

Geology, magnetic, gravity, topography datasets for six regions of Mars are 

studied. There is no clear trend of correlations between the datasets across the studied 

regions. Resurfacing is not a cause of first order density and magnetic contrasts. Crustal 

remanent magnetic anomalies are more likely to be associated with underlying bedrock 

than with erosional and depositional processes or products. Current understanding of 

these anomalies is not sufficient to fiirther constrain models of the martian interior.
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structure viewed down â roz-axis, e) MnP-type structure 
viewed down am^-axis, f) MnP-type structure viewed down 
Cmf-axis, g) monoclinic structure viewed down bmo«o-axis,
rotated 50 degrees anti-clockwise in the %nono-̂ mom plane, and
h) CsCl-type structure, viewed down cc^cz-axis. 49

Figure 3.3: Example (CsCl-type FeS) of convergence plots for a) cutoff
energy and b) k-point sampling. Arrows indicate values used 
in subsequent simulations. 50

Figure 3.4: Energy-volume curves for stable FeS polymorphs produced
by fitting 4* order logarithmic equation of state to energy 
volume data (see section 3.3.2.c). The curve with the lowest 
energy at a given volume indicates the structure that is stable 
at the equivalent pressure. 51



Figure 3.5: Magnetic configurations, a), b) troilite structure, c), d), e), f),
g), h) MnP-type structure. The c), d) configuration has the 
lowest free energy at any given volume for the MnP-type 
structure. 53

Figure 3.6: Magnetic moment as a function of pressure for the troilite and
MnP-type structures. 54

Figure 3.7: V/Vo-pressure plots for stable FeS polymorphs from this
study with comparison to experimental results reported by 
Nelmes et al., 1999. 55

Figure 3.8: Total EDOS: a) troilite, b) MnP-type phase, c) monoclinic
phase, d) CsCl-type phase. 60

Figure 3.9: Partial EDOS: a) troilite, b) MnP-type phase, c) monoclinic
phase, d) CsCl-type phase. 61

Figure 3.10: FegP-type FegS structure. 63
Figure 3.11: Energy-volume curves for Fe^S polymorphs produced by

fitting 4* order logarithmic equation of state to energy 
volume data. The curve with the lowest energy at a given 
volume indicates the structure that is stable at the equivalent 
pressure. 64

Figure 4.1: 64-atom supercell. In this example there are 48 Fe atoms and
16 S atoms, representing liquid Fe -16 wt%S. 71

Figure 4.2: Temperature as a function of time for liquid Fe -27  wt%S at
T = 1700 K and V = 850 Â .̂ Nose thermostat maintains 
constant temperature as a function of time. 73

Figure 4.3: Total energy as a function of time for liquid Fe -27 wt%S at
T = 1700 K and V = 850 Â .̂ Dashed line is Nosé constant of 
motion for this state point as a function of time. 73

Figure 4.4: Partial structure factors for liquid Fe -27 wt%S at V = 850
and T =  1700 K 75

Figure 4.5: Partial radial distribution functions of Fe -27 wt%S at V =
850 and T =  1700 K. 76

Figure 4.6: Partial radial distribution functions of Fe -27 wt%S at V =
850 and T = 1700 K, 2100 K and 3000 K 77

Figure 4.7: Partial radial distribution functions of Fe -27 wt%S and Fe
-16 wt%S at V = 800 and T = 1700 K. 77

Figure 4.8: Total radial distribution functions A) from experiments
(Sanloup et a i, 2001) and B) liquid Fe -27 wt%S at T = 1700 
K from simulations (this study). 78

Figure 4.9: Mean square displacements calculated from the simulation at
V = 800 A  ̂and T = 1700 K of a) liquid Fe -27 wt%S and b) 
liquid Fe -16 wt%S. 81

Figure 4.10: Self-diffusion coefficients calculated from the simulation at V
= 800 A  ̂ and T = 1700 K of a) liquid Fe -27 wt%S and b) 
liquid Fe -16 wt%S. 82

Figure 4.11: Third order Birch-Mumaghan equation of state fitted to
pressure-volume data for a) liquid Fe -27 wt%S at T = 1700 
K, b) liquid Fe -27 wt%S at T = 2100 K, c) liquid Fe -27 
wt%S at T = 3000 K, d) liquid Fe -16 wt%S at T = 1700 K, 
e) liquid Fe -16 wt%S at T = 2100 K, f) liquid Fe -16 wt%S 
at T = 3000 K. 86

Figure 4.12: Bulk modulus as a function of composition of liquid iron
sulphides at T ~ 1700 K (After Sanloup et al., 2000a). 87



Figure 4.13: Density as a function of sulphur content in liquid iron
sulphides at T ~ 1700 K. 88

Figure 4.14: Density as a function of temperature for liquid Fe -27 wt%S
and liquid Fe -16 wt%S. 91

Figure 4.15: Bulk modulus as a function of temperature for liquid Fe -27
wt%S and liquid Fe -16 wt%S. 91

Figure 4.16: Density as a function of sulphur content for T = 1700 K, 2100
K and 3000 K. 92

Figure 4.17: Bulk modulus as a function of sulphur content for T = 1700
K, 2100 K and 3000 K. 92

Figure 5.1: Martian core radius as a function of composition, constrained
by the normalised polar moment of inertia. Dashed black lines 
illustrate the uncertainty in the value of the normalised polar 
moment of inertia calculated by Folkner et al. ( 1997). 104

Figure 5.2: Profiles of temperature as a function of radius for five new
models of the martian interior. 106

Figure 5.3: Profiles of density as a function of radius for five new models
of the martian interior. 106

Figure 5.4: Profiles of seismic wave velocity as a function of radius for
the martian interior: a) five new models developed in this 
study and b) After Spohn et al. (1998) (Model A is derived 
from the moment of inertia, whereas Model B is based on a 
chondritic bulk composition). 107

Figure 6.1: Comparison of magnetic fields of lithospheric origin for the
Earth and Mars (After Purucker et a l , 2000). 113

Figure 6.2: Geological maps of the six regions of the Martian surface
investigated in this study, a) Ma’adim Vallis region: 172E- 
182E, 12S-25S; b) Control A region: 178E-184E, 25S-40S; c)
Control C region: 159E-164E, 36S-48S; d) Highest
magnetisation region: 170E-185E, 40S-58S; e) Control B 
region: 185E-195E, 36S-43S; f) Newton crater region: 197E- 
210E, 358-45S. All of the images are in Lambert Conformai 
projection. 119

Figure 6.3: Magnetic and gravity data for the six regions of the Martian
surface investigated in this study, a) Ma’adim Vallis region: 
172E-182E, 12S-25S; b) Control A region: 178E-184E, 258- 
408; c) Control C region: 159E-164E, 368-488; d) Highest 
magnetisation region: 170E-185E, 408-588; e) Control B 
region: 185E-195E, 368-438; f) Newton crater region: 197E- 
210E, 358-458. All of the images are in Lambert Conformai 
projection. 121

Figure 6.4: Topography data for the six regions of the Martian surface
investigated in this study, a) Ma’adim Vallis region: 172E- 
182E, 128-258; b) Control A region: 178E-184E, 258-408; c)
Control C region: 159E-164E, 368-488; d) Highest
magnetisation region: 170E-185E, 408-588; e) Control B 
region: 185E-195E, 368-438; f) Newton crater region: 197E- 
210E, 358-458. All of the images are in Lambert Conformai 
projection. 122



List of Tables
Table 1.1: Bulk chemical composition models for Mars (in wt%).

Models from Sanloup et al. (1999) are normalised to 
100 %, and probably overestimate Na content due to its 
volatility. Models 1 and 2 are based on EH:H chondrite 
ratios o f45:55 and 70:30 respectively. 20

Table 3.1: Comparison of minimum total energy per formula unit,
Eo, for troilite to energetically unfavourable
polymorphs of FeS. 51

Table 3.2: Equation of state and structural data for troilite. 56
Table 3.3: Equation of state and structural data for MnP-type FeS. 56
Table 3.4: Equation of state and structural data for monoclinic

FeS. 57
Table 3.5: Equation of state and structural data for CsCl-type FeS. 57
Table 3.6: Comparison of minimum total energy per atom, Eo, for

FegP-type FegS to energetically unfavourable
polymorphs of FegS. 64

Table 3.7: Equation of state and structural data for FegP-type FegS,
and FejC. 65

Table 4.1: Dynamic properties of liquid iron sulphides from ab
initio simulations. 80

Table 4.2: Dynamic properties of liquid iron sulphides, pure liquid
iron and pure liquid sulphur from ab initio simulations 
and experiments. 83

Table 4.3: Equation of state data for liquid iron sulphides. 85
Table 4.4: Variation of bulk properties of liquid iron sulphides as

a function of temperature and composition, where a  is 
thermal expansion coefficient, K is isothermal bulk 
modulus, p is density, T is temperature and X is 
composition. 90

Table 5.1: Fixed parameter values for new models of the martian
interior. 98

Table 5.2: Geophysical parameters for new models of the martian
interior that are consistent with the observed 
normalised moment of inertia for Mars. Rc is the core 
radius, Tcm  is the temperature at the base of the 
mantle, Tcentre is the temperature at the centre, Pcmb is 
the pressure at the base of the mantle, Pcemre is the
pressure at the centre, is the average mantle

density, pQ is the average core density, and NMOI is
the normalised moment of inertia. 103



Table 5.3: Values of the primary seismic wave velocity for new
models of the martian interior that are consistent with
the observed normalised moment of inertia for Mars 
and calculated densities of liquid Fe -16 wt%S and
liquid Fe -27 wt%S. Rc is the core radius, and 
Vpç are the average primary seismic wave velocity in
the mantle and core, and Vptop, VpcMBbase, VpcMBtopy 
Vpcentre, &TG the primary seismic wave velocities at the 
top of the mantle, the base of the mantle, the top of the 
core and the centre, respectively. 108

Table 6.1: Locations of six regions studied. 116

10



Chapter 1: Introduction

Chapter 1: Introduction

1.1 Introduction
An extensive series of missions to Mars is currently underway. These missions are 

expected to provide a wealth of information, and to continue over at least the next 

decade. The results from the first two of these missions, Mars Pathfinder and Mars 

Global Surveyor, have already changed our view of Mars, with new images of the 

surface and a variety of experiments designed to investigate the martian environment. 

These missions have also provided more information about the interior structure of 

Mars via radio occultation and altimetry data, and their application to planetary 

dynamics (e.g. Folkner et al., 1997). The continuing collection of data from Mars 

Global Surveyor (MGS) and future missions, particularly those that include seismic 

studies such as the NetLander mission, which is due to be launched in 2007, will further 

increase our understanding of the martian interior.

Along with direct observations, extensive modelling of the martian environment 

has also been undertaken (e.g. Spohn et al., 1998). The majority of these models are of 

the whole planet variety (e.g. Breuer et al., 1996, 1998; Sohl and Spohn, 1997; Spohn et 

al., 1998), encompassing planetary data in a whole planet dynamical and/or 

evolutionary model. The results of experimental investigations of the properties of 

minerals at high pressure and temperature have also been applied to the martian interior 

(e.g. Bertka and Fei, 1996, 1997; Fei et al., 1995). These investigations have largely 

been designed to extrapolate the mineralogical data to the planetary scale, and hence 

form dynamical evolution models. Theoretical studies of the behaviour of minerals 

relevant to the martian interior at high pressure and temperature have been undertaken 

by a number of workers (e.g. Alfe and Gillan, 1998; Boehler, 1996b; Sherman, 1991, 

1995, 1997; Voôadlo et al., 1997). However, the results of these studies have not 

previously been applied to models of the martian interior.

In order for the results of future missions to Mars to be interpreted, particularly 

those that will deploy a seismic network, detailed models of the martian interior must be 

developed. The application of computational mineral physics to the understanding of the 

martian interior will allow such models to be constrained.

A general introduction to the investigation of planetary interiors is given in the 

next section of this chapter, followed by a more detailed discussion of the martian 

interior in the subsequent section, and an overview of the rest of this thesis in the final 

section.

11



Chapter 1: Introduction

1.2 Investigation of Planetary Interiors
The study of planetary interiors presents intriguing challenges, many of which

result from the lack of tangible sample material from the deep interiors of planets. 

Understanding of planetary interiors must therefore be based solely on indirect 

observation and inference. To this end, results from a variety of fields such as 

cosmochemistiy, planetary dynamics and magnetics, seismology, and experimental and 

theoretical mineral physics are combined to provide a basis for complete planet models.

1.2.1 Gross Physical Properties
The gross physical properties of a planet, such as its mean density, moment of

inertia, seismic properties and magnetic field provide the first clues to the nature of its 

interior. The determination of the first of these properties, mean density, requires three 

different measurements:

1. The product of the gravitational constant and the mass of the planet, which can 

be derived from the effect it has on an acceleration measurement device, e. g. 

the deflection of trajectory of a passing spacecraft measured by radio Doppler 

tracking,

2. The mean planetary radius, which is most precisely measured by radar, and

3. The gravitational constant G, which has been determined in the laboratory 

from the mutual gravitational attraction of two masses. This is the only 

component whose determination is the same for all planets, the current 

adopted value being 6.67 x 10'*̂  m  ̂kg‘‘ s'̂ .

The moment of inertia is the primary measurement of the degree of radial 

differentiation in a planet. The polar moment of inertia of Mars caimot be determined 

from gravity data (as it is for the Earth) as Mars is significantly asymmetric. However, 

Folkner et al. (1997) have estimated the martian polar moment of inertia from radio 

tracking of Mars Pathfinder. Unfortunately, the uncertainty in this value is too large to 

distinguish between interior models in the compositional range between an Earth-like 

end-member and an iron-enriched end-member characteristic of the martian meteorites. 

Previous studies (e.g. Schubert and Spohn, 1990) have already shown that the mean 

mantle density of Mars is likely to be insensitive to the composition and size of the 

metallic core given a fixed value for the polar moment of inertia. The reliable 

determination of the polar moment of inertia by a precise measurement of the spin-axis 

precession period will therefore provide an excellent means of constraining the density 

of the martian mantle (Spohn et a/., 1998). To determine the size of the martian core, 

and hence infer its composition, seismic data are required.
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Chapter 1: Introduction

Seismic methods determine the velocities of compressional and shear waves and 

hence density as functions of depth within a planet. These seismic profiles may then be 

used to calculate the elastic constants, i.e. bulk modulus, shear modulus and Poisson’s 

ratio, of the materials through which the profiles pass. The elastic constants are 

dependent on composition, crystal structure, pressure and temperature. Seismic 

discontinuities are therefore due to phase boundaries and/or changes in chemical 

composition. The locations of these discontinuities may therefore be used to estimate 

the temperatures, compositions and crystal structures at those locations. This requires 

the laboratory determination of the phase relations in minerals thought to be found in 

planetary interiors, so that planetary profiles may be compared with those for a given 

mineral assemblage. It is largely due to the wealth of seismic data available for the 

Earth that understanding of the Earth’s interior is so much more advanced than that of 

the other planets. For example, the existence of the Earth’s inner core is based solely on 

seismic evidence (Stixrude and Brown, 1998). Seismic data for Mars would 

undoubtedly provide tighter constraints on the physical state and chemical composition 

of the martian interior. The core radius, layering in the mantle and crustal thickness 

could be derived from seismic wave velocity profiles.

Magnetic data can also be used to constrain planetary core models. In order to 

maintain an intrinsic planetary magnetic field, it is necessary to be able to generate and 

maintain a self-sustaining dynamo. The observed lack of an intrinsic magnetic field at 

Mars (e.g. Acufia et al. 1999) indicates that the core of Mars is incapable of generating 

or maintaining a self-sustaining dynamo at present. As a result, the core is inferred to be 

either entirely molten, but incapable of large-scale convection, conducting electricity or 

both, or entirely solid. The presence of a liquid outer core and a solid inner-core is 

highly unlikely, as the release of latent heat and gravitational energy from continuous 

inner core formation would be sufficient to drive a dynamo with a substantial magnetic 

field (Spohn et ar/., 1998). Although Mars does not currently have an intrinsic planetary 

magnetic field, several small spatial scale crustal magnetic anomalies have been 

detected by MGS that indicate that Mars may once have had an intrinsic magnetic field 

powered by a self-sustaining dynamo that has since ceased to operate (Acufia et al. 

1998) (see section 1.3.6 and chapters 5 and 6).

Other geophysical inputs such as electrical conductivity as a function of depth, the 

expression of planetary interior processes on planetary surfaces as igneous or tectonic 

features and surface heat flow can all be used to further constrain planetary interior 

models. For example, the limited strength of planetary material means that gravity data
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Chapter 1: Introduction

may be used to determine the extent to which there has been crustal differentiation. 

Gravity anomalies can be interpreted in terms of thermally or chemically induced lateral 

and/or depth variations in density. It is important when using these geophysical data to 

remember that the interpretations are frequently non-unique.

1^.2 Bulk Chemistry
As there are no tangible samples of the deep interior of any planet, it is necessary

to refer to solar system formation and evolution models to estimate the bulk chemistry 

of a planet. This will allow planetary models to be constrained, and in conjunction with 

information from other sources such as planetary dynamics, allow the variation of 

mineralogy with depth to be estimated. There are a variety of solar system evolution 

models that are constantly being refined. The majority of these models are based on 

either one of two possible approaches: equilibrium condensation or heterogeneous 

accretion.

The Equilibrium Condensation Model (BVSP, 1981) assumes that the equilibrium 

assemblage of solid compounds that would exist in a system of solar composition 

depends only on the temperature and pressure of the system. This results in a succession 

of equilibrium mineral assemblages that condensation and reaction would produce in a 

cooling gas of solar composition, known as the condensation sequence. At low 

pressures and high temperatures the system is completely vaporised. As cooling and 

condensation begins small amounts of refractory metals become stable, followed by 

refiractory oxides and silicates of Al, Ca, Mg and Ti. As cooling and condensation 

continues Na and K are condensed as alkali feldspar, and some of the Fe in the system 

becomes stable as fayalite and ferrosilite in solution with Mg silicates. As the 

temperature decreases, the equilibrium value of Fe/(Fe+Mg) in olivine and pyroxene 

increases. Below ~700 K FeS (troilite) becomes stable, and if equilibrium is maintained 

the reaction of Fe with nebular S and O to form troilite and Fe silicates will completely 

eliminate metallic Fe from the system. For this model, the variability in the mass density 

of the solid material incorporated in each of the terrestrial planets is chiefly a reflection 

of the differences in the abundance and form of chemical combination of condensed Fe. 

At Earth’s position in the nebular, during the time of formation of the terrestrial planets, 

the temperature is low enough to allow the reaction of condensed Fe with nebular S, 

transforming much of it to troilite. The mean condensate density is slightly greater than 

that of the material from which Venus formed as a result of the addition of a major 

amount of FeS to the condensate. The even lower temperatures at Mars’ position results
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in oxidation of all the remaining Fe to Fe silicates and the partial hydration of the Mg 

sihcates to lower density compounds.

The Heterogeneous Accretion Model (BVSP, 1981) assumes that minerals accrete 

to the growing planets as soon as they condense, removing them from reactive contact 

with the nebula and hence preventing, for example, the combination of Fe and S to form 

troilite. The planets thus formed would be layered from the outset, with the highest 

temperature condensates at their centres and successively lower temperature 

condensates closer to their surfaces. They would therefore have metallic cores, not as a 

result of melting and differentiation, but as a direct result of accretion.

Neither of these two models can fully account for the evident properties of the 

terrestrial planets as they are today. They have each been refined to provide greater 

agreement with observed properties, as in Ringwood’s Canberra Model (BVSP, 1981) 

for example. These refinements often use chondritic meteorite data to determine 

elemental abundance ratios (e.g. The Chondrite Model, BVSP, 1981), as these 

meteorites are believed to be surviving samples of primitive planetary material. Current 

martian interior models are heavily influenced by the chemistry of meteorites that are 

thought to come from Mars (Bertka and Fei, 1998; Sohl and Spohn, 1997; Dreibus and 

Wânke, 1985), as described in section 1.3.2.

Current cosmochemical constraints have limited precision, and since these are 

then combined with other poorly constrained inputs (see section 1.2.1) it is not 

surprising that the variation of mineralogy with depth within the terrestrial planets is far 

from understood. Whereas knowledge of a planet’s density cannot be used to specify 

uniquely its chemical composition, even when other geophysical parameters are known, 

there are density differences between the terrestrial planets that are substantial enough 

to demonstrate significant differences in bulk chemical composition. However, cosmic 

abundance constraints indicate that the density differences between the terrestrial 

planets are probably due to variations in their Fe content, and to a smaller extent, the 

oxidation state of the Fe (BVSP, 1981).

1,23 Thermal History
In the broadest sense, the thermal history of a planet is a budgetary account of

energy, momentum and mass. Energy may be added from both internal sources, such as 

radioactivity and gravitational potential energy, and external sources, such as impacts, 

tides and electromagnetic induction. Energy is lost through radiation to space after heat 

has been transported to the surface by conduction and the upward flux of hot material.
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As for any planet, the current state of the martian interior is dependent on its thermal 

evolution (see section 1,3.3).

1.2.4 Modelling Planetary Interiors
To construct mineralogical models of planetary interiors it is current practice to

compare the properties of the planet as a whole with the properties of a given 

assemblage of candidate minerals. There are a variety of experimental techniques used 

in the laboratory, and the technique that is used is dependent on the property being 

investigated. For example, to determine the density as a function of pressure a diamond 

anvil cell could be used in which mineral samples can be compressed up to high 

pressures and the lattice parameters then measured as a function of pressure by X-ray 

diffraction. Alternatively, Môssbauer spectroscopy could be used to investigate the 

effect of pressure on the electronic states of minerals. Although these techniques are 

useful for the understanding of the behaviour of minerals under certain conditions, the 

results often need to be extrapolated to the high pressures and temperatures relevant to 

planetary interiors, as such extreme conditions can only be reached with difficulty, if at 

all, in the laboratory. Since it is often impractical to simulate the conditions found in 

planetary interiors experimentally, planetary scientists have turned to the world of 

computer simulations, in which extreme conditions can be recreated more readily.

An ideal alternative to direct sampling of the deep interiors of planets is to have a 

complete faithful working model of a given planet’s interior that can tell us what would 

happen in any situation, i.e. a simulation. Simulations exist in a variety of forms, but all 

are based on underlying laws of physics. Simulations are used to investigate gross 

planetary features such as mantle convection (e.g. Breuer et al., 1998) and thermal 

evolution (e.g. Spohn et al., 1998). They are also used to investigate the detailed 

behaviour of individual minerals under the extreme conditions associated with planetary 

interiors (e.g. Sherman, 1995). In this thesis computer simulations are used to 

investigate the properties of candidate phases for the martian core under appropriate 

conditions of pressure and temperature (see chapters 2,3 and 4).

1.3 The Interior of Mars

13 A Gross Physical Properties of Mars
The first ideas about the internal structure of Mars came from data from the

Mariner and Viking missions in the 1970s. These models were crude and have been 

greatly refined by interpretation of data from more recent missions, and more 

successfiilly by combining all the relevant available observational data in a single
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interpretation (Folkner et ai, 1997). Current geophysical models of Mars are initially 

based on the planetary mass, planetary radius and planetary polar moment of inertia. By 

combining Doppler and range measurements to the Mars Pathfinder lander with similar 

measurements from the Viking landers Folkner et al. (1997) have been able to constrain 

the martian polar moment of inertia (0.3662 ± 0.0017) to greater precision than any 

previously obtained value. An even greater precision could have been obtained if all of 

the original data from the Viking missions had been available, but unfortunately only 

two years worth of the original six years of radio science data has survived the years 

between subsequent phases of Mars exploration. The Mars Pathfinder and Mars Global 

Surveyor missions are also providing more precise values of the martian radius and 

density than any previous missions. Unfortunately, the models of Folkner et al. (1997) 

only allow the martian core radius to be constrained to the range 1200 km -  2400 km, 

depending on the chemical composition, as shown in Figure 1.1.

Figure 1.1: Martian core radius as a function of composition, constrained by the 

normalised polar moment of inertia (After Folkner et a/., 1997). Dashed lines illustrate 

the uncertainty in the value of the normalised polar moment of inertia.
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1.3.2 Bulk Chemistry of Mars
Models of planetary interiors are largely based on solar system formation and

evolution models (See section 1.2.2). Current martian interior models are also heavily 

influenced by the chemistry of meteorites that are thought to come from Mars (Bertka
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and Fei, 1998; Sohl and Spohn, 1997; Dreibus and Wânke, 1985). Isotopic and 

pétrographie evidence from these meteorites indicates that portions of the martian 

interior have been extensively differentiated for long periods of time. Large degrees of 

partial melting in the range 40-50% at 2.3 GPa are necessary to bring melt composition 

into the range of the parent magmas of the martian meteorites (Bertka and Holloway, 

1988). Such large degrees of partial melting require special circumstances to prevent the 

melt from separating from the surrounding crystals. It is more likely that melting 

occurred in stages, so that at the time the meteorite magmas were generated their source 

region was already depleted in a basalt component, and probably did not contain an 

aluminous phase. It is noted that there is no way at present of knowing how extensive 

the martian meteorite source regions are, or how much basalt has erupted on Mars over 

time. It is therefore impossible at present to estimate the scale or magnitude of departure 

of any evidence taken from these meteorites from any true average mantle composition, 

even if the assumption that the meteorites originated on Mars is proven to be valid. It is 

also noted that these meteorites may only have been ejected from within a few 

kilometres of the martian surface, and that they therefore are not direct samples of the 

martian mantle.

Kieffer et al. (1992) showed that if these meteorites do come from Mars, and if 

Mars has overall chondritic abundances of refractory lithophile and siderophile 

elements, then Mars can be said to have the following characteristics:

1. A lower degree of depletion of moderately volatile elements than the Earth.

2. A depleted mantle that is mineralogically similar to that of the Earth, but richer 

in iron and therefore denser.

3. An iron-nickel core whose major light element is sulphur and whose radius is 

approximately half that of the whole planet.

4. A moment of inertia of about 0.353.

These ideas have been refined in more recent years (e.g. Bertka and Fei, 1998, 

Spohn et a/., 1998, Sohl and Spohn, 1997; Folkner et a/., 1997), but the overall picture 

is basically the same. The meteorites themselves range in composition from basaltic to 

ultramafic, and generally fall into three general groups, Shergottites, Nahkalites and 

Chassignites. The suggestion that these meteorites come from Mars is based on their 

relatively young crystallisation ages of 0.18 - 1.3 Ga, their mineralogy, and the isotopic 

chemistry of gas inclusions found in one of the Shergottites, which is similar to that 

measured by the Viking landers (Kieffer et a/., 1992). The Shergottites are basaltic, 

containing dense polymorphs of plagioclase, olivine and pyroxene associated with
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shock metamorphism. The Nahkalites are augite and pigeonite rich, and Chassigny (the 

only Chassignite known so far) is olivine rich, but neither of these two types of 

meteorite contains minerals associated with shock metamorphism. Pétrographie and 

isotopic evidence has been used to link the relatively old (4.5 Ga) orthopyroxenite 

meteorite ALH84001 to the martian meteorites, but the age of this rock obviously 

weakens the argument that the group comes from Mars if it is taken to be one of them. It 

has been suggested that ALH84001 may contain fossil evidence for the presence of life 

on Mars, although the details of what may be inferred from the observations made on 

this meteorite are still debated (e.g. Gibson et al., 2001). All of the meteorites described 

above, including ALH84001, are characteristically depleted in volatile, moderately 

volatile and chalcophile-siderophile elements (Spohn et al., 1998).

Most bulk chemical models of Mars are based on the original work of Dreibus and 

Wânke (1985), which is founded on two assumptions. Firstly, that Mars is indeed the 

parent body for the martian meteorites, and secondly that all elements more volatile than 

Na are present in Cl chondritic meteorite abundances. However, Sanloup et a i (1999) 

have recently produced models that do not rely on the martian meteorites, and are 

instead based purely on solar system evolution models and the chondritic meteorite 

group. Details of the models developed by both Dreibus and Wânke (1985) and Sanloup 

etal. (1999) are given in Table 1.1.

1.3 J  Thermal History of Mars
The current state of the martian interior is dependent on its thermal evolution. A

simple overview of models for the thermal history of Mars is given by Spohn et al. 

(1998). These models indicate that the main heat sources are accretional heat, potential 

energy released from core formation, and radiogenic heat. They also suggest the 

possibility of the release of potential energy and latent heat as the core itself 

differentiates and solidifies. The freeze-out of an inner core may provide a non- 

negligible heat source, although it is widely accepted that the absence of a growing 

inner core provides the best explanation for the absence of a significant intrinsic 

magnetic field at present. Three different thermal evolution models representing the 

range of feasible possibilities are discussed by Spohn et al. (1998), with particular 

emphasis on the importance of the effects of phase transitions and the presence or 

absence of a perovskite layer at the base of the mantle. All three models show time- 

dependent layering of mantle flow, which could have important implications for the 

evolution of the core and the dynamo, and from which time-dependent volcanic activity 

rates could be inferred.
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The combination of thermal history models, estimates of bulk chemical 

composition, and observations of the gross physical properties of Mars provides key 

clues to the current composition and state of the interior.

Table 1.1: Bulk chemical composition models for Mars (in wt%). Models from Sanloup 

et al. (1999) are normalised to 100%, and probably overestimate Na content due to its 

volatility. Models 1 and 2 are based on EH:H chondrite ratios of 45:55 and 70:30 

respectively.

Model Sanloup et al., 

1999. Model 1.

Sanloup et al., 

1999. Model 2.

Dreibus and 

Wânke, 1985.

Mantle (mass fraction) 0.76 0.72 0.78

MgO 27.3 27.3 30.2

Si02 47.5 51.0 44.4

AI2O3 2.5 2.5 3.0

TiO: 0.1 0.1 0.1

CaO 2.0 2.0 2.4

MnO 0.4 0.4 0.5

NaiO 1.2 1.3 0.5

CrzOs 0.7 0.6 0.8

FeO 17.7 11.4 17.9

Mg/Si (mole) 1.17 0.98 1.36

Mg# 0.72 0.80 0.75

Core (mass fraction) 0.23 0.28 0.22

Fe 76.6 76.3 77.8

S 16.2 17.4 14.2

Ni 7.2 6.3 8.0

1.3.5 Martian Mantle Models
All current martian mantle models predict an iron concentration higher than that

of the Earth (Spohn et at., 1998). The most detailed model of martian mantle 

mineralogy currently available is that developed by Bertka and Fei (1997), who 

performed high pressure and temperature experiments on a multi-component system
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based on the chemical compositional model of Dreibus and Wânke (1985): CaO-MgO- 

FeO-Al2 0 3 -Si0 2 -Na2 0 . Other mineralogical models have been developed for the 

martian mantle (e.g. Breuer et ai, 1996; Mocquet et ai, 1996) but are primarily based 

on much simpler systems. Bertka and Fei (1997) use the results of their experiments to 

develop the model for the martian interior illustrated in figure 1.2.

Figure 1.2: Model martian mineralogy as a fimction of pressure at 1700 “C (After 

Bertka and Fei, 1997). Abbreviations are 01, olivine; Opx, orthopyroxene; Cpx, 

clinopyroxene; Gnt, garnet; Mj, majorité; Sp, spinel; Mw, magnesiowüstite; and Mg-Pv, 

Mg-Fe silicate perovskite.
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Applying the results of their experiments to the martian interior, Bertka and Fei 

(1997) report that at pressures up to 9 GPa the martian mantle is primarily composed of 

olivine, orthopyroxene, clinopyroxene and garnet. Above 9 GPa orthopyroxene is no 

longer present, and olivine, clinopyroxene and garnet (or majorité) coexist until the 

beginning of the transition zone (at 13.5 GPa and 1700 ®C). The beginning of the 

transition zone is marked by the appearance of a small modal abundance of y-spinel, 

which coexists with olivine, clinopyroxene, and majorité. At 14 GPa p-phase replaces 

both olivine and y-spinel, but above 15 GPa both p-phase and y-spinel are present. By 

17 GPa the p-phase has been entirely replaced by y-spinel, which coexists with majorité, 

and clinopyroxene is no longer present. The beginning of the lower mantle is marked by 

the transition of y-spinel to Mg-Fe silicate perovskite and magnesiowüstite at 22.5 GPa. 

In the lower mantle Mg-Fe silicate perovskite, magnesiowüstite, and majorité coexist. 

Both the presence of a martian lower mantle, i.e. an Mg-Fe silicate perovskite-bearing 

zone, and the phase assemblage stable in this region are very sensitive to the 

temperature profile of the interior (Bertka and Fei, 1997). A low-temperature profile 

may stabilise stishovite in the lower mantle, or it may lead to the absence of a lower 

mantle altogether because of the higher transition pressure required to form perovskite 

at lower temperatures. Regardless of the temperature profile assumed, the martian upper 

mantle and transition zone will account for a larger proportion of the planet’s interior 

than is the case for the Earth because of the smaller size of Mars (see section 1.3.6).

Bertka and Fei (1997) emphasize the importance of the presence of 

magnesiowüstite in the lower mantle of their model, although it is generally overlooked 

in other models of the martian mantle (e.g. Breuer et a/., 1996; Mocquet et a l, 1996), as 

it may significantly affect martian density profiles because of its high density. However, 

Mocquet et al. (1996) have developed seismic profiles for the martian mantle based on 

the available experimental data for a range of minerals and conclude that the influence 

of the iron content of the martian mantle on its seismic structure is mainly governed by 

olivine. They also show that seismology may provide a constraint on temperature since 

the olivine phase diagram is displaced by about 300 °C when the pressure changes by 

about 2 GPa.

Aluminium may also be a very important mantle component that has been ignored 

until recently. It is potentially important because it has a large affect on the perovskite 

phase diagram, even when it is only present at a few weight percent, and also affects the 

manner in which iron partitions between MgSiOs-perovskite and magnesiowüstite 

(Brodholt, 2000).
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Sanloup et al. (1999) have recently developed a mineralogical model based on 

estimates of martian bulk chemistry developed independently from analyses of the 

martian meteorites. Whereas their model does have the same components as Bertka and 

Fei’s (1997) model, the minerals are not present in the same proportions: pyroxenes 

rather than olivines dominate the model developed by Sanloup et al. (1999).

The differences between these models, and the understanding that there are many 

more chemical systems to be investigated, reflect the poorly constrained planetary data 

for Mars that is currently available and illustrate that there is much work to be done. 

Despite these limitations, model mantle mineralogies have been used to develop 

dynamical models of mantle convection. The mantle convection models may then be 

used to provide further constraints on mineralogical models, as described below.

Models of mantle convection for the terrestrial planets have found that mantle 

flow fields and temperatures are greatly influenced by pressure-induced phase 

transformations (Spohn et al., 1998). Therefore, for mantle convection models, the 

martian mantle may be characterised by the two exothermic phase transitions a- 

olivine-» P-spinel and p-spinel—»Y-spinel and the endothermie phase transition f- 

spineWMg-Fe silicate pervoskite above the core-mantle boundary (BVSP, 1981; 

Breuer et al., 1998; Spohn et al., 1998). It is unsure at present whether the pressures and 

temperatures reached in the martian mantle are currently high enough for the y- 

spinel—»Mg-Fe silicate perovskite phase transition to occur. However, it is possible that 

there was a perovskite layer a few hundred kilometres thick earlier in martian history, 

when the planet was still relatively young and had not undergone large amounts of 

coohng (Sohl and Spohn, 1997).

The energy released by the two exothermic phase transitions is thought to provide 

a highly efficient acceleration mechanism for vertical mantle flow, sufficient for locally 

elevated viscous dissipation and partial melt generation, whereas the endothermie 

transformation of y-spinel—»Mg-Fe silicate pervoskite acts as a thermal barrier, 

discouraging vertical flow. These three phase transitions are also thought to promote 

instabilities in smaller upwellings, and hence a reduction in the number of upwellings to 

a few major plumes (Harder, 1998). This is consistent with the observed bipolar 

distribution of volcanic centres at Mars (Harder, 1998; Breuer et al., 1998). In fact, 

recent convection modelling by Harder (1998) suggests that the history of plume 

volcanism on Mars may be uniquely defined by the presence of a martian lower mantle, 

and that the evolution of the lower mantle with time is therefore undoubtedly significant 

for the evolution of martian volcanism. If this is the case, evidence for plume volcanism

23



Chapter 1: Introduction

on Mars could be used to confirm Ihe presence of a lower mantle, providing an anchor 

for thermal profiles and allowing mineral assemblages to be constrained.

13.6 Martian Core Models
It is commonly accepted that core formation is a comparatively rapid process in

the terrestrial planets, since the positive feedback between dissipation, flow of iron, and 

temperature dependent viscosity should lead to runaway core formation (BVSP, 1981). 

Dissipation of the potential energy released by iron moving towards the centre of the 

planet increases the temperature of the mantle, which furthers the process due to the 

temperature dependence of mantle rheology.

The martian core is thought to be primarily composed of Fe, along with a light 

element alloying component, e.g. S, O, Si, P, as a pure-Fe core would be -10 % too 

dense to fit planetary dynamics constraints (Kieffer et al., 1992). Similarly, it is 

generally accepted that the Earth’s inner core is virtually pure Fe in equilibrium with a 

liquid outer core that is -10% less dense than pure-Fe, and therefore contains one or 

more light elements, based on seismic observations (Poirier, 1994). Experimental and 

theoretical investigations of the properties of iron-alloys may therefore provide 

information regarding the properties of the cores of both the Earth and Mars. Iron and 

iron-alloys have been investigated experimentally (e.g. Boehler, 1996a; Anderson and 

Ahrens, 1996; Fei et al., 1997) and via computer simulations (e.g. Sherman, 1995; Alfè 

and Gillan, 1998; Voôadlo et al. 1997, 1999a, 1999b, 2000). The results of these 

investigations will be discussed briefly below, and in more detail in Chapters 3 and 4.

A critical review of possible light element components for the Earth’s core is 

given by Poirier (1994), which concludes that O, S, and Si are the most likely 

candidates. Despite Poirier’s conclusion that oxygen is an important constituent of the 

Earth’s core there is little experimental support for the suggestion that oxygen is an 

important constituent of the martian core (Kieffer et al., 1992). The solubility of oxygen 

in metallic iron is insignificant up to at least 10 GPa. Diamond-anvil cell and 

shockwave experiments show that iron oxide becomes metallic only at pressures of 70 

GPa and above, suggesting that comparable pressures are needed for oxygen to have 

any significant solubility, or to become entirely miscible, in liquid metallic iron. A 

substantial change in the chemical bonding properties of oxygen would therefore be 

required for oxygen to be soluble in metallic iron at martian core pressures (< 25 - 50 

GPa). It is possible that oxygen is incorporated into the Earth’s core by reaction of 

silicate perovskite with liquid iron at the core mantle boundary:
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Silicate-perovskite + liquid Fe => FeO + FeSi+0

The oxygen released by this reaction dissolves into the liquid iron. Although this 

reaction is viable at the terrestrial core-mantle boundary (136 GPa), at the martian core

mantle boundary (< 25 GPa) the solubility of oxygen in liquid iron is likely to be 

minimal and the reaction is unlikely to be significant. This reaction also requires the 

presence of silicate perovskite in the lower mantle, which has not been confirmed for 

Mars. Also, if the core is solid, this mechanism is not valid. Theoretical analysis 

(Sherman, 1995) has shown that a binary solid solution between Fe and FeO is unlikely. 

It is therefore deemed highly unlikely that oxygen is present in the martian core.

Similarly, the absence of a reaction between the KBr pressure medium and the Fe- 

FeS mixture used by Boehler (1996a) indicates that K is not siderophile at high 

pressure, a result that is in agreement with electronic structure calculations (Sherman,

1991). It is therefore highly unlikely that K is a component of the martian core.

The properties of FeSi have also been investigated in recent years via computer 

simulations (e.g. Vodadio et al., 1999b). However, the results of these investigations 

have yet to be applied to models of the martian interior.

As a result of the process of elimination described above, it is widely believed that 

sulphur is the most likely light element component of the martian core. The hypothesis 

that sulphur is present in the martian core is based upon its ability to dissolve readily in 

molten iron at the pressure and temperature ranges expected to be encountered in an 

accreting planet and its relative abundance in the martian meteorites (Kieffer et al.,

1992). Also, sulphur exhibits a deep eutectic with Fe at high pressures (Rama Murthy 

and Hall, 1970) making the system accessible to experiment and hence making the Fe- 

FeS system a prime candidate for investigation. Possible solid solution in the Fe-FeS 

system at high pressures has also been suggested based on the similar ionic radii of Fe 

and S and theoretical calculations of the electronic structure of sulphur at high pressure 

(Boness and Brown, 1990; Sherman, 1991; Boehler, 1996b). At this time there is no 

evidence to suggest the absence of sulphur in the martian core. The probability of 

finding some other light element component (e.g. P, C) in the martian core has yet to be 

investigated fully.

The sulphur content of the core may be constrained by the observed absence of an 

intrinsic magnetic field at Mars (Acuna et al., 1992). The lack of a significant intrinsic 

magnetic field indicates that the martian core is not currently capable of generating and 

maintaining a self-sustaining dynamo. This may be interpreted as evidence for an
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entirely solid core that has a very low (< few wt%) sulphur concentration, or an entirely 

liquid core that has a relatively high sulphur content (>15 wt%). For such a high 

sulphur concentration, inner-core freeze-out would not yet have started and so there 

would be no drive for chemical convection at present. However, a dynamo may initially 

have been driven by thermal convection until the point at which the core latent heat flux 

falls below the conductive heat flux along the core adiabat, and thermal convection 

could no longer occur in the core. If there was an active dynamo at some point in the 

planet’s history, it is possible that it may be evident in the form of remanent 

magnetisation of surface rocks. Although MGS has detected no intrinsic planetary 

magnetic field, large anomalies have been detected in the magnetic data from this 

mission (Figure 1.3) that are thought to be due to the remnant magnetisation of surface 

rocks (Acufia et a/., 1999), supporting the hypothesis that the core of Mars is entirely 

liquid and has a sulphur concentration greater than 15 wt%. It is highly unlikely that the 

sulphur component of the martian core is significant but <15 wt%, as dynamo action 

would then be expected to occur throughout the planet’s evolution. For such 

compositions the dynamo would be driven by thermal convection in the core prior to 

inner core formation, and by both thermal and chemical convection subsequent to inner- 

core formation as the core solidifies and releases latent heat and gravitational potential 

energy.

Mocquet et al. (1996) show that the size and current state of the martian core may 

be resolved via seismology, since the presence of a molten core would create a large 

seismic shadow zone that could easily be detected by a network of seismic stations (see 

Figure 1.4). Spohn et al. (1998) have developed possible seismic profiles for Mars. As 

Mars is approximately half the size of the Earth in terms of planetary radius (e.g. 

Kieffer et al. 1992), the pressures and temperatures reached within each region of Mars 

are significantly smaller than those reached in the corresponding regions of the Earth. 

The increase in the velocities of seismic waves with increasing depth is also 

considerably smaller in Mars than it is in the Earth due to the smaller increase in 

pressure with depth (Figure 1.5). This smaller pressure gradient also promotes 

homogenisation of mantle structure as it is possible for more than one phase to be stable 

over a greater depth range, hence smoothing out discontinuities over a thickness of a 

few hundred kilometres.
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Figure 1.3: Location and intensity of crustal magnetic sources detected by the MGS- 

MAG/ER experiment (After Acuna et al., 1999). The measured radial (vertical) 

component of the magnetic field is illustrated by the colour scale.
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Figure 1.4: Seismic shadow zones created by the presence of a liquid core.
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Figure 1.5: Comparison of seismic profiles for Earth and Mars: a) Preliminary 

Reference Earth Model (PREM) (After Poirier, 2000); b) Possible seismic profiles for 

Mars (After Spohn et ai, 1998).
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1.3.7 Conclusions
The gross interior structure of Mars is similar to that of all the terrestrial planets in 

that it is composed of complex crust, silicate mantle and an iron alloy core. The martian 

crust is thought to be complex with an average thickness of ~50 km (Zuber, 2001). The
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mantle is assumed to be silicate, and is thought to be slightly richer in iron than that of 

the Earth (BVSP, 1981). The core is thought to be largely iron, with an alloying light 

element component that is widely believed to be sulphur (Spohn et al., 1998). This 

model of the interior structure of Mars is based on geophysical data for Mars (See 

sections 1.2.1 and 1.3.1), estimates of martian bulk chemical composition (See sections

1.2.2 and 1.3.2) and thermal history and evolution models for Mars (see sections 1.2.3 

and 1.3.3).

Remaining uncertainties about the martian interior include the exact size, 

composition and state of the martian core, the presence or absence of an inner-core, the 

presence or absence of a perovskite layer, and the depth and depth range of transition 

zones within the mantle and mantle mineralogy. The most effective way to address 

these uncertainties is via interpretation of seismic data, which will provide values for the 

radii of any inner-core-outer-core boundary, the core-mantle boundary, mantle 

transition zones, and the crust-mantle boundary, along with Vp, Vs, density, and elastic 

constant profiles.

Along with direct observations, extensive modelling of the martian environment 

has also been undertaken. The results of experimental investigations of the behaviour of 

minerals at high pressure and temperature have been applied to the martian interior (e.g. 

Fei et al., 1995). However, many properties pertinent to the development of models of 

planetary interiors (e.g. elastic constants, seismic parameters, electrical properties) of 

the minerals, or mineral assemblages, expected to be found in the martian interior have 

not yet been reported. Recent advances in computational mineral physics have made it 

possible to simulate the behaviour of minerals at high pressures and temperatures more 

readily than may be achieved in a conventional laboratory. The high pressure and 

temperature conditions expected to be encountered in the martian core may be directly 

simulated using these computational techniques. This study is the first to apply these 

techniques to the investigation of the martian interior.

1.4 This Study
Planetary dynamics data and cosmochemical models for Mars suggest that the 

core is composed of Fe plus some light-alloying component. The light element 

component is widely believed to be sulphur, as discussed above. Therefore an 

understanding of the properties of iron alloys, particularly iron sulphides, under extreme 

conditions will allow models of the martian core to be constrained. A tightly constrained 

model for the martian core will allow whole-planet models for Mars to be further 

constrained as the nature of the martian interior is strongly dependent on the current size
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and state of the martian core. Hence, the focus of this study is the development of 

detailed models of the martian core, with a view to developing whole-planet models for 

Mars.

This study primarily uses simulations based on the laws of quantum mechanics, 

known as ab initio or first principles simulations to investigate the detailed behaviour of 

candidate phases for the martian core under appropriate pressure and temperature 

conditions. The properties and behaviour of solid stoichiometric FeS and solid FesS 

have been simulated at the high pressures relevant to the martian core. Simulations of 

solids at high temperatures, or over a range of solid compositions, are beyond the scope 

of this study (see chapter 2). The behaviour of liquid iron sulphides over a range of 

temperatures and pressures at two given compositions (Fe -16 wt%S and Fe -27 wt%S) 

spanning conditions relevant to the martian core has also been simulated. The results of 

these simulations have been used to determine values for density, bulk modulus, and 

hence P-wave velocity, over the range of pressures, temperatures and compositions 

investigated. The simulation techniques used in this project are described in Chapter 2 

and the results of these simulations are given in Chapters 3 and 4. In chapter 5 some of 

the results from the simulations are combined with planetary data to develop whole- 

planet models for Mars that may be used to interpret data from future Mars missions 

such as those that will deploy a seismic network. In the absence of seismic data for 

Mars, developing an understanding of the surface expression of planetary interior 

processes may help to refine models of the martian interior. To this end, the martian 

crustal remanent magnetic anomalies observed by MGS are studied in greater detail in 

chapter 6. Finally, the conclusions of this thesis and possible directions for future work 

are presented in chapter 7.
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Chapter 2: Simulation Techniques

2.1 Introduction
The initial aim of this thesis is to investigate the macroscopic properties of the 

interior of the planet Mars, via the bulk properties of the major stable mineral phases of 

the martian interior. The underlying mechanisms of these macroscopic properties, 

whether observed or inferred, are governed by microscopic changes in the material that 

result from changes in temperature, pressure and composition. It is therefore necessary 

to understand the microscopic properties of candidate minerals for the martian interior 

in order to understand the macroscopic properties of the planet. It is experimentally 

challenging to investigate the microscopic properties of materials under the conditions 

of the martian interior. However, a variety of simulation techniques allow the 

investigation of materials under extreme conditions without the difficulties associated 

with experiments.

Classical simulations (e.g. lattice dynamics, molecular dynamics, etc.) of solids 

and liquids require the calculation of the interaction energies and the forces acting 

between the atoms in the system. These forces and energies are calculated via 

interaction potentials that are parameterised by either experimental results or ab initio 

simulations. They may be used to explain several features of materials, such as chemical 

properties, material hardness, shapes of crystals, optical properties, Bragg scattering of 

X-ray, electron and neutron beams, electronic structure and electrical properties, heat 

capacity, thermal expansion, transport properties and the existence of phase transitions 

(including melting). However, there are limitations to the usefiilness of classical 

simulations. In particular, any classical simulation will only be as good as the potential 

model used for that simulation. There are many developments in classical techniques, 

such as non-equilibrium molecular dynamics. Brownian dynamics, and the application 

of some first-order quantum corrections to the classical simulations, but a detailed 

discussion of these developments is beyond the scope of this thesis (see e.g. Thijssen, 

1999 for a full review).

In classical simulations of atomic scale matter no attempt is made to model the 

behaviour of the individual electrons. In contrast, quantum mechanical simulations 

include the electrons explicitly, so that the system is represented by a collection of 

nuclei and electrons. This approach allows all matter to be treated using this unifying 

method, using only the values of three fundamental constants: the electronic charge and 

mass, and Plank’s constant. The microscopic physical properties of materials may be
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established by solving the Schrodinger equation explicitly to obtain the energy surfaces 

associated with the interactions of the electrons and nuclei within the system. The 

fundamental equations of quantum mechanics are used to calculate the energy of the 

system and the forces on the nuclei, and the atoms then move under the action of these 

forces. These first principles techniques are discussed in greater detail in the next 

section of this chapter. In this work they have been used to simulate the behaviour of 

solid and liquid iron sulphides, the results of these simulations being presented in 

chapters 3 and 4 of this thesis, respectively.

2.2 First Principles Simulation Techniques
The laws of quantum mechanics, which govern the behaviour of atomic scale

matter, nuclei and electrons, are known. Therefore, simulations of the behaviour of any 

material should be possible. However, in order to simulate most systems it is necessary 

to consider many atoms, each containing many electrons. Each of the electrons interacts 

with the others, the motion of one affecting the motion of the others, and since the 

quantum mechanical behaviour is being simulated, all of the electron interactions must 

be taken into account and each of the electrons is represented by a wave. So, although in 

principle it is possible to simulate any system, the complexities of the method mean that 

simulations are currently limited by the availability of computational time and memory. 

A recent comprehensive introduction to these techniques is given in Oganov et a i 

(2002), and a simple review of the techniques and possible applications is given in 

Gillan(1997).

First principles simulations are simplified by limiting the information required for 

each electron via a number of assumptions, hence making it possible to perform them 

within a reasonable amount of computational time. The initial assumption, the Bom- 

Oppenheimer approximation (Bom and Oppenheimer, 1927), is that as the nuclei move 

the system of electrons is always in its ground-state, i.e. electronic excitations are not 

considered. This assumption is valid as the electrons are so much lighter than the nuclei 

that they can adjust themselves very rapidly to the behaviour of the nuclei. The task of 

performing realistic simulations can now be considered to be formed of two parts: 

firstly, finding the ground state of the system of electrons when the nuclei are sitting in 

certain positions, and secondly, the movement of the nuclei.

2.2.1 Finding the Ground State
The first part of the task of performing realistic simulations is the question of how

to find the ground state of the system of electrons when the nuclei are sitting in certain
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positions. This question is complex, and is itself composed of three subjects: electron 

correlation, the representation of the electron waves, and the treatment of large numbers 

of atoms. These three subjects are considered in detail in sections 2.2.1.a, 2.2.l.b and 

2.2. l.c respectively.

2.2.1.a Electron Correlation
The problem of electron correlation is the first that needs to be considered when

attempting to find the ground state of the system of electrons when the nuclei are sitting 

in certain positions. As first principles simulations are founded on quantum mechanics, 

the electrons are described by a wavefimction 'P (r). Although the wavefunction is not 

directly observable, its square | Y (r)p gives the probability of finding the electron at 

any point r. Schrddinger’s equation must be solved to find the allowed energies E„ and

the corresponding wavefunctions Y „ (r). Taking the case of the hydrogen atom as an

example, Schrddinger’s equation may be written:

2m

where h is Plank’s constant h divided by 2 ;r , w is the mass of the electron and F(r) 

represents the potential energy of electron in the electrostatic field of the proton:

F(r) = -e^ fATte^r 2.2

where e is the charge on the electron, Cq is the permittivity of firee space and r is the

distance between the electron and the proton.

This simple case can be solved exactly, and the formula for its allowed energies is 

well known:

E„ =me^/(4jte,Ÿ2n^n^ 2.3

The ground-state is obtained by putting « = 1, and in this case the wavefunction is 

given by:

K ;

where is the Bohr radius, having a value of -0.529À.

Unfortunately, for systems containing more than one electron it is not possible to 

solve Schrddinger’s equation exactly. This is because the larger system requires not 

only the electrostatic attraction between the nucleus and the electrons to be considered, 

but also the electrostatic repulsion between the electrons. If there were no electrostatic 

repulsion, each electron would behave as if the others did not exist, and each could be 

considered as a single electron problem, using the equations given above. The
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wavefunction representing the system would then simply be the product of the 

wavefunctions of the individual electrons:

Y(r,, r, ) = Y. (n X  k  (r„ ) 2.5

However, there is electrostatic repulsion between the electrons, and so they do not 

move independently of one another. If two electrons are separated by ~lA, their 

electrostatic interaction energy is ~14eV. This cannot simply be ignored. The true 

wavefimction of the system must take this electrostatic repulsion into account, and is 

therefore a very complicated function of the electron positions, and cannot be solved 

exactly. This is the problem of electron correlation. This problem must be overcome if 

reasonable simulations of systems containing more than one electron are to be 

performed.

Hartree theory states that whilst it is not possible to ignore the interaction of two 

electrons, it is possible to accommodate their correlation by considering the average 

potential V^{r) rather than the true fluctuating potential (Gillan, 1997). The insoluble 

many-electron problem is then replaced by the soluble problem of single electrons 

moving in the average potential (r ).

Hartree-Fock theory takes into account two more important properties of 

electrons. Firstly, that electrons spin about their own axes. The component of the spin 

angular momentum can only have two values: The wavefunction 'F„(r) for an

electron is thus dependent on the spin variable <j, which can either be ‘up’ (t) or

‘down’ (i), and the probability of finding an electron at a point r  with its spin pointing

up is given by |'F^(r]|^. Secondly, electrons are indistinguishable. Consequently, the

wavefunction of a system of electrons must change its sign when any two electrons are 

interchanged. This requirement is known as exchange symmetry, and means that for two 

electrons which both have their spins up the two-electron wavefunction must be:

2.6

This exchange symmetry is the origin of the Pauli exclusion principle, which 

states that two electrons cannot be in the same quantum state and hence two electrons 

with the same spin cannot be found in the same place. This is illustrated by putting 

Fj = Fj in the two-electron wavefunction. The wavefunction then vanishes, so that there 

is zero probabihty of finding the two electrons in the same place. The inclusion of 

exchange symmetry lowers the energy of the simulation because it lowers the amount of 

positive repulsive energy felt by each electron. The energy reduction due to exchange
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symmetry is known as the exchange energy. Hartree-Fock theory has been widely used, 

but similarly to Hartree theory it neglects the correlation due to electronic repulsion and 

so is not very accurate. Both these theories include the repulsive interaction between 

electrons by ignoring correlation. All the electrons of a system move independently 

under the action of a static potential, which includes the average repulsive interaction.

The next advancement from Hartree-Fock theory is Density Functional Theory 

(DFT), developed by Hohenberg and Kohn (1964) and Kohn and Sham (1965). The 

idea behind DFT is that correlation may be included in the simulation simply by further 

modifying the static potential (Gillan, 1997). Electrons keep away from each other via 

two mechanisms, exchange symmetry and correlation, both of which lower the energy 

of the system. These two mechanisms are often considered together because they have 

such similar effects, with the reduction in energy caused by them known as the 

exchange-correlation energy, . DFT states that the exchange-correlation energy can 

be expressed solely in terms of the electron density distribution. If the electron density 

is «(r), the exchange-correlation energy per electron at point r is given by

The amount of exchange-correlation energy per unit volume is then ("(**))»

the total exchange-correlation energy is given by the local density approximation 

(LDA):

2.7

The LDA was first applied to condensed matter systems when it was discovered 

that the exchange-correlation energy of electrons in a system of atoms is very similar to 

that in a uniform gas of interacting electrons. The exchange-correlation energy per 

electron in such a gas is accurately known for a wide range of electron densities (Gillan, 

1997). The LDA has proven to be remarkably successful for many condensed matter 

systems, particularly diamagnetic insulators (Sherman, 1995), despite the fact that it 

typically overestimates the correlation energy by a factor of two and underestimates the 

exchange energy by up to 10 %. However, the LDA has been less successful for some 

of the transition metals where localised d  electrons play an important role. The 

extension of the LDA to magnetic systems, the local spin density approximation 

(LSDA), often results in even greater discrepancies. For magnetic transition metals, the 

LSDA gives values for the lattice constant and bulk modulus that differ from 

experiment by 3 -  4 % and 50 % respectively. For iron, the LSDA greatly 

underestimates the stability of bcc-iron relative to the hep and fee polymorphs at 

ambient pressure (Zupan et al., 1998).
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Expressions that also allow for the gradients of the electron density have been 

found (e.g. Perdew and Wang, 1992). These are known as generalised gradient 

approximations (GGAs). For example, Zupan et al. (1998) show that gradient 

corrections to the LSDA correctly find bcc-iron to be the stable structure at ambient 

pressure, in contrast to the uncorrected LSDA, which incorrectly finds fcc-iron to be 

stable at ambient pressure. Among the most widely used GGAs are PW-I (Perdew, 

1986; Perdew and Wang, 1989) and PW-II (Perdew et al., 1992). The PW-II, also 

known as PW91, has been found to be more accurate than the LDA, LSDA, or older 

GGA s, in a variety of tests for atoms, molecules, solids and surfaces (Perdew et al., 

1992). Stixmde et al. (1994) have shown that the use of the PW-II GGA results in 

substantial improvements over the LSDA for several iron polymorphs, and results in 

better agreement with experiment than use of the PW-L

The methods described in this section provide solutions to the problem of electron 

correlation, whilst explicitly including all the electrons in the calculations. The large 

number of electrons involved makes these calculations difficult and expensive in terms 

of computer power. This problem may be overcome by the use of a pseudopotential 

method, which treats the interaction of the core electrons with the valence electrons via 

nonlocal ionic potentials. The pseudopotential method also provides a solution to the 

problem of representing wavefunctions, as described in section 2.2.1 .b.

2.2.1.b Representing Wavefunctions
The second problem when finding the ground state of the system of electrons

when the nuclei are sitting in certain positions is finding a way to represent the 

wavefunctions.

Bloch’s theorem (see e.g. Ashcroft and Mermin, 1976) states that each electronic 

wavefunction with a wavevector k may be written as the product of a plane wave and a 

periodic function:

'P,(r)=e""H-,(r) 2.8

The periodic part of the wavefunction can be expressed as a Fourier series with

coefficients 0^+^ » where K is the reciprocal lattice vector, i.e. the plane waves are used

as basis functions for representing the wavefunctions, 'F,. (r) :

= 2.9
k

The coefficients are varied until the electrons are in the ground-state. By 

Bloch’s theorem, the infinite numbers of electrons in an infinite system are accounted
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for by an infinite number of k points, with only a finite number of electronic states 

occupied at each k point. The occupied states at each k point contribute to the electronic 

potential of the system so that, in principle, an infinite number of calculations are 

required to compute this potential. However, at k points that are very close together the 

electronic wavefunctions are almost identical. It is therefore possible to represent the 

electronic wavefiinctions of a region of reciprocal space by the wavefunctions at a 

single k point. In practice, it is possible to calculate very accurate approximations to the 

electronic potential and the contribution from a filled electronic band to the total energy 

by calculating the electronic states at special sets of k points in the Brillouin zone. For 

example, Monkhorst and Pack (1976) defined a uniform set of special sampling k points 

as

k = Upbi+Urb2+Ugb3 2.10

where bi, hi and ba are the reciprocal lattice basis vectors and Up, Ur and Ug are numbers 

from the sequence:

Ur =— (r= 1 ,2 ,3,...q) 2.11
2q

The total number of k points is q̂ , but the number of independent k points can be much 

smaller as a result of symmetry. The magnitude of any error in the calculation of the 

total energy due to insufficient k point sampling may be ameliorated using a denser set 

of k points. As the density of the k point sampling increases the computed total energy 

converges and the error due to k point sampling approaches zero.

Also by Bloch’s theorem, the electronic wavefunctions at each k point can be 

represented using a discrete plane-wave basis set. In principle, an infinite plane wave 

basis set is required to expand the electronic wavefunctions, but in practice the 

coefficients for the plane waves with small kinetic energy are typically more 

important than those with large kinetic energy. It is therefore possible to truncate the 

plane wave basis set to include only plane waves that have kinetic energies less than 

some specified cut-off energy. In practice, the specified energy cut-off is chosen such 

that the calculated energy of the system is sufficiently converged: the calculated energy 

of the system does not change significantly if the cut-off energy is further increased.

This plane-wave approach has proven to be very successful for simulating large 

numbers of atoms in condensed matter. This is largely because it is complementary to 

the representation of the interaction of the valence electrons with the atomic cores by a 

weak effective pseudopotential, which is a modified form of the true potential (figure 

2.1), In most atoms there are tightly bound core electrons confined to small regions
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around the nucleus. When close to the nucleus, electrons experience a strong attractive 

potential that gives them high kinetic energy. Their de Broglie wavelength is then very 

small and their wavevector k is very large. A plane wave basis set would then have to 

contain too many wavevectors to be computationally practical. This problem was 

overcome by the discovery that the true potential could be replaced by a much weaker 

pseudopotential and the correct description of the electronic states and the energy of the 

system could still be obtained.

Original pseudopotential methods required that the scattering properties of the 

pseudo-atom and of the exact atom are the same at the specified matching radius, Rmatch- 

This is known as norm-conservation:

j  =0 2.12

where is the exact all-electron wavefunction, is the pseudo-wavefunction,

and / and m are the angular momentum quantum numbers. Rmatch controls the overall 

accuracy and transferability of the pseudopotential. Inside Rmatch» i.e. within the core 

region, the pseudo-wavefunctions are only approximate. Beyond Rmatch, i e. outside the 

core region, the wavefunctions and charge density produced by a pseudopotential 

should be identical to those produced by the exact ionic potential. Hamann et al. (1979) 

show that if the pseudo-charge density within the core region is made to equal the real 

charge density within that region, then norm-conservation is fulfilled. The restriction 

imposed by norm-conservation forces the pseudo-wavefunction to vary rapidly, creating 

serious difficulties, particularly for first row transition metals. Increasing Rmatch allows a 

smaller basis to be used, making the pseudo-wavefunction ‘softer’, mitigating the 

difficulties slightly, but also decreasing the quality of the pseudopotential.

Vanderbilt (1990) solved this problem by showing that it is not necessary to fulfil 

norm-conservation if a correction is applied to the resulting difference between the 

exact and the pseudo-charge density. This correction is achieved using local 

augmentation functions centred on each atom, and results in significantly smoother 

pseudo-wavefunctions. Such ‘ultrasoft’ pseudopotentials give results that are very close 

to results obtained fi'om the best all-electron calculations.

Louie et al. (1982) show that it is possible to extend the pseudopotential method 

to magnetic systems by explicitly treating the nonlinear exchange and correlation 

interaction between the core and valence charge densities, resulting in a significant 

improvement in the transferability of the potential. Zhu et al. (1992) have shown that it 

is possible to use the pseudopotential approach to treat magnetic iron at the same level
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of accuracy obtained from all-electron calculations. Magnetism is included in DFT 

simulations by allowing the occupation numbers for electrons with up and down spins 

to vary independently, allowing the system to have a net magnetic moment if that 

corresponds to the minimum energy state. These spin-unrestricted simulations are more 

computationally expensive than spin-restricted simulations, in which the occupation 

numbers of every electronic orbital are equal for up and down spins, constraining the 

net magnetic moment to zero. Therefore, spin-unrestricted simulations are only 

performed on relatively small systems, the computational cost being prohibitively large 

for systems containing more than a few tens of atoms (see chapter 3).

Thus, the problem of representing wavefunctions may be solved by the 

application of Bloch’s theorem and the use of pseudopotentials. The use of ultrasoft 

pseudopotentials also allows the use of much smaller plane wave cut-off energies whilst 

maintaining high accuracy (Alfe et al, 1999). Another advantage of using ultrasoft 

pseudopotentials is that it is possible to describe lower pseudo-core states as valence 

states. For example, VoÔadlo et a l (1997) have shown that it is vital to treat the 3p 

states as valence states in solid iron in order to get an accurate description of the 

pressure at conditions of the Earth’s core. The description of the highly localised 3p 

states as valence states is computationally expensive, and is therefore inappropriate for 

dynamical liquid iron calculations. Hence, for their liquid calculations Vodadlo et a l 

(1997) considered the 3p states to be part of the core, i.e. within Rmatch, and described 

the effect of the 3p states by a pairwise additive repulsive potential. The theory behind 

this combination of the DFT pseudopotential method and the use of an MD-type 

pairwise potential was developed by Car and Parinello (1985), and greatly extends the 

range of both concepts. It allows both MD simulations of covalently bonded and 

metallic systems and the application of DFT to systems containing large numbers of 

atoms and to dynamical phenomena.
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Figure 2.1: A schematic representation of the potentials (red lines) and wavefunctions 

(blue lines) for an atom. The true potential and wavefunction are shown as thin lines. 

The pseudopotential and pseudo-wavefunction are shown as thick lines. Beyond the 

matching radius, Rmatch, the pseudopotential and pseudo-wavefunction are identical to 

the true potential and true wavefunction respectively.

2.2.l.c Large Numbers of Atoms
The third and final problem when finding the ground state of the system of

electrons when the nuclei are sitting in certain positions is the treatment of large 

numbers of atoms. It is not realistically possible to perform first-principles simulations 

on the vast numbers of atoms found in condensed matter. Fortunately, such simulations 

are not necessary, as the electrons arrange themselves so that the physical interactions 

between atoms have a range of only a few atomic diameters. The properties of matter 

containing large numbers of atoms can therefore be simulated by calculations on 

relatively small numbers of atoms.

There are two possible methods of performing simulations on small numbers of 

atoms: the cluster method and the supercell method. The cluster method considers a 

small piece of material, a cluster of atoms, either in free space or embedded in a simple 

representation of the surrounding material. The properties of the cluster are dominated 

by its surface unless the cluster is very large, and so this method is primarily used to 

investigate the surface properties of minerals, nucléation, growth and defects in crystals, 

and catalysis (e.g. Catlow et ai, 1997; Sushko et ai, 2002). In contrast to the cluster 

method, the supercell method considers a set of atoms surrounded by images of itself
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that are periodically repeated, and form part of an apparently infinite system, 

eliminating boundaries and surfaces (See Figure 2.2). This is particularly appropriate if 

the task in hand is that of calculating the bulk properties of a truly periodic system, such 

as a crystal. For crystalline systems the set of atoms in the supercell is generally chosen 

to be the unit cell of the system in question. Another advantage of the supercell method 

is that it is mutually complementary with plane-wave basis sets. For periodic systems, a 

plane-wave basis set is equivalent to a Fourier series, which is expressly designed to 

represent periodic functions. It is important to choose the method of coping with large 

numbers of atoms that is appropriate to the properties being investigated. Thus, as this 

thesis is concerned with the bulk properties of materials, the supercell method has been 

used throughout.

In summary, the ground state of the system is found using quantum mechanical 

simulations based on DFT with a GGA, the wavefunctions being represented by 

ultrasoft pseudopotentials, and large numbers of atoms are treated through the supercell 

method. The second part of the task of performing realistic simulations is the movement 

of the nuclei, as discussed in section 2.2.2.

2.2.2 Moving the Atoms
The second issue to be considered when performing realistic simulations is that of

how to accurately describe the movement of the atoms. Classical mechanics are used to 

calculate the motion of the atoms as they are generally in highly excited states. In such 

highly excited states the de Broglie wavelength of the nuclei is very short compared 

with the distance between the atoms so that quantum effects become negligible. The 

system is allowed to evolve over time by making the atomic positions R, follow 

Newton’s equation of motion:

= 2.13

where M, is the mass of, and F,. is the force on, atom i. As the nuclei move the 

electrons follow. For each new set of atomic positions, R ,, the electronic ground-state 

and hence the forces on the atoms are recalculated from the quantum mechanics of the 

electrons.

This Molecular Dynamics (MD) approach (Alder and Wainwright, 1957; Rahman, 

1964; Allen and Tildesley, 1987) can be applied equally well to liquids and non

crystalline solids as it can to crystalline materials, allowing the equilibrium and 

transport properties of the system to be calculated. First, a model system consisting o fN  

particles is created with initial positions and velocities specified. Newton’s equations of
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motion, via an appropriate potential function, are then solved for the system at 

successive time-steps that are chosen to be smaller than the time of an atomic vibration 

until the properties of the system no longer change with time (the system is in 

equilibrium). Further time-steps generate the data from which the property of interest is 

then measured. Major advantages of MD include the ability to incorporate temperature 

directly via the kinetic energy of the particles and the ability to incorporate anharmonic 

interactions between the atoms, which are responsible for many material properties such 

as thermal expansion and the temperature dependence of elastic constants and phonon 

frequencies.

Figure 2.2: The supercell method. A set of atoms is surrounded by images of itself that 

are periodically repeated to form part of an apparently infinite system in three 

dimensions. Image after Allen and Tildesley (1987).
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23  Summary of First Principles Simulation Techniques
The problem of performing realistic simulations may be considered to be formed

of two parts: firstly, finding the ground-state of the system of electrons when the nuclei 

are sitting in certain positions, and secondly, the movement of the nuclei. Finding the 

ground-state of the system of electrons is a complex issue, and may be considered in 

three parts: electron correlation, the representation of the electron waves, and the 

treatment of large numbers of atoms. These problems have all been addressed. Electron 

correlation is dealt with by the LDA for exchange and correlation, or by one of the 

improved approximations, such as the GGA PW-II. The wave functions of the electrons 

are represented by pseudopotentials in terms of plane waves. The supercell method 

allows the bulk properties of matter to be investigated by simulating small numbers of 

atoms. Quantum mechanics are used for the movement of the electrons and classical 

mechanics are used for the movement of the nuclei, since quantum effects are negligible 

for highly excited states. Using these methods it is possible to perform realistic 

simulations of the behaviour of matter. The simulation package used in this study is 

discussed in the next section of this chapter.

2.4 Vienna A3 Imùo Simulation Package (VASP)
The Vienna ab initio simulation package (VASP) is a computer program

developed by Kresse and Furthmilller (1996), founded on the fundamental principles 

described in section 2.2. It is a complex package that can perform ab initio quantum 

mechanical molecular dynamics using pseudopotentials and a plane-wave basis set. It is 

primarily based on a finite temperature LDA, with free energy as the variable, and an 

exact evaluation of the instantaneous electronic ground-state at each timestep. Forces 

and the full stress tensor can easily be calculated within VASP and used to relax atoms 

into their instantaneous ground-state. The interaction between nuclei and electrons is 

described using ultrasoft Vanderbilt pseudopotentials (Vanderbilt, 1990; Kresse and 

Hafher, 1994; Moroni et a/., 1997), which include the details of the GGA PW-II. These 

pseudopotentials allow a significant reduction in the number of plane-waves per atom 

necessary for transition metals and first row elements. VASP was used to perform all ab 

initio simulations presented in this thesis. The calculations were performed on the Cray 

T3E at the Manchester CSAR facility.

In the next section of this chapter the extraction of physical properties from the 

output of the simulations is discussed.
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2.5 Obtaining Physical Properties from the Energy Surface
A review of physical properties that may be obtained from the output of VASP is

given in Oganov et al. (2002), including examples from recent studies. Many of the 

pressure-dependent physical properties of the system under investigation may be 

obtained from the total energy of the system calculated by VASP via the application of 

equations of state. In this work the 3”* order Birch Mumaghan equation of state has been 

used to obtain the density, bulk modulus, and the first derivative of the bulk modulus 

with respect to pressure, tC, allowing comparisons with experimental investigations that 

have also used this equation of state:

E(V)=E^+E^+E, 2.14

where

V
L U
2 V

and

£ 3 = £ ( n ) - f ^ W o f c - 6 )

+ 3

2.15

2.16

2.17

where V is volume and Vo is the minimum energy volume.

The more rigorous 4^ order logarithmic equation of state (Poirier and Tarantola, 

1998) has also been used, where appropriate, to obtain more realistic values of the bulk 

modulus, K, and its first and second derivatives with respect to pressure, fC and

cln^ u

where

E{V)=V, ^aln^ w 1 ( 61n  ̂u
+ # o ) 2.18

f c - 2 )
2

and

c = ̂ l K l  - 2 )+K,{k ', - 2 ]̂
o

2.19

2.20
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Other physical properties may also be obtained from the MD information output 

from VASP. For example, the information output from VASP may be used to find 

structure factors, radial distribution fimctions, and diffiision coefficients, which may be 

used to estimate viscosity, as discussed in chapter 4.

2.6 Limitations of DFT and the Future of Simulation Techniques
DFT can be applied to all atoms of the periodic table, and can be used in metallic,

covalent and ionic systems. In terms of generality and robustness, ab initio simulations 

are the best that are currently available. However, there are a number of limitations to 

this technique at the current time. Firstly, ab initio simulations are only practical for 

systems of the order of 100 atoms, since for current DFT methods the computational 

requirement scales with where N  is the number of atoms in the system. This problem 

may be addressed in the near future by the development of computer codes (e.g. Bowler 

et ai, 2002) that result in the direct scaling of computational requirements with the 

number of atoms in the system. Secondly, as a result of the work of Car and Parinello 

(1985) DFT can be apphed to dynamic phenomena. However, accurate ab initio 

simulations are about 1000 times slower than force field calculations for systems of 

about 100 atoms, reducing the accessible time-scales to the range of picoseconds. This 

problem may be addressed as a result of recent industrial interest in meso-scale 

modelhng techniques such as Dissipative Particle Dynamics (DPD) (see e.g. Groot and 

Warren, 1997). Finally, as there is only limited knowledge of the exact mathematical 

form of the exchange-correlation fimctional, the accuracy of the exchange-correlation 

approximation used in DFT is non-uniform and non-universal. In contrast. Quantum 

Monte Carlo (QMC) simulations take exchange-correlation into account from the 

outset. QMC codes (e.g. Thijssen, 1999) employ an explicitly many-body method, 

giving consistent, highly accurate results whilst showing favourable scaling of 

computational cost with system size, providing a complementary alternative to DFT.

The results of ab initio simulations performed using the computer code VASP on 

solid iron sulphides and liquid iron sulphides are described in chapters 3 and 4 

respectively.
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Chapter 3: Solid Iron Sulphides

3.1 Introduction
As discussed in chapter 1, planetary dynamics data and cosmochemical models 

for Mars suggest that the core is composed of iron (Fe) plus some light alloying 

component. The light element component is widely believed to be sulphur (S), based on 

the presence of sulphur in meteorites and its ability to dissolve in molten iron at the 

pressure and temperature ranges expected to be encountered in an accreting planet 

(Kieffer et al., 1992). Therefore, an understanding of the properties of iron alloys, 

particularly iron sulphides, at high pressure will allow models of the martian core to be 

constrained

In this study iron sulphides have been investigated using computer simulations. A 

detailed discussion of the simulation techniques used in this study is given in Chapter 2. 

In summary, the ab initio computer simulations used are based on density functional 

theory, using ultrasoft Vanderbilt pseudopotentials within the generalised gradient 

approximation, implemented in the computer program VASP (Kresse and Furthmüller, 

1996), and performed on the Cray T3E at the Manchester CSAR facility. All of the 

pseudopotentials used have been constructed using non-linear partial core corrections 

(Louie et al., 1982). In the Fe pseudopotential, all electron states up to 2>p are treated as 

core states, i.e. with an [Ne]35  ̂frozen core, while for the S pseudopotential all electron 

states up to 2p are treated as core states, i.e. with an [Ne] frozen core. The accuracies of 

the Fe and S pseudopotentials have previously been reported (e.g. Voôadlo et al., 1997; 

Alfe and Gillan, 1998).

This chapter begins with an introduction to the Fe-S phase diagram under 

conditions relevant to the martian core, followed by detailed discussions of the bulk 

properties of FeS and FegS. Finally, the application of the results of the simulations of 

solid iron sulphides to models of the martian interior will be considered.

3.2 The Fe-S system
Previous studies (e.g. Usselman, 1975) have shown that at pressures up to 14 GPa

metallic iron (Fe) and iron sulphide (FeS) form a simple binary eutectic system. An 

intermediate compound (Fes Si) forms at higher pressures (14 -  18 GPa), changing the 

melting relations in the Fe-S system from the simple binary eutectic to a binary system 

in which the intermediate compound (FesSi) melts incongruently (Fei et al., 1997). 

More recent experiments (Fei et al., 2000) identified two further intermediate 

compounds (FeiS and FegS) at higher pressure, significantly increasing our
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understanding of melting relations in the Fe-S system under conditions relevant to the 

martian core (Figure 3.1). Fei et al. (2000) found that FegS forms at pressures between 

18 and 21 GPa and that the Fe + FesS assemblage is stable up to pressures of at least 

23.5 GPa. They report that there is a eutectic point between Fe and Fe^S with eutectic 

temperature 1075 °C and eutectic composition Fe -15.4 wt%S, and that the FegS 

compound melts incongruently: FesS FesSz + liquid. They report that the FeiS phase 

is only stable over a narrow temperature range at 21 GPa.

Figure 3.1: Phase diagram of the Fe-S system at 21 GPa (After Fei et al.., 2000)
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The pressure range of the martian core is estimated to be -23.5 -  50 GPa (Folkner 

et al., 1997). The Fe-S phase diagram at 21 GPa (Figure 3.1) may therefore be taken to 

be the lowest pressure representation of the Fe-S system under the conditions of the 

martian core. Both FeS and Fe3S have large regions of stability at this pressure and may 

therefore provide results that are of interest in the development of models of the martian 

interior. Other iron sulphides are stable at this pressure but they are unsuitable for 

further investigation; either their exact composition is unclear (Feg+xSi) or they have 

very small regions of stability (Fe^S). It is inappropriate to attempt to study phases of 

uncertain composition using ab initio simulations, as the exact atomic composition is 

the primary input into the calculations (see Chapter 2). It is inappropriate to include
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phases that have only a small region of stability at this pressure in this study as such 

phases are unhkely to be major constituents of the martian core.

In this work both FeS and FegS have been studied in detail. FeS is discussed in the 

next section of this chapter (3.3) and FegS is discussed in the following section (3.4).

3 JF eS
Experimental investigations of FeS have found the anti-ferromagnetic mineral 

troilite to be the stable phase of FeS at ambient pressure and temperature (King and 

Prewitt, 1982). Two structural phase transitions have been observed experimentally with 

increasing pressure at ambient temperature (King and Prewitt, 1982; Fei et ai, 1995; 

Kusaba et al, 1997; Nelmes et al., 1999; Marshall et al., 2000). The first is at 3.4 GPa 

to an MnP-type structure and the second is at 6.7 GPa to a monochnic structure (King 

and Prewitt, 1982). The stmctural transition at 6.7 GPa is accompanied by an abrupt 

shortening of the c-axis corresponding to ~10 % increase in density, and the 

disappearance of the magnetic moment (Rueff et al. 1999). It has been suggested by 

Kobayashi et al. (1997) that a distinct change of the 3>d electron configuration of Fe 

takes place at this pressure, and that the electron delocalisation produces the collapse of 

the magnetic moment in the Fe atom. Kobayashi et al. (1997) also suggest that the large 

increase in the bulk modulus that they find at this transition is due to the transition firom 

the magnetic semi-metallic state to the nonmagnetic metallic state, rather than a simple 

structural transition. Takele and Heame (1999) confirm that the troilite and MnP 

structures have a high-spin magnetic-electronic configuration, whereas the monoclinic 

phase adopts a magnetically quenched low-spin state.

The troilite structure (P62c) is believed to be unique to FeS (King and Prewitt, 

1982). It has a 24-atom unit cell that may be indexed as a distorted NiAs-type stmcture 

(Figure 3.2c, d). Based on the a^y  ̂and Cnias axes of the NiAs structure, (Figure 3.2a, b) 

the troilite axes may be given as ditroi ~ and Cmi * 2cnîas. In this phase the

magnetic spins are aligned parallel to the Cm,raxis. The MnP-type phase (Pmna) has 

only 8 atoms per unit cell (Figure 3.2e, f). In this phase the magnetic spin direction is 

perpendicular to the c^zP-axis. The MnP-type cell axes may be given as a ^ f  » CNiAs> 

hMnP *= siNiAs and Cmf «=V3bMiP. The third phase has only recently been confirmed as 

monoclinic, with a 24-atom unit cell (Figure 3.2g) (Nelmes et al. 1999). The bmono axis 

has equivalent direction to both a/wi and ca^p. The properties of this phase are still the 

subject of intense investigation. The cubic CsCl-type phase (Figure 3.2h) has not been 

found experimentally, as its stability field hes beyond the range currently accessible by
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experiment. However, previous simulations (Sherman, 1995) have suggested this phase 

to be stable at very high pressures.

Figure 3.2: FeS polymorphs: a) ideal NiAs-type structure viewed down CÂ î -̂axis, b) 

ideal NiAs-type structure viewed down a/vî .ç-axis, c) troilite structure viewed down Ctror 

axis, d) troilite structure viewed down ar^raxis, e) MnP-type structure viewed down 

aAw^axis, f) MnP-type structure viewed down CMnP-axis, g) monoclinic structure viewed 

down bmoMo-axis, rotated 50 degrees anti-clockwise in the Simono-Cmono plane, and h) CsCl- 

type structure, viewed down Cacz-axis.
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In order to determine the relative stabilities and equations of state of FeS 

polymorphs as a function of pressure, ab initio calculations have been carried out to 

determine their internal energy as a function of volume at 0 K.

3.3.1 Methods
Nine polymorphs were considered in the preliminary investigation of FeS, three of 

which have been experimentally observed (troilite, MnP, and monoclinic), five being 

other common structures of RX compounds (CsCl, NaCl, sphalerite, NiAs, anti-NiAs) 

(Navrotsky, 1994; Wyckoff, 1951), and a hexagonally close-packed (hep) structure. For 

structures in which all atoms sit on crystallographic special points (CsCl, NaCl, and 

sphalerite) the energy of the system was found for a range of volumes with fixed atomic 

positions and unit cell geometry. For the other structures, the energy of the system was 

found for a range of volumes, whilst allowing the atoms and cell geometry to relax into 

their lowest energy configuration for each given volume. The calculations were 

performed with the number of k-points used ranging from 10 - 125, along with a cutoff 

energy of -300 eV, such that all the total energies were converged to within 0.01 eV per 

formula unit (e.g. Figure 3.3) (see section 2.2.l.b).

Figure 3.3: Example (CsCl-type FeS) of convergence plots for a) cutoff energy and b) 

k-point sampling. Arrows indicate values used in subsequent simulations.
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3.3.2 Results and Discussion
The preliminary investigation found four stable polymorphs of FeS along the 0 K

isotherm as a function of increasing pressure to be troilite, an orthorhombic MnP-type 

structure, a monoclinic structure, and a CsC 1-type structure respectively (Figure 3.4). 

Although mechanically stable, the other hypothetical FeS polymorphs studied were 

energetically highly unfavourable under all volumes considered (Table 3.1).

Figure 3.4: Energy-volume curves for stable FeS polymorphs produced by fitting 4̂** 

order logarithmic equation of state to energy volume data (see section 3.3.2.c). The 

curve with the lowest energy at a given volume indicates the structure that is stable at 

the equivalent pressure.
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Table 3.1: Comparison of minimum total energy per formula unit, Eo, for troilite to 

energetically unfavourable polymorphs of FeS.

FeS polymorph Eo(eV)

Troilite -13.0677

Sphalerite-type -12.9391

Wurtzite-type -12.7293

hep-type -12.2361

anti-NiAs-type -12.1478

NaCl-type -12.0559
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The pressure at which each of the structural phase transitions occurs is given by 

the slope of the common tangent to the energy-volume curves of the two phases in 

question. However, DFT simulations do not necessarily give the true absolute value of 

the internal energy (see chapter 2), and so the transition pressures calculated in this way 

may be inaccurate. Alternative methods of calculating transition pressures, such as 

comparing the enthalpies of the two phases, also involve the calculated internal energy 

and hence may also be inaccurate. The inaccuracies in the internal energy are generally 

of the order of 0.1 eV per atom (Moll et al., 1995), corresponding to inaccuracies in the 

calculated transition pressures of <10 GPa. The pressures at which each of the structural 

phase transitions in FeS occurs have been calculated. For the first two structural 

transitions with increasing pressure (Troilite—>MnP-type—>monoclinic), the calculated 

transition pressures are both <10 GPa. Bearing in mind the inaccuracies described 

above, these calculated transition pressures are consistent with experimental 

observations (King and Prewitt, 1982; Fei et al., 1995; Kusaba et al., 1997; Nelmes et 

al., 1999; Marshall et al., 2000), which show that these phase transitions take place at

3.4 GPa and 6.7 GPa. The calculated transition pressure for the phase change from 

monoclinic FeS to CsCl-type FeS is -240 GPa. This transition has not yet been 

identified experimentally as solid stoichiometric FeS has never been investigated 

experimentally to such high pressures. Although the exact transition pressures may not 

be obtained from the simulations, each of the simulations was sufficiently converged to 

be confident of the elastic properties and equations of state reported in section 3.3.2.C.

The magnetic properties of solid FeS polymorphs are discussed in section 3.3.2.a), 

their structural properties are discussed in section 3.3.2.b) and their equations of state 

and electronic densities of state are discussed in sections 3.3.2.c) and 3.3.2.d) 

respectively.

3 J.2.a Magnetic Properties
The influence of magnetic properties on each of the four stable structures was

investigated by performing spin-restricted and spin-unrestricted calculations. For the 

troilite structure, spin-unrestricted calculations result in an internal energy of more than 

0.1 eV per atom less than that resulting from spin-restricted calculations at Vq. For the 

MnP-type phase, spin-unrestricted calculations result in an internal energy of more than 

0.05 eV per atom less than that resulting from spin-restricted calculations at Vo. The 

stability of these phases is therefore clearly dependent on their magnetic properties as 

the magnetic structures have a significantly lower internal energy than their non

magnetic equivalents.

52



Chapter 3: Solid Iron Sulphides.

Figure 3.5: Magnetic configurations, a), b) troilite structure, c), d), e), f), g), h) MnP- 

type structure. The c), d) configuration has the lowest free energy at any given volume 

for the MnP-type structure.
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A variety of spin configurations were investigated. Within the troilite structure the 

spins were distributed as reported by J. Parise (pers. comm.) from experiment (Figures
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3.5a, b). The three possible distributions of spins within the MnP-type structure were 

investigated (Figures 3.5c, d, e, f, g, h) and it was found that the configuration 

corresponding to Figures 3.5c, d had the lowest free energy at 0 K.

The variation of the magnetic moment in the magnetic phases troilite and MnP- 

type FeS was considered at calculated pressures at which these phases are stable (<10 

GPa). The computed magnetic moments decrease as a function of increasing pressure in 

close agreement with Marshall et al. (2000) who obtain 3.21 - 3.05 pe for troilite 

between 0 and 3 GPa and 2.96 - 2.79 pe for the MnP-type structure between 4.0 and 6.2 

GPa. At pressures <10 GPa the calculated magnetic moment of troilite is 2.8 - 2.1 pe 

and that of the MnP-type structure is 2.7 - 1.6 pb (Figure 3.6).

Figure 3.6: Magnetic moment as a function of pressure for the troilite and MnP-type 

structures.
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Spin-restricted and spin-unrestricted calculations of the monoclinic phase gave 

identical values of the internal energy at Vo, indicating that there is no net spin on the 

atoms in this phase. This is in clear agreement with experimental observations, which 

also indicate that the structural transition to the monoclinic phase is accompanied by the 

disappearance of the magnetic moment (Kobayashi et al., 1997; Rueff et al., 1999; 

Marshall et al., 2000).

Spin-unrestricted calculations of the CsCl-type phase result in an internal energy 

of more than 0.1 eV per atom less than that resulting from spin-restricted calculations at 

V q. However, this phase is less thermodynamically stable than other polymorphs at Vo,
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having an internal energy of more than 1 eV greater than that of the troilite, MnP-type 

and monoclinic phases at this volume. Spin-restricted and spin-unrestricted calculations 

of the CsCl-type phase under conditions at which this phase is stable gave identical 

values of the internal energy, indicating that the stable CsCl-type phase is non-magnetic.

The structural properties of solid FeS are discussed in the next section of this 

chapter.

3.3.2.b Structural Properties
The structural properties of the four phases are generally similar to those

previously reported by Nelmes et ai (1999), as shown in Figure 3.7.

Figure 3.7: V/Vo-pressure plots for stable FeS polymorphs from this study with 

comparison to experimental results reported by Nelmes et ai, 1999.

1.05

1.00

0.95

I  0.90

0.85

0.80

0.75
-10

n

O Troilite (Nelmes et al. 1999) 
a MnP-type (Nelmes et al. 1999) 
A Monocfinic (Nelm es et oL 1990) 
•  Troilite (this study)
■ MnP-type (this study) 
a  Morxxzlinic (this study)

%

0 5 10

Pressure (GPa)

15 20

The calculated cell parameters for the troilite structure are very close to those 

observed experimentally (King and Prewitt, 1982) (Table 3.2). Many of the positions of 

the atoms within the unit cell are identical to those reported from experiments. Those 

that are slightly different are within ±0.3 % (of the associated cell parameter) of those 

suggested by experiment. In this structure the iron atoms form triangular clusters 

perpendicular to the c,praxis, separated by layers of sulphur atoms (Figures 3.2c, d). 

Similar cell parameters were obtained for the MnP-type structure to those observed 

experimentally (King and Prewitt, 1982) (Table 3.3). The positions of the atoms within 

the unit cell are within ±1 % (of the associated cell parameter) of those suggested by 

experiment. In this phase the iron and sulphur atoms form layers perpendicular to the
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ûMnP axis (Figures 3.2e, f). The layering system is therefore maintained across the first 

pressure-induced phase boundary as the Ctmi and OMnP axes have equivalent direction 

(Figures 3.2c, d, e, f).

Table 3.2: Equation of state and structural data for troilite.

Troilite This study (simulation) 
Magnetic

King and Prewitt 1982 (expt) Kusaba et a i 
1997 (expt)

LnEOS BMEOS BMEOS BMEOS
Vo(AJ) 29.002 ± 

0.008
29.06 ± 0.02 30.16 ±0.09

Ko (GPa) 80.2 ±0.4 75.6 ±0.7 82 ±7 73 ±3

K«’ 1.18±0.07 -0.9 ±0.2 -5 ±4
Ko” -1.13 ±0.02
Eo(eV ) -13.0681

±0.0001
-13.0677 ± 
0.0004

A (A) 5.981 5.963 ± 0.001 5.966 ± 
0.001

B(A) 5.981 5.963 ± 0.001 5.966 ± 
0.001

C(A) 11.232 11.754 ± 0.0001 11.76 ±0.01
Fractional
atomic
co-ordinates
Fe
S

Hexagonal
P62c

0.3943 0.0727 0.12044 
0.0000 0.0000 0.00000 
0.3333 0.6667 0.02780 
0.6641 0.0066 0.25000

Hexagonal
P62c

0.3787 0.0553 0.12300 
0.000 0.000 0.000 
0.333 0.667 0.0208 
0.6648 -0.0041 0.25

Hexagonal

Table 3.3: Equation of state and structural data for MnP-type FeS.

MnP-type This study (sim) 
Magnetic

King and Prewitt 1982 
(expt)

Kusaba et al. 
1997 (expt)

LnEOS BMEOS BMEOS BMEOS
Vo(A') 27.84 ±0.02 27.84 ±0.01 28.2 ± 0.3 26.89
Ko (GPa) 78 ±1 76.8 ± 0.3 35 ±4 44±3

Ko' 2.0 ±0.1 2.20 ± 0.09 5± 2

Ko” -0.18 ±0.04
Eo(e'V9 -13.0642 ± 

0.0002
-13.0641 ± 
0.0002

A ( A ) 5.685 5.736
B(A) 3.389 3.371
C(A) 5.780 5.838
Fractional
atomic
co-ordinates
Fe
S

Orthorhombic
Pnma

0.014 0.25 0.192 
0.218 0.25 0.577

Orthorhombic
Pnma

0.008 0.25 0.206 
0.222 0.25 0.577

Hexagonal
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Table 3.4; Equation of state and structural data for monoclinic FeS.

Monocl'mic This study (sim) 
Non-magnetic

Kusaba et al. 
1997 (expt)

Nelmes ̂ /æ/. 1999 
(expt)

Kobayashi et 
al. 1997 (expt)

LnEOS BMEOS BMEOS BMEOS BMEOS
Vo (A') 24.615 ±0.008 24.65 ± 0.03 24.17

Ko (GPa) 148.8 ±0.6 157.7 ±0.8 96±3 127

Ko’ 5.83 ±0.01 4.72 ± 0.03
Ko” -0.105 ± 0.002
Eo(eV) -13.0514 ± -13.056 ±

0.0007 0.003
A (A) 7.9775 8.044 ±0.003 8.1103 ±0.0003
B(A) 5.6655 5.611 ±0.002 5.6666 ± 0.0002
C(A) 6.5350 6.433 ± 0.004 6.4832 ± 0.0002
r 92.8 93.11 93.0

Fractional Monoclinic Monoclinic Monoclinic
atomic P21/a P21 orP21/m P21/a
co-ordinates
Fe 0.061 0.803 0.090 0.065 0.800 0.082

0.210 0.208 0.174 0.211 0.212 0.178
0.422 0.774 0.458 0.423 0.763 0.450

S 0.191 0.067 0.869 0.188 0.076 0.865
0.524 0.914 0.758 0.519 0.911 0.756
0.340 0.426 0.593 0.335 0.420 0.591

Table 3.5: Equation of state and structural data for CsCl-type FeS.

CsCl-type This study (sim) Sherman
1995
(sim)

Alfè and Gillan 1998 
(sim)

Non-magnetic Magnetic Non
magnetic

Magnetic

LnEOS* BMEOSt LnEOS BMEOS BMEOS BMEOS BMEOS

Vo(A^ 23.21 ± 
0.03

23.18 ± 
0.03

24.61 ± 
0.04

24.3 ±0.1 22.99 24.33

Ko (GPa) 172 ±3 173.7 ±0.7 101 ±4 132 ±6 190 191 143

Ko’ 4.30 ± 0.04 4.55 ± 0.02 6.8 ± 0.4 4.8 ±0.1 4.06 4.11 4.09

Ko” 0.000 ± 
0.003

0.20 ±0.05

Eo(eV) -11.889 ± 
0.004

-11.890 ± 
0.003

-12.149 ± 
0.002

-12.157 ± 
0.009

A (A) 2.8529 2.9087 2.8434 2.8977
B(A) 2.8529 2.9087 2.8434 2.8977
C(A) 2.8529 2.9087 2.8434 2.8977
Fractional
atomic
co-ordinates
Fe
S

Cubic

0.000 0.000 0.000 
0.500 0.500 0.500

Cubic Cubic

t ird3 order Birch-Mumaghan equation of state
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The lattice parameters and the positions of the atoms within the unit cell obtained 

for the monochnic structure also compare well with those found experimentally 

(Nelmes et al., 1999) (Table 3.4). The iron and sulphur atoms also form layers in this 

structure parallel to the 6«ono-axis (Figure 3.2g), illustrating that each of these structures 

may be viewed as a slight distortion of either of the other two. This distortion trend does 

not continue across the transition to CsCl-type structure. The cell parameters of the 

cubic CsCl-type structure are similar to those previously reported by Alfe and Gillan

(1998) (Table 3.5). The smaller cell parameter reported by Alfè and Gillan (1998) 

simply reflects the smaller Vo they obtained from fitting the 3”̂  order Birch-Mumaghan 

equation of state to their energy-volume results. Equations of state for solid FeS are 

discussed in the next section of this chapter.

33.2.C Equations of State
Values for Vq, Ko, K©’, Ko” and Eo were obtained for each of the four FeS

structures by fitting a 4^ order logarithmic equation of state (Poirier and Tarantola, 

1998) and a 3*̂  order Birch-Mumaghan equation of state to the data produced via the 

simulations (See chapter 2).

Fitting of the 3”* order Birch-Mumaghan equation of state to the troilite data gave 

values of Ko and Ko’ consistent with those obtained by King and Prewitt (1982) (Table

3.2). The choice of equation of state is very important (e.g. Vodadlo et al., 2000; Cohen 

et al., 2000). Use of the 3"̂  order Birch-Mumaghan equation of state may have resulted 

in the surprisingly negative value of Ko’ reported by King and Prewitt for this phase as 

fitting of the more rigorous 4^ order logarithmic equation of state (Poirier and 

Tarantola, 1998) yielded a positive value of Ko’. It is noted that both this, and King and 

Prewitt’s, reported values for Ko’ for this phase are very close to zero. The unusually 

small values of Ko’ could be due to the particularly shallow nature of the energy 

minimum for this phase.

Fitting of the equations of state to the energy-volume data for the MnP-type and 

the monoclinic phases produced similar values for Vq to those found experimentally 

(King and Prewitt, 1982; Kusaba et al., 1997; Nelmes et al., 1999). Significantly larger 

values of Ko were found for the MnP-type phase than that previously reported (King and 

Prewitt, 1982; Kusaba et al., 1997), along with reasonably small values for Ko’ (Table

3.3). The values of Ko previously reported for the monoclinic phase (Kusaba et al., 

1997; Kobayashi et al., 1997) are remarkably different from one another, and yet are 

both significantly smaller than those we report here (Table 3.4). The experiments were 

performed over a relatively small pressure range, whereas the simulations cover a
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significantly larger pressure range. However, fitting of the 3"̂  order Birch- Mumaghan 

equation of state to a dataset for the MnP-type phase that is limited to the pressure range 

covered by experiment (0 -1 0  GPa) does not reproduce the equation of state reported 

by King and Prewitt (1982). It is therefore unlikely that the discrepancies between 

experimental and theoretical results are simply due to the differences in the pressure 

ranges considered. The sources of the discrepancies between the values of Ko and Ko’ 

reported resulting from experiments and those reported by us are unclear.

Values of V o ,  K o  and K o ’ for the CsCI-type phase compare well to those reported 

from previous simulations (Sherman, 1995; Alfe and Gillan, 1998) (Table 3.5). The 

discrepancies between my values and those reported by Alfè and Gillan (1998) may be 

due to differences in the kpoint sampling and cutoff energies used, or differences in the 

sizes of the pressure ranges covered. They are not due to the fitting procedure used to 

determine the equations of state.

I provide the first reported value of Ko’ for the monoclinic phase and the first 

reported value of K o ”  for each of the phases. The negative values of K o ”  obtained for 

the troilite, MnP-type and monoclinic phases are most likely to be a reflection of the 

particularly shallow nature of their energy minima (Figure 3.4).

The electronic properties of each of the FeS polymorphs are discussed in the next 

section of this chapter.

332 ,d  Electronic Density of States (EDOS)
The EDOS for each structure were calculated, as the electronic properties of FeS

as a function of pressure are uncertain (Marshall et al., 2000). For the troilite structure 

(Figure 3.8a) the total EDOS falls to zero at the Fermi energy, forming a small band gap 

of less than 0.5 eV, indicating that this structure is a semi-conductor. For the MnP-type 

phase (Figure 3.8b) there is no band gap in the total EDOS, indicating that this phase 

should be metallic. The structural transition from the troilite phase to the MnP-type 

phase therefore should be accompanied by an electronic transition from a semi

conductor to a metallic state. The metallic state is maintained across the following two 

high-pressure phase transitions (Figures 3.8c, d). In contrast, the results of experiments 

to determine the electronic properties of the monoclinic phase of FeS indicate that it is 

non-metallic (Takele and Heame, 1999). This discrepancy could be explained if 

monoclinic FeS is a Mott insulator, as described by the Hubbard model. In the Hubbard 

model, each site in a material can be occupied by two electrons simultaneously, one 

electron having spin-up, the other having spin-down. In the half-filled limit, in which 

there are just enough electrons to have each site occupied by one electron, the on-site
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Coulomb energy can be minimised if one electron sits on each site and does not move. 

This is the ground state if the Coulomb energy is infinitely large. If the Coulomb energy 

is large but not infinite, and each site is singly occupied, it is possible for an electron to 

briefly visit a neighbour’s site if their spins are antiparallel. This option saves a small 

amount of kinetic energy, and so it is energetically favourable for the electrons on 

neighbouring sites to have antiparallel spins. In such a system, the Pauli exclusion 

principle prevents electrons from visiting the site of their next-nearest neighbour 

because each next-nearest neighbour will have the same spin. Therefore, the system is 

an insulator. Such systems are known as Mott insulators. If monoclinic FeS is a Mott 

insulator, no band gap would be seen in its EDOS, but in experiments its electrical 

conductivity would be negligible.

Figure 3.8: Total EDOS: a) troilite, b) MnP-type phase, c) monoclinic phase, d) CsCl- 

type phase.
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It is also noted that DFT, the theory behind the simulations used here, 

systematically underestimates electronic band gaps by a small but unknown quantity: If 

a band gap is found from the simulation of a material, there is a band gap in the real 

material that is at least as big as that obtained from the simulation. However, if no band
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gap is found from the simulation, there is no way to know if a band gap exists in the real 

material from the simulation alone. This problem has three root causes (See chapter 2): 

firstly, the wave function used is an approximation to the very complex many-electron 

true wave function for a system containing more than one electron; secondly, the 

exchange correlation correction; finally, DFT is designed to describe the ground state, 

whereas band structure implicitly includes excited states. Nevertheless, DFT does give 

results that are remarkably close to physical reality, and so the technique is still widely 

used.

The EDOS near the Fermi energy for the troilite and MnP-type structures are 

dominated by contributions from the iron 2>d electrons (Figure 3.9a, b). For all four 

polymorphs the contributions from the iron 2>d and the sulphur 2>p electrons overlap one 

another, indicating a significant degree of covalent bonding (Figure 3.9). A small band 

gap at ~2 eV below the Fermi energy indicates splitting of the crystalline field into high 

and low spins of the iron 3J electrons. This concludes the discussion of the electronic 

properties of FeS polymorphs.

Figure 3.9: Partial EDOS: a) troilite, b) MnP-type phase, c) monoclinic phase, d) CsCl- 

type phase.
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3.33 Conclusions
Investigation of the relative stabilities of FeS polymorphs using ab initio 

simulations has found four stable polymorphs of FeS along the OK isotherm with 

increasing pressure: troihte, an MnP-type structure, a monochnic structure and a CsCl- 

type structure. The simulations of the magnetic behaviour of FeS at a range of pressures 

are in agreement with the experimentally observed behaviour.

The structural properties of the FeS polymorphs obtained from the ab initio 

energy-volume calculations compare well with experimental results. However, equation 

of state results are somewhat different from those reported from experiments. The 

reasons for the discrepancies between some values remain uncertain, but may reflect the 

experimental problems associated with studying stoichiometric FeS.

The EDOS simulations indicate that the first pressure-induced structural phase 

transition is accompanied by an electronic transition from a semi-conducting to a 

metalhc state. This metalhc state is then maintained across each of the following high- 

pressure induced structural transitions. The experimentally determined electronic 

properties of FeS as a function of pressure remain uncertain as experiments indicate that 

the monoclinic phase is non-metallic (Marshall et a/., 2000). This discrepancy may be 

explained if monoclinic FeS is considered to be a Mott insulator. Further work on this 

issue is required.

The results of this investigation of FeS polymorphs indicate that the monoclinic 

phase is stable under the pressure range of the martian core (<20 -  50 GPa) and the 

CsCl-type phase is most likely to be stable at Earth’s inner core pressures (>330 GPa). 

These calculations therefore provide details of the properties of FeS at high pressures 

that have yet to be investigated experimentally. These results may be applied to the 

development of models of the martian interior, as discussed in chapter 5.

This concludes the discussion of FeS. FegS will be discussed in the next section of 

this chapter. The application of the results from the simulations of solid iron sulphides 

to the development of models of the martian interior will be considered briefly at the 

end of this chapter (Section 3.5), and in chapter 5.

3.4 FeaS
FegS is the least sulphur-rich solid iron sulphide known to exist, and was only 

recently detected experimentally (Fei et al., 2000). Fei et al. (2000) detected the 

formation of Fe^S at pressures between 18 and 21 GPa and found the phase to be stable 

up to at least 23.5 GPa. Using powder X-ray diffraction techniques they indexed FesS as 

isostructural with FesP (m) and other transition metal phosphides (e.g. NiaP, CrgP),
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having a 32-atom tetragonal unit cell (Figure 3.10). FesS has been simulated previously 

(Sherman, 1995), but only as a simple face-centred cubic (AuCug-type) structure.

Figure 3.10: FesP-type Fe)S structure.
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In order to determine the relative stabilities and equations of state of FegS 

polymorphs as a function of pressure, ab initio calculations have been carried out to 

determine their internal energy as a function of volume.

3.4.1 Methods
Seven polymorphs were considered in the preliminary investigation of FegS: the 

FesP-type that was observed experimentally (Fei et a/., 2000), the AuCus-type that had 

previously been studied using computer simulations (Sherman, 1995) and five other 

common stmctures of R3X compounds (BiF), LaFg, ReOs, UO3, and YF3) (Wyckoff, 

1951). For the AuCus-type structure, in which all atoms sit on crystallographic special 

points, the energy of the system was found for a range of volumes with fixed atomic 

positions and unit cell geometry. For the other structures, the energy of the system was 

found for a range of volumes, whilst allowing the atoms and cell geometry to relax into 

their lowest energy configuration for each given volume. The calculations were 

performed with the number of k-points used ranging from 9 - 56, along with a cutoff 

energy of -300 eV, such that all the total energies were converged to within 0.01 eV per 

formula unit (e.g. Figure 3.3).

3.4.2 Results and Discussion
This study found that only the tetragonal FesP-type polymorph is stable along the

0 K isotherm as a function of increasing pressure (Figure 3.11). Although mechanically 

stable, the other hypothetical Fe3$ polymorphs studied were energetically highly 

unfavourable under all volumes considered (Table 3.6).
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Figure 3.11: Energy-volume curves for FegS polymorphs produced by fitting 4̂  ̂ order 

logarithmic equation of state to energy volume data. The curve with the lowest energy 

at a given volume indicates the structure that is stable at the equivalent pressure.
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Table 3.6: Comparison of minimum total energy per atom, Eo, for FesP-type FegS to 

energetically unfavourable polymorphs of FesS.

FesS polymorph Eo(eV)

FegP-type -7.15876

YF3-type -7.12264

LaFg-type -6.88554

AuCug-type (fee) -6.84932

BiFs-type -6.74116

UOs-type -6.66931

ReO^-type -3.9206

3.4.2.a Magnetic Properties
Fei et al. (2000) reported that the FegS phase exhibits magnetism. Unfortunately,

the large system size of the FesP-type polymorph makes the computational cost of 

incorporating magnetic properties into the simulations of this phase prohibitively large. 

It has been found that the difference in volume between a magnetically ordered phase
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(spin unrestricted simulation) and non-magnetically ordered phase (spin restricted 

simulation) at ambient conditions is of the order of 10 %. For example, Vodadlo et al. 

(2002) show that the difference in volume between spin unrestricted and spin restricted 

simulations of FegC is -7  % (Table 3.7). Hence, it was expected that the absence of 

magnetic components in the simulations would cause the cell parameters and Vo 

obtained from them to be significantly smaller than those observed experimentally. The 

cell parameters and Vo obtained from the simulations of FegS were indeed smaller than 

those found experimentally, as described in sections 3.4.2.b and 3.4.2.C (Table 3.7). 

FesC loses its magnetic properties at temperatures greater than 483 K (Haglund et al., 

1991) and pressures greater than ~60 GPa (Vodadlo et al., 2002). Therefore, it is likely 

that the magnetism in FegS would be lost at the high pressures and temperatures found 

in the martian core and it is appropriate to apply the results of these non-magnetic 

simulations of FegS to models of such extreme environments.

Table 3.7: Equation of state and structural data for FegP-type FegS, and FesC.

This study FeaS 
(simulation)

Fei et al. (2000) FejS 
(experiment)

VoÔadlo et al. (2002) FcaC 
(simulation)

Non-magnetic Magnetic Magnetic Non
magnetic

LnEOS BMEOS BMEOS BMEOS BMEOS

Vo(A^) 338.961 ± 
0.008

338 ±3 377 377 9.578 ± 
0.037

8.968 ± 
0.007

Ko (GPa) 231.2 ±0.2 250 ±3 170 ±8 150±2 173.02 ± 
0.08

316.62 ± 
0.02

Ko’ 5.555 ±0.009 4.61 ±0.04 2.6 ±5 4 5.79 ±0.41 4.30 ± 0.02

Ko” -0.0573 ± 
0.0005

Eo(eV) -229.0994 ± 
0.0002

-229.08 ± 
0.02

A ( A ) 8.824 9.144 ±0.002
C(A) 4.315 4.509 ±0.002
Fractional
Atomic
co-ordinates
Fe

S

Tetragonal
w
0.17369 0.22029 0.75214 
0.36152 0.03193 0.96852 
0.08271 0.10164 0.23546 
0.28826 0.04240 0.48603

Tetragonal

W
0.17170 0.21950 0.75480 
0.36050 0.03100 0.98600 
0.07930 0.10590 0.23380 
0.29210 0.04540 0.49030

3.4 J.b Structural Properties
In agreement with experiment, the simulations find a tetragonal unit cell that is

isostructural with FesP (Fei et al., 2000). My unit cell parameters are -4  % smaller than
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those found experimentally, as expected due to the lack of magnetic components in the 

simulation (see section 3.4.2.a). Although the cell parameters obtained from the 

simulations are significantly smaller than those observed experimentally the c/a ratio is 

maintained at -0.49 (Table 3.7). The positions of the atoms within the unit cell are 

within ± 0.5 % (of the associated cell parameter) of those reported for Fe^P (Wyckoff, 

1951).

3.4.2.C Equations of State
Values for V o ,  K o ,  K o ’ , K o ”  and E o  were obtained for FegP-type FegS by fitting a

4* order logarithmic equation of state (Poirier and Tarantola, 1998) and a 3”* order 

Birch-Mumaghan equation of state to the data produced via the simulations (see chapter 

2).

Fitting of the 3”* order Birch-Mumaghan equation of state and the 4^ order 

logarithmic equation of state to the FesS simulations results gave values of Vo -12 % 

smaller than that obtained by Fei et al (2000), consistent with the decrease in the size of 

the cell parameters resulting firom the lack of magnetic components in the simulations 

(see section 3.4.2.a). The values of K o  and K o ’ reported here are significantly larger than 

those given by Fei et al. (2000). This is almost certainly due to the lack of magnetic 

components in the simulations. It is also noted that the simulations were carried out 

under hydrostatic pressure, whereas the experiments of Fei et a/., (2000) were non

hydrostatic, and so the bulk modulus obtained from them may have been affected by the 

presence of deviatoric stress in the sample chamber.

3.4 J  Conclusions
Investigation of the relative stabilities of FesS polymorphs found that only the 

tetragonal FesP-type polymorph is stable along the 0 K isotherm as a function of 

increasing pressure. Despite the lack of magnetic components in the simulations ofFegS 

it is appropriate to apply the results to models of such extreme environments, as the 

magnetic moment is likely to be lost at high pressures and temperatures. The structural 

properties of the FegP-type polymorph obtained from the simulations are consistent with 

those obtained fi*om experiments when the lack of magnetic components in the 

simulations is taken into account.

The equation of state results obtained from the ab initio energy-volume 

calculations are significantly different from experimental results. The differences in the 

reported values of Vo are almost certainly due to the lack of magnetic components in the 

simulations. The differences between the values for Ko and Ko’ may also be explained
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by the lack of magnetic components in the simulations. However, the differences 

between the values for Ko and Ko’ may also be due to the non-hydrostatic nature of the 

experiments. The sources of the discrepancies between the values of Ko and Ko’ 

reported resulting from experiments and those reported here remain unclear. 

Nevertheless, I am confident that the values of bulk modulus and its pressure derivatives 

obtained from these simulations are most likely to be similar to those exhibited by FeaS 

under conditions of the martian core.

This work includes the first simulations of the experimentally observed 

polymorph of FesS, and is the first to consider a variety of other hypothetical 

polymorphs. The results of this investigation of FegS polymorphs indicate that the FesP- 

type phase is stable under the pressure range of the martian core.

This concludes the discussion of Fe^S. The application of these results, and those 

from simulations of FeS, to the development of models of the martian interior will be 

discussed briefly in the following section (3.5), and in chapter 5.

3.5 Application of Solid Results to Planetary Models.
The simulations described in sections 3.3 and 3.4 have provided results that may

be used in the development of models of the martian interior, as briefly explained here: 

The macroscopic properties of planets are based upon the quantum mechanical 

behaviour of their constituent materials. Simulations of the interactions of electrons in 

solid iron sulphides have provided information about their bulk properties, such as the 

bulk modulus and its pressure derivatives. This information may now be applied to the 

development of models that will describe the variation of those bulk properties as a 

function of pressure, and hence depth, within the martian core. Models of the martian 

interior are the focus of chapter 5.

3.6 Conclusions
An understanding of the properties of iron alloys, particularly iron sulphides, at 

high pressure will allow models of the martian core to be constrained. FegS is the most 

iron-rich iron sulphide known (so far), and so is most likely to be found in systems that 

are relatively sulphur-poor, such as the martian core. FeS is also of interest as it has 

sulphur content similar to the most generous estimates of the sulphur content of the 

martian core (34 wt%S). It is inappropriate to include other solid iron sulphides in this 

study as either their exact atomic compositions are unclear (e.g. Fes+xSi) or they have 

very small regions of stability (e.g. Fe^S). In this study both solid FeS and solid FegS 

have been investigated using ab initio computer simulations.
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The advancement in computer technology and the development of ab initio 

computer simulations have made the quantum mechanical investigation of materials a 

practical alternative to experimental techniques. The investigation of systems using ab 

initio simulations removes the practical difficulties associated with experimentation, 

particularly when considering behaviour in extreme environments. However, it is noted 

that every approach to scientific investigation has its own limitations. The limitations of 

DFT are discussed in section 3.4, and in chapter 2.

The simulations of solid FeS and solid FegS have provided results that may be 

used in the development of future models of the martian interior, as detailed in chapter 

5. Finally, it is still not known whether the martian core is liquid or solid. Therefore, it 

is important that the properties of liquid iron sulphides are also considered. Liquid iron 

sulphides are the focus of the next chapter.
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Chapter 4: Liquid Iron Sulphides

4.1 Introduction
As discussed earlier (Chapter 1; Chapter 3) planetary dynamics data and 

cosmochemical models for Mars suggest that the core is composed of iron (Fe) plus 

some light alloying component that is widely believed to be sulphur (S). Therefore, an 

understanding of the properties of iron alloys, particularly iron sulphides, at high 

pressure will allow models of the martian core to be constrained.

The physical state (solid or liquid) of the martian core is still debatable. The 

properties of solid iron sulphides were discussed in detail in chapter 3. Melting relations 

in the Fe-FeS system have been investigated extensively (e.g. Williams and Jeanloz, 

1990; Boehler, 1996a; Anderson and Ahrens, 1996; Fei et al, 1995) and further work 

on melting relations in the Fe-FeS system is beyond the scope of this study. The 

physical properties of pure liquid iron have been investigated extensively both 

experimentally (e.g. Anderson and Ahrens, 1994; Sanloup et al, 2000b) and via 

simulations (e.g. Vocadlo et al, 1997; de Wijs et a l, 1998; Alfè et a l, 2000) and 

therefore this chapter is limited to the study of the properties of entirely liquid iron 

sulphides.

In this chapter, the properties and behaviour of liquid iron sulphides over a range 

of pressures, temperatures and compositions are investigated using ab initio molecular 

dynamics. A detailed discussion of the simulation techniques used in this study is given 

in chapter 2. The Fe and S pseudopotentials used have been constructed using non

linear partial core corrections (Louie et al, 1982). All electron states up to 3d are treated 

as core states in the Fe pseudopotential i.e. using an [Ar] frozen core, whereas all 

electron states up to 2p are treated as core states in the S pseudopotential, i.e. using an 

[Ne] frozen core. The accuracies of the Fe and S pseudopotentials have previously been 

reported (e.g. Voôadlo et al, 1997; Alfè and Gillan, 1998).

This chapter begins with an overview of previous studies of liquid iron sulphides. 

The methods used in this study are described in section 4.3 and the results presented in 

section 4.4. Finally, the application of the results of the simulations of liquid iron 

sulphides to models of the martian interior is considered in section 4.5.

4.2 Previous Work
Previous work on liquid iron sulphides has largely been fuelled by the desire to 

interpret the observed behaviour of the Earth’s core. Experiments on liquid iron 

sulphides have only been performed at moderate pressures and temperatures, the results
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then being extrapolated to the higher pressures and temperatures associated with the 

Earth’s core. Most experimental investigations have focused on the dynamic properties 

of liquid iron sulphides and have produced some conflicting results (e.g. LeBlanc and 

Secco, 1996; Dobson et al., 2000). LeBlanc and Secco (1996), using a rising sphere 

technique, report viscosities of Fe ~27 wt%S ranging from 43.6 ± 7.0 Pa s at 3.9 GPa 

and 1100 °C to 1.6 ± 0.5 Pa s at 3.0 GPa and 1300 °C, which are three orders of 

magnitude larger than the ambient pressure value. In contrast, Dobson et al. (2000), 

using a falling sphere technique, report viscosities of 2x10'^ to 8x10'^ Pa s for the same 

composition, in general agreement with the experiments of Urakawa et al. (2001) and 

ab initio simulations (Voôadlo et al., 2000). Using a combination of in situ X-ray 

radiographic observation and Stokes’ viscometry, Urakawa et al. (2001) obtained 

viscosities of ~2 x 10'̂  Pa s at 5 -  7 GPa and 1350 K for a slightly more sulphur-rich 

composition. Voôadlo et al. (2000) simulated Fe ~27 wt%S at experimentally accessible 

conditions in an attempt to clarify the conflicting experimental results. They obtained 

viscosities of 11 ± 5 mPa s and 4 ± 1 mPa s at 1300 K and 1500 K respectively, in clear 

agreement with Dobson et al. (2000) and Urakawa et al. (2001) and in direct contrast to 

the results of LeBlanc and Secco (1996).

Alfe and Gillan (1998) investigated the properties of Fe -12 wt%S in terms of 

dynamics, structure and electronics using ab initio simulation techniques. They 

concluded from the dynamical properties of the system and comparison with results for 

pure liquid iron (Voôadlo et al., 1997; de Wijs et al., 1998) that sulphur impurities have 

negligible effects on the viscosity of the Earth’s liquid outer core. Similarly, Terasaki et 

al. (2001) using a falling sphere experimental technique showed that increasing sulphur 

content in the liquid results in a very small decrease in viscosity of less than 2 x 10'̂  Pa 

s per wt%S at 2.7 GPa and 1700 K. In contrast, Sanloup et al. (2000a) presented the 

first static measurements of the density of three metallic liquids in the Fe-S system; Fe 

-10 wt%S, Fe -20 wt%S, and Fe -27 wt%S. They found that increasing the amount of 

sulphur in liquid iron affects the system dramatically, decreasing the bulk 

incompressibility by -2.5 GPa per 1 wt%S. It is surprising that an increase in sulphur 

content has a negligible effect on the viscosity, but a substantial effect on the bulk 

incompressibility. However, these two conclusions were drawn from separate studies, 

using very different techniques. Balog et al. (2002) also determined an equation of state 

for liquid Fe -10 wt%S from density measurements made using a relative buoyancy 

technique at pressures up to 20 GPa and temperatures up to 2123 K. They report a
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significantly larger bulk modulus, and a larger density, than Sanloup et al. (2000a) for 

this composition.

In this self-consistent study, the variation of the bulk properties of liquid iron 

sulphides as a function of pressure, temperature and composition are investigated using 

ab initio simulation techniques.

4.3 Methods
Implementing the simulation techniques described in Chapter 2, the liquids were 

simulated using finite temperature ab initio molecular dynamics with a Nose thermostat. 

The forces between the atoms are calculated quantum mechanically and the total energy 

of the system is calculated exactly at each time-step. Classical equations of motion are 

then solved to give an evolving trajectory over a period of time for all the particles in 

the system. Periodic boundary conditions are applied to simulate the required infinite 

system. A 64-atom supercell was used for all simulations of liquid iron sulphides 

presented here (Figure 4.1). The choice of supercell size is a balance between using 

sufficient atoms to obtain accurate results, but few enough atoms to make the 

simulations practical and efficient. The influence of the size of the simulated system has 

been studied in detail for pure liquid iron (Alfe et al., 2000). The successful 

reproduction of the radial distribution functions results for liquid Fe ~27 wt%S from 

experiments of Sanloup et al. (2001) confirms that the use of a 64-atom supercell is also 

appropriate for liquid iron sulphides (see section 4.4).

Figure 4.1: 64-atom supercell. In this example there are 48 Fe atoms and 16 S atoms, 

representing liquid Fe -16 wt%S.

O

For all the liquid simulations a plane-wave cut-off of -300 eV was used, giving 

total energies converged to within <0.1 eV per atom (e.g. Figure 4.2). A time-step of 1
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fs was used. The Brillouin zone was sampled exclusively at the T point. Alfe et al.

(1999) considered the effect of increasing Brillouin zone sampling density for pure 

liquid iron and found only negligible differences in energy and no detectable change in 

structural properties. It was therefore concluded that increasing the Brillouin zone 

sampling density for these simulations would increase the required CPU time 

unnecessarily.

The constant temperature of the system is maintained by a Nosé thermostat (Nosé, 

1984), which sets the average kinetic temperature to equal the input thermodynamic 

temperature using an integral feedback mechanism, to within -10 % of the specified 

finite temperature (e.g. Figure 4.2). The drift of the Nosé constant of motion is only 1 -  

3 % of the total temperature per picosecond (e.g. Figure 4.3). This amount of drift is 

comparable with that reported by VoÔadlo et al. (1997) for their simulations of liquid Fe 

at conditions relevant to the Earth’s core-mantle boundary (2.3 %), and that reported by 

Alfe and Gillan (1998) for their simulations of liquid Fe -12 wt%S under Earth’s core 

conditions (1.5 %).

Two liquid composition were considered: Fe -27 wt%S and Fe -16 wt%S. Liquid 

Fe -27 wt%S was studied for comparison with previous results. Liquid Fe -16 wt%S 

was investigated for comparison with solid FegS, which also has Fe -16 wt%S 

composition, allowing changes in bulk properties across the solid-liquid phase transition 

to be estimated for the first time. Each composition was investigated at three different 

temperatures (1700 K, 2100 K and 3000 K) to determine any variation in bulk 

properties with temperature, and to obtain a value for the thermal expansion coefficient, 

a. For each of the conditions (Fe -27 wt%S, 1700 K), (Fe -27 wt%S, 2100 K) (Fe -27 

wt%S, 3000 K) and (Fe -16 wt%S, 1700 K) -5  -  6 ps of information was gathered at 

seven different volumes. For each of the conditions (Fe -16 wt%S, 2100 K) and (Fe -16 

wt%S, 3000 K) -5 -  6 ps of information was gathered at five different volumes. The 

simulations were limited to only five different volumes for (Fe -16 wt%S, 2100 K) and 

(Fe -16 wt%S, 3000 K) because of limited availability of CPU time. Thus, liquid iron 

sulphides were simulated for -5 - 6ps each at a total of 38 different state points. The 

lack of drift in the temperature (e.g. Figure 4.2) and the negligible drift in the Nosé 

constant of motion and total energy (e.g. Figure 4.3) after -1 ps of the simulation 

confirms that the system is then equilibrated. Hence, the first -1 ps of each simulation 

has been excluded firom the analysis and the results presented in this chapter are 

obtained firom the remaining equilibrated part of the simulations.
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Figure 4.2: Temperature as a function of time for liquid Fe ~27 wt%S at T = 1700 K 

and V = 850 Â . Nosé thermostat maintains constant temperature as a function of time.

3000 j  

2800 ■

2600 ■

2400 ■

2200 ■

r 2000 -
5 1800 ■
u
Q. 1600 ■
E
H 1400 •

1200 ■

1000 ■

800 ■

600 ■

1000 2000 3000

Time (fs)

4000 5000

Figure 4.3: Total energy as a function of time for liquid Fe -27 wt%S at T = 1700 K and 

V = 850 Â . Dashed line is Nosé constant of motion for this state point as a function of 

time.
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At each state point, radial distribution functions, diffusion coefficients and

structure factors were obtained (see sections 4.4.1 and 4.4.2). These results were
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initially used to confirm that the systems had remained liquid throughout the simulation 

time. However, these results can also be used to determine structural and dynamical 

properties of the liquids. The pressure was then calculated at each state point and the 

third order Birch-Mumaghan equation of state was then fitted to the pressure-volume 

results obtained for each of the six conditions investigated: (Fe ~27 wt%S, 1700 K), (Fe 

-27 wt%S, 2100 K) (Fe -27 wt%S, 3000 K), (Fe -16 wt%S, 1700 K), (Fe -16 wt%S, 

2100 K) and (Fe -16 wt%S, 3000 K) (see section 4.4.3). Finally, the variation of the 

bulk properties of the liquids as a function of pressure, temperature and composition 

were considered. The results of the simulations of liquid iron sulphides are presented in 

the next section of this chapter.

4.4 Results
Both structural and dynamical information has been obtained for liquid iron 

sulphides at a variety of compositions, temperatures and pressures. The structural results 

are presented in section 4.4.1 and the dynamical results are presented in section 4.4.2. 

Equations of state have been determined for each of the compositions and temperatures 

and are presented in section 4.4.3. The variation of the bulk properties as a function of 

temperature, pressure and composition are presented in section 4.4.4. The results are 

summarised and the applications of these results to models of the martian interior are 

then discussed in section 4.5.

4.4.1 Structural Properties
The partial structure factors Sap(k) were calculated for each state point (e.g. Figure

4.5). Under the ergodicity hypothesis, the partial structure factors are defined by:

S'«^W=(p.*(k)P/>(k)) 4.1

where (•) denotes the thermal average (in practice evaluated as a time average). Here 
Pg (k) is the Fourier component of the number density of species a at wavevector k, 
given by:

P a (k )= C ’''£exp(/to-^) 4.2
/=1

where JV„ is the number of species a and is the position of the ith atom of this 

species (Frenkel and Smit, 1996). Figure 4.4 shows a typical plot of partial stmcture 

factors obtained from these simulations of liquid iron sulphides. The partial stmcture 

factors do not change substantially with time during the equilibrated part of the 

simulations, confirming that the system is indeed at equilibrium. The lack of sharp 

peaks in the partial stmcture factors indicates that the system is a liquid.
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Figure 4.4; Partial structure factors for liquid Fe -27 wt%S at V=850 and T=1700 K

u
3

3

2

1

0

10

r(A)

The differences between the Fe and S atoms are evident in the analysis of the 

partial radial distribution functions (RDFs): gvcve{r), gFes(^) and g ss(r). The partial 

RDFs, gap(r), are defined in such a way that, by considering an atom of the species a, 

the probability of finding an atom of the species p in  a spherical shell (r, r+dr) is 

pp47trgap(r)(h', where pp=xp/V, is the number density of the species p with mole fraction 

xp, and V  is the volume per atom (Hansen and McDonald, 1990).

Figure 4.5 shows a typical plot of partial radial distribution functions obtained 

from these simulations of liquid iron sulphides. The partial radial distribution functions 

do not change with time during the equilibrated part of the simulations, once again 

confirming that the system is indeed at equilibrium. The distinct differences between 

each of the gapC'*) peaks reflect the differences in size and concentration between the 

iron and sulphur atoms. It is known that liquid sulphur forms chains with bond lengths 

of -2 Â at zero pressure (Cotton et al., 1999). It has also been suggested the sulphur 

atoms within liquid iron sulphides may form chains (LeBlanc and Secco, 1996). If that 

were the case, there would be a peak in gss('') at the associated atomic separation 

distance. None of the simulations in this study produced the broad peak in gss('') at the 

atomic separation characteristic of chains of liquid sulphur. Hence, these simulations 

provide no evidence of the formation of sulphur chains in liquid iron sulphides, in
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strong agreement with previous simulations of liquid iron sulphides (Alfè and Gillan, 

1998; Vocadlo et al, 2000).

Figure 4.5: Partial radial distribution functions of Fe ~27 wt%S at V=850 and 

T=1700 K.
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Figure 4.6 shows the partial radial distribution functions for Fe ~27 wt%S at 

V=850 and T=1700 K, 2100 K and 3000 K. The general similarity between at 

each of the temperatures indicates that there is no major structural change with change 

in temperature, in agreement with Vocadlo et al. (2000). The slight relaxation (lowering 

and broadening) of the gap(r) peaks with increasing temperature simply reflects the 

associated increase in pressure. Similarly, the partial radial distribution functions 

obtained from these simulations suggest that increasing sulphur content in liquid iron 

sulphides does not substantially affect the structure of the liquid (Figure 4.7), in 

agreement with previous simulations (Alfe and Gillan, 1998; Vocadlo et al., 2000).

The comparison of the total radial distribution function of Fe -27 wt%S at 1700 K 

and 4.3 GPa obtained from simulation and that obtained experimentally by Sanloup et 

al. (2001) clearly shows that the structure of this liquid is being simulated accurately 

(Figure 4.8). It is therefore somewhat surprising that the equation of state calculated 

from simulations of this liquid does not agree with that published by Sanloup et al. 
(2000a) for a liquid of the same composition at similar temperature (see section 4.4.3).
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Figure 4.6: Partial radial distribution functions of Fe -27 wt%S at V=850 and 

T=1700 K, 2100 K and 3000 K
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Figure 4.7: Partial radial distribution functions of Fe -27 wt%S and Fe -16 wt%S at 

V=800 and T=1700 K,
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Figure 4.8: Total radial distribution functions A) from experiments (Sanloup et ai, 

2001) and B) liquid Fe ~27 wt%S at 1=1700 K from simulations (this study).
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4.4.2 Dynamic Properties
The self-diffusion coefficient, of each species a can be obtained from the

mean square displacement (MSD) which is defined as:

where rcâ(t) is the vector position at time t of the /th atom of species a, Na is the number 

of atoms of species a in the cell, and the angular brackets indicate time average over to. 

In the long time limit, j/j > oo, the MSD has the asymptotic form:

-J22-(Ar,(0^) = 5„+6£)„|/l 4.4
f  — > OO \  /

where is a constant (Frenkel and Smit, 1996).
The mean square displacements calculated fix>m the simulation at V = 800 and 

T = 1700 K of both liquid Fe -27 wt%S and liquid Fe -16 wt%S are representative of 

those obtained for all simulations of hquid iron sulphides reported here, and are shown 

in figure 4.9. The linear increase of <Ara(/)^> with t for large t confirms that the system 

is a liquid.

The calculated self-diffusion coefficients for each of the simulations of liquid iron 

sulphides are of the order of 10'̂  cm  ̂s'* (Table 4.1). For example, those of both Fe and 

S in both liquid Fe -27 wt%S and liquid Fe -16 wt%S at V = 800 and T = 1700 K 

are -2  x 10'̂  cm  ̂s'* (Figure 4.10). These results are of the same order of magnitude as 

the calculated self-diffusion coefficients of both species in liquid Fe -27 wt%S at 1300 

K and 1500 K (Voôadlo et al., 2000), those in hquid Fe -12 wt%S at pressures and 

temperatures relevant to the Earth’s core (Alfè and Gillan, 1998), and the self-diffusion 

coefficient of Fe in pure hquid Fe at pressures and temperatures relevant to the Earth’s 

core (Vocadlo et al., 1997) (Table 4.2).

The viscosity, r\, of the liquid may be estimated using the Stokes-Einstein relation, 

given by:

k T
= ̂  4.5

2na
where a is atomic diameter, T is the temperature, is the Boltzmann constant, D is the 

diffusion coefficient and r\ is the viscosity. Dobson et al. (2000; 2001) have shown that 

it is valid to use the Stokes-Einstein equation to estimate viscosity for hquid iron 

sulphides, by predicting viscosity fi-om diffusivity and directly measuring viscosity to be 

-0.03 Pa s for hquid Feo.6iSo.39 at 5 GPa and 1423 K.
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Table 4.1 : Dynamic properties of liquid iron sulphides fiom ab initio simulations.

wt%S V(A') T(K) P(GPa) Dpe
x io ^  
cm  ̂s'̂

Ds
xlO^ 
cm  ̂s'̂

xlO^ 
Pa s 
(a=2 )

xlO^ 
Pa s 
(a=2 .2 )

An
xlO^
Pa s
(Aa=0.2)

27 650 1700 46.3±0.3 0.5 0.3 3.74-6.23 3.40-5.66 0.34-0.57
27 700 1700 28.9±0.4 1 . 2 0.9 1.56-2.08 1.42-1.89 0.14-0.19
27 750 1700 14.6±0.3 1.4 0 . 8 1.33-2.33 1 .2 1 -2 . 1 2 0 .1 2 -0 . 2 0

27 800 1700 7.1±0.2 1.7 1 . 8 1.10-1.04 1.00-0.94 0.10-0.09
27 850 1700 1 .8 ±0 . 2 2 . 1 1,7 0.89-1.10 0.81-1.00 0.08-0.10
27 1 0 0 0 1700 -2.9±0.1 2.4 1.7 0.78-1.10 0.71-1.00 0.07-0.10
27 1124 1700 -2.4±0.2 2.4 2 . 2 0.78-0.85 0.71-0.77 0.07-0.08
27 600 2 1 0 0 77.5±0.3 0.5 0.4 4.61-5.77 4.20-5.24 0.42-0.52
27 650 2 1 0 0 48.1±0.4 0.7 0 . 6 3.30-3.85 3.00-3.50 0.30-0.35
27 700 2 1 0 0 31.(W).3 1.7 1 . 2 1.36-1.92 1.23-1.75 0.12-0.17
27 750 2 1 0 0 17.3±0.2 1.7 1 . 2 1.36-1.92 1.23-1.75 0.12-0.17
27 800 2 1 0 0 9.6±0.2 3.2 2 . 0 0.72-1.15 0.66-1.05 0.07-0.10
27 850 2 1 0 0 4.5±0.3 3.8 2.4 0.61-0.96 0.55-0.87 0.06-0.09
27 860 2 1 0 0 3.6±0.2 3.4 2.5 0.68-0.92 0.62-0.84 0.06-0.08
27 675 3000 46.9±0.3 2.4 2 . 0 1.37-1.65 1.25-1.50 0.12-0.15
27 700 3000 38.5db0.2 3.2 3.0 1.03-1.10 0.94-1.00 0.09-0.10
27 750 3000 24.3±0.2 5.0 4.1 0.66-0.80 0.60-0.73 0.06-0.07
27 800 3000 15.7±0.2 6 . 2 5.0 0.53-0.66 0.48-0.60 0.05-0.06
27 850 3000 9.4±0.2 6 . 6 5.4 0.50-0.61 0.45-0.55 0.05-0.06
27 900 3000 5.1±0.3 1 0 . 0 5.6 0.33-0.59 0.30-0.54 0.03-0.05
27 950 3000 1 .8 ±0 . 2 8 . 6 7.2 0.38-0.46 0.35-0.42 0.03-0.04
16 650 1700 35.4±0.2 0.5 0.5 3.74-3.74 3.40-3.40 0.34-0.34
16 675 1700 23.2±0.2 0.7 0.7 2.67-2.67 2.43-2.43 0.24-0.24
16 700 1700 16.7±0.3 1 . 0 1 . 1 1.87-1.70 1.70-1.54 0.17-0.15
16 750 1700 5.6±0.2 1.7 1 . 6 1.10-1.17 1.00-1.06 0 .1 0 -0 . 1 1

16 800 1700 0 .1 ±0 . 2 2 . 2 1 . 6 0.85-1.17 0.77-1.06 0.08-0.11
16 825 1700 -0.9±0.2 1 . 8 1 . 6 1.04-1.17 0.94-1.06 0.09-0.11
16 950 1700 -5.5±0.3 2.4 2.5 0.78-0.75 0.71-0.68 0.07-0.07
16 650 2 1 0 0 39.1±0.3 1 . 1 1 . 1 2 .1 0 -2 . 1 0 1.91-1.91 0.19-0.19
16 700 2 1 0 0 21.2±0.3 1.9 2 . 8 1.21-0.82 1.10-0.75 0.11-0.07
16 750 2 1 0 0 9.0±0.2 2 . 6 3.0 0.89-0.77 0.81-0.70 0.08-0.07
16 800 2 1 0 0 2 .8 ±0 . 2 3.6 3.4 0.64-0.68 0.58-0.62 0.06-0.06
16 850 2 1 0 0 -1.5±0.3 4.0 4.0 0.58-0.58 0.52-0.52 0.05-0.05
16 650 3000 47.6±0.2 2 . 6 2 . 2 1.27-1.50 1.15-1.36 0.12-0.14
16 700 3000 30.2±0,3 3.8 4.2 0.87-0.78 0.79-0.71 0.08-0.07
16 750 3000 16.5±0.3 5.0 5.4 0.66-0.61 0.60-0.55 0.06-0.06
16 800 3000 8.3±0.2 6 . 1 5.8 0.54-0.57 0.49-0.52 0,05-0.05
16 850 3000 3.5±0.2 7.0 7.0 0.47-0.47 0.43-0.43 0.04-0.04
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Figure 4.9: Mean square displacements calculated from the simulation at V = 800 

and T = 1700 K of a) liquid Fe ~27 wt%S and b) liquid Fe -16 wt%S.
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Figure 4.10: Self-diffusion coefficients calculated from the simulation at V = 800 

and T = 1700 K of a) liquid Fe ~27 wt%S and b) liquid Fe -16 wt%S.
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Table 4.2: Dynamic properties of liquid iron sulphides, pure liquid iron and pure liquid 

sulphur from ab initio simulations and experiments.

Ref. Composition T
K

P
GPa

D
xlO'^ 
cm^ s‘*

n
x i o ^

Pas

This Study Fe~27wt%S 1700 -2.4-46.3 0.3-2.4 6.23-0.78

This Study Fe~27>vt%S 2 1 0 0 3.6-77.5 0.4-3.8 5.77-0.61

This Study Fe~27wt%S 3000 1.8-46.9 2 ,0 -1 0 . 0 1.65-0.33

This Study Fe~16wt%S 1700 -5.5-35.4 0.5-2.5 3.74-0.75

This Study Fe~16wt%S 2 1 0 0 -1.5-39.1 1.1-4.0 2.10-0.58

This Study Fe~16wt%S 3000 3.5-47.6 2.2-7.0 1.50-0.47

Alfe and Gillan (1998) Fe~12wt%S 6000 347 4-6 1.3

Voôadlo et a l (2000) Fe~27wt%S 1300-1500 5 1.1-3.5 1.1-0.4

Dobson et a l (2000) Fe~27wt%S 877-1101 1.5-5.5 2.2-0.74

Terasaki et a l (2001) Fe~28wt%S 1233-1923 1.5-6.9 3.6-0.8

Urakawa et a l (2001) Fe6iSs9 1350 5-7 2

LeBlanc and Secco 
(1996)

Fe~27wt%S 827-1027 3.0-3.9 4360-160

Voôadlo et a l (1997) PureFe 6000 135-330 4-5 3-2.6

Heath (1995) Pure S 77-427 1.0-4.0 600-100

The calculated diffiision coefficients and corresponding viscosities obtained using 

the Stokes-Einstein relation for each of the six liquids considered in this study are given 

in table 4.1. The atomic diameter, a, may be estimated from the position of the first peak 

in the partial radial distribution functions, and for each of these simulations of liquid 

iron sulphides a ~ 2  A (e.g. figure 4.5). Using the more precise value for a ~  22 k  

affects the viscosity by 1 0  % of the total viscosity, corresponding to no more than 0 . 6  x 

1 0 '̂  Pa s. However, the value of a ~ 2  A is sufficiently precise to produce a useful 

estimate of the viscosity as comparisons with previous estimates are made in terms of 

orders of magnitude rather than absolute values. Previous estimates of diffiision 

coefficients and viscosities are compared to results from this study in table 4.2. The 

calculated viscosities are consistent with results reported from previous simulations 

(Alfe and Gillan, 1998; VoCadlo et al, 1997, 2000) and experiments (Dobson et al, 

2000; Urakawa et al, 2001; Terasaki et al, 2001). LeBlanc and Secco (1996) suggest 

that their anomalously large viscosities may be due to the formation of sulphur chains
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within the liquid. As discussed in section 4.4.1, the results of this study confirm that 

sulphur chains do not form in hquid iron sulphides under conditions found in the 

martian core.

4.43 Equations of State
As discussed in section 4.3, analysis of the temperature and the Nose constant of

motion confirms that each of the simulations has reached equilibrium after ~ 1  ps. 

Consequently, the first ~1 ps of each simulation is excluded from the detailed analyses 

and the results presented here are obtained exclusively from the equihbrated part of 

each simulation. The calculated pressures used in subsequent analyses (including fitting 

of equation of state) for each of the state points investigated are given in table 4.1. The 

third order Birch-Mumaghan equation of state was fitted to the pressure-volume data 

produced via the simulations (See chapter 2) (Figures 4.11a-f). Values for V o ,  K o ,  and 

Ko’ were obtained for each of the six conditions investigated: (Fe~27wt%S, 1700 K), 

(Fe~27wt%S, 2100 K )  (Fe~27wt%S, 3000 K ) ,  (Fe~16wt%S, 1700 K ) ,  (Fe~16wt%S, 

2100 K )  and (Fe--16wt%S, 3000 K )  and are presented in table 4.3.

Fitting of the third order Birch-Mumaghan equation of state to all seven 

datapoints obtained for liquid Fe ~27 wt%S at 1700 K produced an unrealistically small 

value of the bulk modulus, inconsistent with the trend of increasing bulk modulus with 

decreasing temperature (table 4.3). The two largest volumes simulated for this liquid 

composition are equivalent to pressures <0 GPa, and may therefore represent unrealistic 

conditions. Limiting the fitting of the third order Birch-Mumaghan equation of state to 

the five smallest simulated volumes, corresponding to pressures >0 GPa produces a 

more reasonable value of the bulk modulus that is consistent with the trend of increasing 

bulk modulus with decreasing temperature. Hence, the results obtained by fitting the 

third order Birch-Mumaghan equation of state to the five smallest simulated volumes 

for this liquid are used in all subsequent analyses.
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Table 4.3: Equation of state data for liquid iron sulphides.

Ref. Composition T(K) Vo(A^) K(GPa) K’ p(kgm’ )

This Study® Fe~27wt%S 1700 891 ±11 42±5 9.0 ±0.8 5553 ± 69

This Study'’ Fe~27wt%S 1700 8 6 8  ± 14 69 ±18 6 ± 1 5700 ±93

This Study Fe~27wt%S 2 1 0 0 916±13 45±8 7.0 ±0.8 54QI ± 78

This Study Fe~27wt%S 3000 996 ±10 35 ±5 6 . 6  ± 0 . 6 4968 ± 50

This Study Fe~16wt%S 1700 800 ± 6 70±5 9.1 ±0.8 6629 ± 50

This Study Fe~16wt%S 2 1 0 0 828 ±4 65±7 8 ± 1 6405 ± 31

This Study Fe~16wt%S 3000 889 ±17 60 ±17 6 ± 1 5965 ±116

Balog et al. 
(2 0 0 2 )

Fe~10wt%S 1773-
2123

63 0 4.8 5500

Sanloup et 
a l (2 0 0 0 a)

Fe~10wt%S 1770" 45 4-7 5220 ±131"

Sanloup et 
al. (2 0 0 0 a)

Fe~20wt%S 1810" 29.5 4-7 4870 ± 122"

Sanloup et 
al (2 0 0 0 a)

Fe~27wt%S 1520" 12.5 4-7 4400 ± 110"
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Figure 4.11: Third order Birch-Mumaghan equation of state fitted to pressure-volume 

data for a) liquid Fe~27wt%S at T=1700K, b) liquid Fe~27wt%S at T=2100K, c) liquid 

Fe~27wt%8 at T=3000K, d) liquid Fe~16wt%S at T=1700K, e) liquid Fe~16wt%S at 

T=2100K, f) liquid Fe~16wt%S at T=3000K.
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Comparison of results for liquid Fe ~27 wt%S at T ~ 1700 K from simulations 

and experiments highlights the discrepancies between the results produced using the 

two different techniques. Fitting of the third order Birch-Mumaghan equation of state to 

the pressure-volume data from the simulations gives values of both Ko and Ko’ that are 

larger than those reported from experiment (Sanloup et ai, 2000a). Figure 4.12 

illustrates the differences between the calculated bulk moduli and those found from 

experiments. The bulk modulus of pure liquid iron obtained by Hixson et ai (1990) is 

also shown for comparison. The results of this study are consistent with a steady 

decrease in bulk modulus with increasing sulphur content. In contrast, the experimental 

results of Sanloup et ai (2000a) suggest a non-linear decrease in the bulk modulus on 

the addition of sulphur to pure liquid iron. Balog et a i (2002) calculate a bulk modulus 

for liquid Fe -10 wt%S from their experiments that is intermediate between that 

reported by Sanloup et a i (2000a) and the value that would be expected from 

extrapolation of the simulation results to this composition.

Figure 4.12: Bulk modulus as a function of sulphur content in liquid iron sulphides at T 

~ 1700 K (After Sanloup et ai, 2000a).
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Sanloup et a i (2000a) also report much smaller densities than those calculated 

from the simulation results (Figure 4.13). The densities reported by Sanloup et ai 

(2000a) are consistent with a linear extrapolation to the density reported by Kaiura and
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Toguri (1979) for stoichiometric liquid FeS, but are not consistent with a linear 

extrapolation to the experimentally measured density of pure Fe (Anderson and Ahrens, 

1994), in contrast to the densities obtained in this study. The densities obtained in this 

study are also consistent with those quoted by Longhi et al. (1992). The discrepancy 

between the densities reported by Sanloup et al. (2000a) and those found in this study is 

particularly surprising, considering that the reported structural properties (radial 

distribution functions) of these liquids are so similar (Figure 4.8).

Figure 4.13: Density as a function of sulphur content in liquid iron sulphides at T ~ 

1700 K.
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Sanloup et al. (2000a) inferred the density of metallic liquids in the Fe-S system 

in the pressure and temperature range 1.5 - 6.2 GPa and 1500 -  1780 K from X-ray 

absorption experiments carried out with a large volume press installed on beamline 

1D30 at the European Synchrotron Radiation Facility. They used a cell-assembly that 

consisted of a boron epoxy medium, a graphite furnace, a hBN cylinder acting as both a 

pressure transmitting medium and a pressure-temperature calibrant, and a sample that 

filled a sapphire sample container. This cell-assembly minimised the absorption of X- 

rays by the furnace, pressure-transmitting medium and sample container, as it is 

essential to reduce the absorption by the cell-assembly relative to the sample itself for 

density measurements. The intensity of the X-ray beam was measured using two
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photodiodes, one before (lo) and one after (I) crossing the whole cell-assembly, 

recording the absorption profile during the movement of the whole press perpendicular 

to the X-ray beam axis. The intensity ratio obeys the Beer-Lambert law:

Y  = j j  exp(-/Jp^O,i, -  ) ^ à y  4.6
' o  x.y

where // is the mass absorption coefficient, p is the density, d  is the X-ray path length, y  

is the vertical size of the X-ray beam and the subscripts liq, env and sa stand for liquid 

sample, sample environment and sapphire respectively. They then obtained the density 

from the measured X-ray intensity, assuming that p is the same for solids and liquids of 

the same composition. The densities thus obtained were then used to determine an 

equation of state for the sample liquids (Fe~10 wt%S, Fe~20 wt%S, and Fe~27 wt%S). 

These experiments are extremely difficult to perform accurately, and despite the efforts 

of Sanloup et al. (2000a) to ensure the accuracy of their experiments, it is likely that the 

differences between the densities measured by Sanloup et al. (2000a) and those 

obtained in this study are simply the result of an inaccurate measurement of the 

experimental X-ray absorption. This would also explain the difference between the 

results of Sanloup et al. (2000a) and those quoted by Longhi et al. (1992). It is 

emphasised that the simulation results of this study are self-consistent, and only the 

results from this study will be considered in the development of models of the martian 

interior presented in chapter 5 of this thesis. In the next section of this chapter the 

variation of the bulk properties of the simulated liquids as a function of temperature and 

composition are considered.

4.4.4 Variation of Bulk Properties from Simulations.
In the three previous sections the results of the simulations of liquid iron sulphides

were compared with those from previous simulations and experiments. This section 

focuses on the results of the simulations performed in this study, in particular the 

variation of the bulk properties as a function of temperature and composition.

The variation of density as a ftinction of temperature is shown in figure 4.14. As 

expected, a steady decrease in density with increasing temperature is observed for each 

composition. The change in the zero-pressure density as a function of temperature for 

both liquid Fe~27wt%S and liquid Fe~16wt%S is ~ -0.5 kg m'  ̂K '\ This may also be

expressed as the thermal expansion coefficient: eg = j  where p is the mean

density. Using the results from the simulations of liquid iron sulphides for liquid

Fe~27wt%S (p  ~ 5356 kg m*̂ , 8p ~ 732 kg m'  ̂ and ST = 1300 K) and for liquid
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Fe~16wt%S (p  = 6333 kg m'^, Ôp ~ 664 kg m'  ̂and ÔT = 1300 K) gives a thermal 

expansion coefficient of a ~ 1 x lO'^K'^ and a ~ 8  x 10'̂  K‘* respectively. These values 

compare well with the value for pure liquid Fe of a ~ 9.2 x 10'̂  K'̂  reported by 

Anderson and Ahrens (1994), which they obtained from analysis of several 

experimental determinations of the density. As illustrated in figure 4.15, if the variation 

of the bulk modulus as a function of temperature is taken to be independent of 

composition, it may be estimated to be -0.01 GPa K '\

Figure 4.16 shows the variation of density as a function of composition. A 

decrease in density with increasing sulphur content of ~ -90 kg m'  ̂wt%S'^ is observed 

at each of the temperatures considered. Figure 4.17 shows the variation of the bulk 

modulus as a function of composition. The errors in the bulk modulus are too large to 

determine a definitive trend with increasing sulphur content at constant temperature. 

However, if it is assumed that the change in bulk modulus as a function of sulphur 

content (dK/dX) is independent of temperature, and it is assumed that the bulk moduli 

calculated at 3000K are most likely to be representative of conditions found in the

martian core, the maximum dK/dX may be constrained t o  2 GPa per wt%S, in

contrast to the average value of -2.5 GPa per wt%S reported by Sanloup et al. (2000a).

The results presented above are summarised in the following section of this 

chapter (Table 4.4) and their application to models of the martian interior is briefly 

discussed. Models of the martian interior are developed in chapter 5.

Table 4.4: Variation of bulk properties of liquid iron sulphides as a function of 

temperature and composition, where a is thermal expansion coefficient, K is isothermal 

bulk modulus, p is density T is temperature and X is composition.

o (K ')
(Fe-16wt%S)

a(K ‘0

(Fe-16wt%S)
dK/dT
(GPaK*')

dp/dX
(kg m'  ̂wt%S'*)

dK/dX
(GPawt%S*‘)

8 x 1 0 " 1 0 x 1 0 *" 0 . 0 1 -90 - 2

90
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Figure 4.14; Density as a function of temperature for liquid Fe~27wt%S and liquid 

Fe~16wt%S.
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Figure 4.15: Bulk modulus as a function of temperature for liquid Fe~27wt%S and 
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Figure 4.16: Density as a function of sulphur content for T = 1700 K, 2100 K and 3000 

K.
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4.5 Conclusions
This scoping study of liquid iron sulphides using ab initio simulations is the first 

self-consistent investigation of the variation of their bulk properties as a function of 

pressure, temperature and composition.

Analysis of the partial structure factors and partial radial distribution functions 

were used to confirm that the system is in the liquid state and at equilibrium, and to 

determine the structural properties of the liquids. The analysis indicates that sulphur 

atoms do not form chains in liquid iron sulphides, in strong agreement with previous 

simulations of liquid iron sulphides (Alfe and Gillan, 1998; Voôadlo et a/., 2000), and 

contrary to the suggestion of LeBlanc and Secco (1996). There is no major structural 

change observed with either increasing temperature or increasing sulphur content.

The dynamic properties of the liquids were investigated using the calculated mean 

square displacements and self-diffusion coefficients. For each of the simulations of 

liquid iron sulphides the self-diffusion coefficients are of the order of 1 0 '̂  cm  ̂ s'% 

consistent with results reported fi'om previous simulations (Vodadlo et a/., 2000; Alfe 

and Gillan, 1998; Voôadlo et a/., 1997). The viscosities of the liquids were estimated 

using the Stokes-Einstein relation to be of the order of 10'̂  Pa s, consistent with results 

reported from previous simulations (Alfe and Gillan, 1998; Vocadlo et a/., 1997, 2000) 

and experiments (Dobson et a/., 2000; Urakawa et a/., 2001; Terasaki et al., 2001).

Values for V o ,  K o ,  and K o ’ were obtained for each of the liquids by fitting the 

third order Birch-Mumaghan equation of state to the pressure-volume data obtained 

from the simulations. For liquid Fe ~27 wt%S at T ~ 1700 K  the bulk modulus and its 

first derivative with respect to pressure are much larger than those measured 

experimentally (Sanloup et al. 2000a). The results of this study are consistent with a 

steady decrease in bulk modulus with increasing sulphur content, whereas the 

experimental results imply a discontinuous decrease in the bulk modulus on the initial 

addition of sulphur to pure liquid iron. The experimental density reported by Sanloup et 

al. (2 0 0 0 a) is also much smaller than that calculated from the simulation results. 

However, the density values quoted by Longhi et al. (1992) are similar to those found in 

this study. The discrepancy between the densities reported by Sanloup et al. (2000a) and 

those found in this study is surprising as the reported radial distribution functions of 

these liquids are so similar. It is noted that the simulations results presented here are 

self-consistent, whereas Sanloup et al. (2000, 2001) present results from two separate 

sets of experiments, both of which are very difficult to perform.
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From the simulations of liquid iron sulphides, the variation of the bulk modulus as 

a function of temperature can reasonably be interpreted as being independent of 

composition, and is small at ~0.01 GPa K '\ The maximum change in bulk modulus as a 

function of sulphur content can be constrained to be -2 GPa per wt%S, independent of 

temperature. The calculated thermal expansion coefficients for both Fe ~27 wt%S and 

Fe -16 wt%S are -10^ K '\  This is observed as a steady decrease in density with 

increasing temperature of about -0.5 kg m"̂  K '\ At constant temperature, a decrease in 

density with increasing sulphur content of -  -90 kg m'  ̂wt%S'^ is observed.

These new results may be applied to the development of models of planetary 

interiors. The macroscopic properties of planets are based upon the quantum mechanical 

behaviour of their constituent materials. These quantum mechanical simulations of 

liquid iron sulphides constitute the first self-contained theoretical study of liquid iron 

sulphides that provide information about their structural, dynamical and bulk physical 

properties as a function of pressure, temperature and composition. The results from this 

work will be used to develop models of the martian interior that are presented in the 

next chapter of this thesis.

94



Chapter 5: Models of the Martian Interior

Chapter 5: Models of the Martian Interior

5.1 Introduction
As discussed in chapter 1, planetary dynamics data and cosmochemical models 

for Mars suggest that the core is composed of iron (Fe) plus some light alloying 

component. The light element component is widely believed to be sulphur (S), based on 

the presence of sulphur in meteorites and its ability to dissolve in molten iron at the 

pressure and temperature ranges expected to be encountered in an accreting planet 

(Kieffer et al, 1992). The properties of solid and liquid iron sulphides were investigated 

in chapters 3 and 4 respectively. In this chapter some of the results of these calculations 

will be applied to the development of new models for the martian interior that may be 

used to interpret data from future missions to Mars.

This chapter begins with a brief introduction to the general methods used to 

models planetary interiors and a review of current models for the martian interior. New 

models are then developed and, finally, the use of these models to interpret data from 

missions to Mars is discussed.

5.2 Models of Planetary Interiors
Both the atmospheres and surfaces of planets can be observed directly from Earth

and/or space, but it is not possible to observe the interiors of planets directly. For the 

Earth and the Moon there are seismological data that can be used to retrieve information 

on their interior structures. For all other bodies the only way to derive the interior 

structure is to compare observable parameters predicted from models with remote 

observations. The relevant remote observations are the body’s mass, size, its rotational 

period and shape, moment of inertia, gravity field, magnetic field (or lack thereof), the 

total energy output, and the composition of its atmosphere and/or surface. Techniques 

common to the development of all models of planetary interiors are discussed in chapter

1. A review of current models of the martian interior is presented in the next section of 

this chapter.

5.3 Current Models of the Martian Interior
Current models of the martian interior are discussed thoroughly in chapter 1. A

review of that discussion is presented here. Mars is intermediate in size between the 

Earth and the Moon, and its density is slightly larger than that expected for a planet of 

chondritic composition. Mars has an unusual shape: there is a 5 km difference in 

elevation between the northern and southern hemispheres and the centre of mass of 

Mars is displaced by ~3 km to the south relative to the centre of figure (Zuber et al,
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2000). Once this strange shape has been taken into account, the gravity field of Mars is 

largely representative of the hydrodynamic response of a planet to rotation, apart from a 

slight effect due to the Tharsis region. Hence, a simple model of the martian interior has 

been derived from its average density and moment of inertia: as is typical for the other 

terrestrial planets, Mars has a low density crust, a silicate mantle and an iron alloy core. 

This simple model has been greatly refined by interpretation of data from more recent 

missions, and more successfully by combining all the relevant available observational 

data in a single interpretation (Folkner et al., 1997). Despite these improvements, the 

data of Folkner et al. (1997) still only allow the martian core radius to be constrained to 

the range 1200 km -  2400 km, depending on the chemical composition (See chapter 1).

Current martian interior models are heavily influenced by the chemistry of 

meteorites that are thought to come from Mars (e.g. Zharkov and Gudkova, 2000; 

Bertka and Fei, 1998; Dreibus and Wanke, 1985). Most bulk chemical models of Mars 

(e.g. Bertka and Fei, 1998; Spohn et al., 1998; Sohl and Spohn, 1997) are based on the 

original work of Dreibus and Wanke (1985). Their work is founded on two basic 

assumptions: firstly, that Mars is indeed the parent body for the SNC meteorites, and 

secondly that all the refractory lithophile elements are present in the martian mantle in 

Cl chondritic meteorite abundances. If these assumptions are vahd, then Mars will have 

a lower degree of depletion of moderately volatile elements than the Earth, resulting in a 

depleted mantle that is mineralogically similar to that of the Earth, but richer in iron and 

therefore denser, and an iron-nickel core whose major hght element is sulphur and 

whose radius is approximately half that of the whole planet (Kieffer et al., 1992). In 

contrast, Sanloup et al. (1999) have recently produced models that do not rely on the 

martian meteorites, and are instead based purely on solar system evolution models and 

the chondritic meteorite group (See chapter 1; table 1.1). Whilst the models of Sanloup 

et al. (1999) similarly predict a large iron-nickel core whose major light element is 

sulphur, they predict a martian mantle dominated by pyroxenes rather than ohvines.

The current state of the martian interior is dependent on its thermal evolution. 

Models indicate that the main heat sources are accretional energy, radiogenic activity 

and the release of potential energy and latent heat from core formation and 

differentiation (Spohn et a/.,1998). The combination of thermal history models, 

estimates of bulk chemical composition and observations of the gross physical 

properties of Mars provide key clues to the current composition and state of the interior. 

All current martian mantle models predict an iron concentration higher than that of the 

Earth (Spohn et al, 1998), but the mineralogical proportions vary from one model to
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another (e.g. Bertka and Fei, 1997; Sanloup et al., 1999). The differences between 

models for the martian mantle, and the understanding that there are many more 

chemical systems to be investigated, reflect the poor constraints on planetary data 

currently available for Mars. Despite these uncertainties, model mantle mineralogies 

have been used to develop dynamical models of mantle convection, which have then be 

used to provide further constraints on mineralogical models, as models of mantle 

convection for the terrestrial planets have found that mantle flow fields and 

temperatures are greatly influenced by pressure induced phase transformations (Spohn 

etal., 1998).

The size and composition of the martian core is also poorly constrained (e.g. 

Folkner et al., 1997). As stated previously, the martian core is thought to be primarily 

composed of Fe, along with a light element alloying component that is widely beheved 

to be sulphur (See chapter 1; chapter 3; chapter 4). The sulphur content of the core may 

be constrained by the presence or absence of an intrinsic magnetic field at Mars (Kieffer 

et al., 1992). No intrinsic magnetic field has been detected by Mars Global Surveyor 

(MGS), which is currently in orbit at Mars. However, large anomalies have been 

detected in the magnetic data from this mission that are thought to be due to the 

remanent magnetisation of surface rocks (Acufia et al., 1999) (See chapter 6 ). These 

magnetic anomalies may be interpreted as evidence to support the hypothesis that Mars 

once had an active dynamo driving an intrinsic magnetic field that has since ceased to 

operate. If this hypothesis is correct, it may be inferred that either the core has 

completely solidified or remains completely molten, the size of either a solid or liquid 

core being proportional to its sulphur content. Mocquet et al. (1996) show that, as well 

as determining the size of the martian core, its physical state may be resolved via 

seismology, since the presence of a molten core would create a seismic shadow zone 

that could easily be detected by a network of seismic stations.

The nature of the martian interior is strongly dependent on the current size and 

state of the martian core (Spohn et al., 1998). Remaining uncertainties about the martian 

interior include the exact size, composition and state of the martian core, the presence or 

absence of a perovskite layer, the depth and depth range of transition zones within the 

mantle, and mantle mineralogy. The most effective way to address these uncertainties is 

via interpretation of seismic data, which will provide values for the radii of any internal 

boundaries and mantle transition zones, along with Vp, Vs, density, and elastic constant 

profiles. New models of the martian interior that may be used to interpret seismic data 

for Mars are presented in the next section of this chapter.
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5.4 New Models of the Martian Interior
In this section, new models of the current nature of the martian interior are

developed, incorporating some of the results of the theoretical investigation of iron 

sulphides presented in previous chapters. The models of the martian interior presented 

here are composed of a series of spherical shells of increasing radius, with the change in 

radius from one shell to the next being 100km. Values of the fixed model input 

parameters are summarised in Table 5.1.

Table 5.1: Fixed parameter values for new models of the martian interior.

Property Symbol Units Value Reference

Surface heat flux F mW m""̂ 30 Nimmo and 

Stevenson (2000)

Surface temperature Ts K 193 Nimmo and 

Stevenson, (2000)

Surface thermal conductivity K W m'̂ 3 Nimmo and 

Stevenson (2000)

Gravitational acceleration at 

surface
g s m s'"̂ 3.7 Longhi et al. 

(1992)

Gravitational acceleration at 

core-mantle boundary
gCMB m s'̂ 3.1 Longhi et al. 

(1992)

Mantle radius Rm km 3300

Mantle adiabatic bulk 

modulus
Ks GPa 170 Dziewonski and 

Anderson (1981)

Mantle potential temperature Tom K 1773 Nimmo and 

Stevenson (2000)

Mantle heat capacity CpM Jkg-'K-' 1 2 0 0 Nimmo and 

Stevenson (2000)

Core heat capacity Cpc Jk g -'K ' 840 Nimmo and 

Stevenson (2000)

Mantle expansivity K'* 4x  1 0 ' Nimmo and 

Stevenson (2000)

Grüneisen parameter y 1.5 Alfè era/. (2001)
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The first task in the development of the new models was the determination of a 

thermal profile. In the simplest case, the adiabatic variation of temperature with depth 

within a planet is given by:

dT agT
dZ

5.1

where a is the thermal expansion coefficient, g is the gravitational acceleration and Cp 

is the heat capacity. New thermal profiles were developed specifically for this study by 

modifying equation 5.1 to incorporate a linear variation of the gravitational acceleration 

as a fimction of depth. Hence, in the models presented here, the temperature through the 

mantle is given by (F. Nimmo, pers. comm.):

T = exp a M

' PM

f  f
Ss^M -

\ V2RM

with ^  = Ss)
ĈMB

5.2

5.3

where Tom is the potential temperature of the mantle, «a/ is the thermal expansion 

coefficient of the mantle, Cpm is the heat capacity of the mantle, gs is the gravitational 

acceleration at the surface, gcMB is the gravitational acceleration at the core-mantle 

boundary, Zm is the depth within the mantle, Rm is the radius of the planet to the top of 

the mantle and R cmb is the radius of the core-mantle boundary. The reference 

temperature for the core is estimated to be 30K higher than the temperature at the base 

of the mantle (Nimmo and Stevenson, 2000). The temperature through the core is then 

given by (F. Nimmo, pers. comm.):

T^T,cexp
f  /
^cScMB
^C^PC //V

5.4

where Toe is the reference temperature for the core, ac is the thermal expansion

coefficient of the core, Cpc is the heat capacity of the core, gem  is the gravitational

acceleration at the core-mantle boundary, Zc is the depth within the core and Re is the 

radius of the core.

Once a temperature profile has been established, density profiles are calculated 

using equations 5.5, 5.6 and 5.7 iteratively for both the mantle and core. For each 

spherical shell the density is given by:

p = Po(l-OfT) 5.5,

the change in pressure between spherical shells is given by:

dP = pgdZ 5.6,
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and the corresponding change in density is given by:

d p = ^  5.7
Ks

where p is density, po is reference density, a is the thermal expansion coefficient, T is 

the temperature obtained from the thermal profile, g is the gravitational acceleration, 

and Ks is the adiabatic bulk modulus. The reference density is varied until the density 

profile is such that the input values for the gravitational acceleration at the surface and 

at the core mantle boundary are matched by those calculated using equation 5.8:

5-.r
where G is the universal gravitational constant, Mr is the total mass contained within the 

specified radius, and r is the specified radius.

Once a density profile has been calculated, the normalised moment of inertia is 

calculated using equation 5.9:

f o r O < r S «  5.9

where p is density, r is radius, Rm is the radius to the top of the mantle and M is the total 

mass of the mantle and core. The value of this normalised moment of inertia is then 

compared to the observed value for Mars of 0.3662 ±0.0017 (Folkner et a/., 1997).

The models presented here assume that the outer layer of Mars is a stagnant lid: a 

thick, immobile layer through which heat is transferred by conduction. This assumption 

is valid whenever the viscosity is sufficiently strongly temperature dependent, and is the 

most likely case for Mars (e.g. Solomatov and Moresi, 2000). The thickness of tiie 

stagnant lid for these models is calculated using equation 5.10:

5.10

where k  is the thermal conductivity, 7m is the temperature at the top of the mantle, Ts is 

the surface temperature and Fs is the surface heat flux.

5.4 Results
The calculated thickness of the stagnant lid for each of the models presented here 

is ~90 km, which complements the adopted mantle radius of 3300 km, as the average 

martian planetary radius is estimated to be 3393 km (Kieffer et al. 1992).

The gravitational acceleration at the surface and the gravitational acceleration at 

the core-mantle boundary are constrained to be 3.7 m s'̂  and 3.1 m s^  respectively 

(Longhi et al., 1992). The gravitational acceleration at the core-mantle boundary is

100



Chapter 5: Models of the Martian Interior

often quoted as 3.0 m s'̂  (e.g. Longhi et al., 1992), but using a value of 3.0 m s'̂  for the 

gravitational acceleration at the core-mantle boundary results in unrealistically large 

values of the martian normalised moment of inertia for all of the models presented here.

For each of the models presented here, the calculated thermal profile constrains 

the core to be liquid, as the potential temperature of the mantle is 1773 K, and the 

simulations presented in chapter 4 confirm that both core compositions (Fe ~16 wt%S 

and Fe ~27 wt%S) are liquid at 1700 K at pressures found in the martian core. Hence, 

the thermal expansion coefficient of the core is constrained to values obtained from the 

simulations of liquid iron sulphides presented in chapter 4: 10 x 10'  ̂K‘* for liquid Fe 

-27 wt%S and 8  x 10'̂  K** for liquid Fe -16 wt%S. Decreasing the potential 

temperature of the mantle by 100 K decreases temperature at the base of the mantle by 

-120 K. Thus an unrealistically low mantle potential temperature would be required to 

lower the temperature at the base of the mantle below the melting temperature of the 

iron sulphide compositions used in this study. Also, a change in the mantle potential 

temperature of 100 K changes the normalised moment of inertia by only -1 x 10*̂  

(« 1 %  of the normalised moment of inertia value). Hence, the use of a constant mantle 

potential temperature of 1773 K is appropriate.

The adiabatic bulk modulus, Ks, for the core is calculated from the isothermal 

bulk modulus, Kj, obtained from the simulations of liquid iron sulphides presented in 

chapter 4 using equation 5.11:

K s= K ^{ i-yaT)  5.11

where y is the thermodynamic Grüneisen parameter, estimated to be 1.5 (Alfe et ai,

2001), a is the thermal expansion coefficient and T is the temperature at which Kj  was 

obtained. The difference between the temperature at which the isothermal bulk modulus 

was obtained and the temperature of the model is sufficiently small ( < 1 0 0 0  K) that it is 

not necessary to apply a fiirther correction to the calculated adiabatic bulk modulus, as a 

change in temperature of 1000 K results in a change in adiabatic bulk modulus of only 

about 5 GPa (Anderson, 1989). Using the adiabatic bulk modulus calculated for 3000 K 

rather than that calculated for 2100 K only results in a change in the normalised moment 

of inertia of the order 10'  ̂(« 1 %  of the normalised moment of inertia value). In reality, 

the adiabatic bulk modulus also varies as a function of pressure, but a very large change 

in the adiabatic bulk modulus is required to produce a significant change in the 

normalised moment of inertia: a change in the adiabatic bulk modulus of the mantle of 

almost 100 GPa is required to change the value of the normalised polar moment of 

inertia by -1 x 10"̂  (<1 % of the normalised moment of inertia value). Hence, constant
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values for the adiabatic bulk modulus in both the mantle and core are used in the models 

presented here.

The value of the adiabatic bulk modulus in the mantle is based on values quoted 

for the Preliminary Reference Earth Model (PREM) (Dziewonski and Anderson, 1981) 

The pressure at the martian core-mantle boundary is <25 GPa (Nimmo and Stevenson, 

2000). Within the Earth, a depth of 670 km corresponds to a pressure of 23.8 GPa 

(Dziewonski and Anderson, 1981) and a temperature of -1900 K (Brown and 

Shankland, 1981) and the transition from the upper mantle to the lower mantle. At this 

depth the PREM adiabatic bulk modulus is -256 GPa (Dziewonski and Anderson, 

1981). Using a value of 250 GPa for the adiabatic modulus in the models of the martian 

interior presented here results in an unrealistically large value of the martian normalised 

moment of inertia for all possible values of core radius for both core compositions 

(liquid Fe -16 wt%S and liquid Fe -27 wt%S). On the other hand, at a depth of 400 km 

within the Earth, corresponding to a pressure o f-13.4 GPa (Dziewonski and Anderson, 

1981) and a temperature of -1800 K (Brown and Shankland, 1981), and the upper 

boundary of the transition zone, the PREM adiabatic bulk modulus is 173.5 GPa 

(Dziewonski and Anderson, 1981). Using a value of 170 GPa for the mantle adiabatic 

modulus in the models presented here does produce realistic values of the martian 

normalised moment of inertia for a range of core sizes (see section 5.4). Hence, the 

adiabatic bulk modulus of the mantle for all models presented here is estimated to be 

170 GPa. The adiabatic bulk modulus of silicate perovskite is larger than 250 GPa 

(Bertka and Fei, 1998). Hence, the models presented here indicate that the transition to 

silicate perovskite does not occur in the martian mantle, as this transition would result in 

an adiabatic bulk modulus for the mantle that is too large to produce realistic values of 

the normalised moment of inertia.

The observed normalised moment of inertia for Mars is 0.3662 ±0.0017 (Folkner 

et al, 1997). For models with a core composition of either liquid Fe -16 wt%S or liquid 

Fe -27 wt%S, core radii of 1500 km to 1800 km result in a normalised moment of 

inertia that is consistent with this observation. Some of the geophysical parameters of 

these models are summarised in table 5.2.
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Table 5.2: Geophysical parameters for new models of the martian interior that are 

consistent with the observed normalised moment of inertia for Mars. Rc is the core 

radius, Tcm is the temperature at the base of the mantle, Tcentre is the temperature at the 

centre, Pcm  is the pressure at the base of the mantle, Pcentre is the pressure at the centre,

is the average mantle density, is the average core density, and NMOI is the 

normalised moment of inertia.

Liquid Fe -16 wt%S core

Rc
(km)

T cmb

(K)

Tcentre

(K)

PCMB

(GPa)
Pcentre

(GPa)
Pm

(kgm'3)
Pc
(kgm'3)

NMOI

1500 2197 2779 22.7 41.3 3717 7737 0.3679

1600 2172 2789 21.3 39.8 3685 7253 0.3674

1700 2147 2799 19.9 38.3 3655 6827 0.3672

1800 2123 2809 18.5 36.9 3630 6447 0.3675

Liquid Fe -27 wt%S core

Rc
(km)

T cmb

(K)

Tcentre

(K)

PcMB

(GPa)
Pcentre

(GPa)
~Pm

(kg m'3)
Pc
(kg m'3)

NMOI

1500 2197 2937 22.7 41.4 3717 7858 0.3679

1600 2172 2958 21.3 39.9 3685 7366 0.3673

1700 2147 2980 19.9 38.4 3655 6932 0.3671

1800 2123 3002 18.5 31.0 3630 6547 0.3673

Although all of the models presented in table 5.2 are consistent with the observed 

normalised moment of inertia for Mars, considering the required average core density 

may further reduce the number of likely models for the martian interior. For example, 

the average core density required for a core radius of 1500 km for a core composition of 

liquid Fe -27 wt%S is 7858 kg m' .̂ However, the density for this composition obtained 

jfrom the simulations presented in chapter 4 is 7612 kg m'  ̂at 48.1 GPa and 2100 K, and 

7330 kg m'  ̂at 46.9 GPa and 3000 K. Thus, the average core density required for a core 

radius of 1500 km for a core composition of liquid Fe -27 wt%S is significantly higher 

than the density values for this composition at appropriate pressures and temperatures 

obtained from the simulations presented in chapter 4. Therefore, a core radius of 1500 

km is unlikely for a core composition of liquid Fe -27 wt%S. On the other hand, the
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average core density required for a core radius of either 1700 km or 1800 km for a core 

composition of liquid Fe -16 wt%S is significantly lower than the density obtained 

from the simulations for this composition at appropriate pressures and temperatures. 

Thus, core radii of 1700 km and 1800 km are unlikely for a core composition of Fe -16 

wt%S. Hence, for a core composition of liquid Fe -16 wt%S, the martian core radius 

may be constrained to be about 1500 -  1600 km, whereas the martian core radius may 

be constrained to be about 1600 -  1800 km for a core composition of liquid Fe -27 

wt%S, reducing the number of likely models for the martian interior to five. The range 

of possible values for the martian core radius produced in this study are compared with 

those calculated by Folkner et al. (1997) in figure 5.1. Although both the models of 

Folkner et al. (1997) and this study are constrained by the measured normalised moment 

of inertia reported by Folkner et al. (1997), the new understanding of the properties of 

liquid iron sulphides gained in this study constrains the possible radius of the martian 

core to smaller values than those calculated by Folkner et al. (1997) for similar 

compositions.

Figure 5.1: Martian core radius as a function of composition, constrained by the 

normalised polar moment of inertia. Dashed black lines illustrate the uncertainty in the 

value of the normalised polar moment of inertia calculated by Folkner et al. (1997).
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The variation of temperature as a fonction of radius for the five most likely 

models of the martian interior is presented in figure 5.2. Increasing the core radius by 

100km decreases the temperature at the core-mantle boundary by a few tens of degrees, 

but increases the temperature at the centre by a similar amount. Increasing the sulphur 

content of the core from Fe -16 wt%S to Fe -27 wt%S does not affect the temperature 

at the core-mantle boundary, but increases the temperature at the centre by more than 

150 K.

The variation of density as a function of radius for the five most likely models of 

the martian interior is presented in figure 5.3. Increasing the core radius by 100km 

decreases the average core density by 400 -  500 kg m' .̂ Increasing the sulphur content 

of the core from Fe -16 wt%S to Fe -27 wt%S lowers the core density at the core- 

mantle boundary by about 50 kg m'  ̂but increases the density at the centre by -300 kg 

m*̂ , resulting in an overall increase in the average density of the core o f-100 kg m' .̂

The model density profiles have been used to calculate primary and secondary 

seismic wave velocities as a function of radius using equations 5.12 and 5.13 

respectively:

V

5.12

and

5.13£

\ P j
where Ks is the adiabatic bulk modulus, ja is the shear modulus and p is the density. As 

previously, constant values for the adiabatic bulk modulus in both the mantle and core 

are used. The value of the adiabatic bulk modulus used for the core is that calculated 

using equation 5.11 and the results of the simulations of liquid iron sulphides performed 

in this study. Both the adiabatic bulk modulus and the shear modulus in the mantle are 

estimated to have the same value as they have at a depth of 400km within the Earth 

according to PREM (Dziewonski and Anderson, 1981): 170GPa and 81 GPa, 

respectively. Secondary seismic waves are not propagated through the model cores, as 

the shear modulus of liquids is zero.
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Figure 5.2: Profiles of temperature as a function of radius for five new models of the 

martian interior.
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Figure 5.3; Profiles of density as a function of radius for five new models of the martian 

interior.
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Figure 5.4: Profiles of seismic wave velocity as a function of radius for the martian 

interior: a) five new models developed in this study and b) After Spohn et al. (1998) 

(Model A is derived from the moment of inertia, whereas Model B is based on a 

chondritic bulk composition).
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The variations in seismic velocities as a function of depth are illustrated in figure 

5.4. Values of the secondary seismic wave velocities as a function of depth within the
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mantle are the same for each of the five models to within 0.03 km s '\  Values of tide 

primary seismic wave velocities for each of the five models are presented in table 5.3. 

Increasing the core radius by 100 km increases the average primary seismic wave 

velocity in the mantle by only 0.03 km s*' and that in the core by less than 0.1 km s '\  

Increasing the sulphur content of the core from Fe -16 wt%S to Fe -27 wt%S lowers 

the average primary seismic wave velocity in the core by -0.6 km s'*.

Table 5.3: Values of the primary seismic wave velocity for new models of the martian 

interior that are consistent with the observed normalised moment of inertia for Mars and 

calculated densities of liquid Fe -16 wt%S and liquid Fe -27 wt%S. Rc is the core

radius, Vpm and Vpc are the average primary seismic wave velocity in the mantle and 

core, and Vptop, Vpcmbase, Vpcmtop, Vpcemre, are the primary seismic wave velocities at 

the top of the mantle, the base of the mantle, the top of the core and the centre, 

respectively.

Liquid Fe~16wt%S core

Rc
(km)

laptop

(km s'*)
y PCMBbase

(km s'*)
ypCMBtop

(km s'*)
y Pcentre

(km s'*)
y  P m 

(km s'*)
y  PC

(km s'*)

1500 8.92 8.39 3.51 3.21 8.65 3.32

1600 8.95 8.45 3.62 3.32 8.69 3.43

Liquid Fe~27wt%S core

Rc
(km)

y Ptop 

(km s'*)
ypCMBbase 

(km s'*)
ypCMBtop

(km s'*)
y Pcenlre

(km s'*)
y  PM

(km s'*)
V PC

(km s'*)

1600 8.95 8.45 3.05 2.72 8.69 2.84

1700 8.96 8.49 3.14 2.80 8.72 2.92

1800 8.98 8.54 3.23 2.88 8.75 3.01

5.5 Discussion
The new models of the martian interior presented in this chapter are much more 

tightly constrained than earlier models (e.g. Longhi et al, 1992). This is due to more 

tightly constrained planetary data for Mars, such as the normalised moment of inertia 

(Folkner et al., 1997), and a better understanding of the properties of materials relevant 

to planetary interiors, resulting from studies such as this one. It is therefore sufficient to 

note that the new models presented here are consistent with earlier poorly constrained
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models, but a more detailed comparison is inappropriate. Similarly, comparisons with 

models that assume a priori that the martian core is solid, and therefore that 

temperatures are lower than those reported here (e.g. Kavner et a/., 2001) are also 

inappropriate. However, the new models of the martian interior presented in this chapter 

are readily comparable with the more recent work of Folkner et a i (1997), Sohl and 

Spohn (1997), Bertka and Fei (1998), Spohn et al. (1998), Sanloup et al. (1999) and 

Zharkov and Gudkova (2000).

Recent models of the martian interior (Sohl and Spohn, 1997; Bertka and Fei, 

1998; Sanloup et al., 1999; Zharkov and Gudkova, 2000) have included detailed 

descriptions of the martian mantle, and simpler descriptions of the martian core. In 

contrast, the models developed in this study adopt a simple approach to modelling the 

martian mantle and incorporate more detailed information about the behaviour of iron 

sulphides under the conditions of the martian core. The differences between the new 

models developed in this study and other recent models (Sohl and Spohn, 1997; Bertka 

and Fei, 1998; Spohn et al. (1998); Sanloup et al, 1999; Zharkov and Gudkova, 2000) 

are largely due to the new understanding of iron sulphides obtained from the work 

presented in previous chapters of this thesis and the new thermal profile developed in 

this study.

The new temperature profiles calculated in this study describe a significantly 

hotter Mars than the models of Sohl and Spohn (1997), Bertka and Fei (1998), Spohn et 

al. (1998), Sanloup et al. (1999) or Zharkov and Gudkova (2000), which are largely 

based on that of Longhi et al. (1992). In contrast, the temperature profiles calculated in 

this study are based on the more recent thermal modelling of Nimmo and Stevenson 

(2000), which is consistent with more recent (and more tightly constrained) data for 

Mars and materials associated with planetary interiors.

Despite the temperature differences, the mantle density profiles calculated in this 

study are consistent with those of both Sanloup et al. (1999) and Zharkov and Gudkova 

(2000). They are also consistent with those of Sohl and Spohn (1997) and Bertka and 

Fei (1998) at shallow depths corresponding to pressures lower than those at which p- 

spinel and clinopyroxene are completely transformed into y-spinel, majorité, perovskite 

and magnesiowüstite. In the Bertka and Fei (1998) model, pressures in the mantle are 

sufficiently high for a layer consisting of perovskite, majorité and magnesiowüstite to 

be stable, whereas the pressures in the mantles of models developed in this study are not 

sufficiently high for these minerals to occur. Similarly, Sohl and Spohn (1997) include 

the transition to y-spinel in their model mantles, resulting in a higher density at the base
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of the mantle than is produced in this study. The core density profiles calculated in this 

study are comparable with those of Sohl and Spohn (1997), Bertka and Fei (1998), 

Sanloup et al. (1999) and Zharkov and Gudkova (2000).

The most recent seismic profiles for Mars, prior to this study, are those reported 

by Spohn et al. (1998). Although the density profiles of this study are generally in good 

agreement with those of Spohn et al. (1998), the seismic profiles are markedly different, 

particularly in the core region. The average primary seismic wave velocity in the model 

mantles of both this study and Spohn et al. (1998) are ~9 km s '\  small differences 

between them resulting from the simplified approach to modelling the martian mantle 

adopted in this study. However, in the core region Spohn et al. (1998) predict an 

average primary seismic wave velocity of -6.5 km s'̂  whereas the five models in this 

study all predict much lower values of -2.8 - 3.4 km s '\  As the density profiles are so 

similar, the discrepancies between the average primary seismic wave velocity in the 

core predicted by Spohn et al. (1998) and this study are entirely due to the incorporation 

of new values for the adiabatic bulk modulus of iron sulphides in the models presented 

here. The new understanding of the properties of iron sulphides resulting from the 

simulations performed in this study have also reduced the possible size of the martian 

core as a function of composition as constrained by the measured value of the 

normalised moment of inertia reported by Folkner et al. (1997). The new models of the 

martian interior presented in this chapter are consistent with the observed normalised 

moment of inertia for Mars and new calculated densities of liquid Fe -16 wt%S and 

liquid Fe -27 wt%S, and may be used to interpret data from future missions that will 

collect seismic data for Mars.

5.5 Conclusions
The new models of the martian interior developed in this chapter are 

geophysically sound and include temperature, density and seismic wave velocity 

profiles as a function of depth. Whereas the mantle is modelled simply, the core 

incorporates new information obtained firom the theoretical investigation of liquid iron 

sulphides presented in chapter 4. The differences between the new models developed in 

this study and other recent models are largely due to the new understanding of iron 

sulphides obtained firom the work presented in previous chapters of this thesis and the 

new thermal profile developed in this study.

For each of the models presented in this chapter, the gravitational acceleration at 

the surface and that at the core-mantle boundary are constrained to be 3.7 m s'̂  and 3.1 

m s'̂  respectively. Using the often quoted value of 3.0 m s*̂  (e.g. Longhi et al. 1992)
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results in unrealistically large values of the normalised moment of inertia for all core 

radii for both of the investigated iron sulphide compositions.

The new thermal profiles calculated specifically for this study describe a 

significantly warmer Mars than other recent models and constrain the core to be liquid. 

The calculated thermal profiles are sensitive to the adopted value of the mantle potential 

temperature, but an unrealistically small value would be required to reduce temperatures 

in the core below the melting temperature of the constituent iron sulphides.

Five new models are presented that are consistent with the observed normalised 

moment of inertia for Mars, the observed lack of a current intrinsic planetary magnetic 

field at Mars, and densities of liquid iron sulphides of appropriate compositions 

calculated in chapter 4. For a core composition of Fe ~16 wt%S the core radius is 

constrained to -1500 -  1600 km, and for a core composition of Fe -27 wt%S the core 

radius is constrained to -1600 -  1800 km.

In each of these five models, the mantle density and adiabatic bulk modulus are 

consistent with a mantle composed of olivines, pyroxenes and garnets. A perovskite 

layer at the base of the mantle is excluded from these models as the pressures attained 

above the core-mantle boundary are too low for perovskite to be stable and the 

transition would result in an adiabatic bulk modulus for the mantle that is too large to 

produce realistic values of the normalised moment of inertia.

Although the density profiles produced in this study are generally in good 

agreement with those of previous studies, the seismic profiles are markedly different in 

the core region as a direct result of incorporating new values for the adiabatic bulk 

modulus of liquid iron sulphides obtained in this study in the calculation of the primary 

seismic wave velocity. The new seismic profiles indicate that the average primary 

seismic wave velocity in the martian core is -3 km s '\  less than half that predicted by 

earlier models.

The new models presented here may be used to interpret data from future missions 

that will deploy a seismic network on Mars. The first such mission is already underway. 

The NetLander mission is scheduled for launch in 2007 and will deploy four seismic 

stations onto the martian surface. In the absence of seismic data for Mars, developing an 

understanding of the surface expression of planetary interior processes may refine 

models for the martian interior. This is the focus of the next chapter.
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Chapter 6: Martian Surface Magnetism

6.1 Introduction
In the previous chapter, models for the martian interior were developed using the 

results of ab initio simulations of iron sulphides presented in chapters 3 and 4, and 

constrained by remotely sensed planetary data for Mars. In this chapter martian crustal 

remanent magnetic anomalies are considered in more detail.

The Mars Global Surveyor (MGS) is currently in orbit around Mars and is still 

collecting data. This mission has established unambiguously that Mars does not 

currently possess a significant global magnetic field (Acufla et a/., 1999), and therefore 

does not currently have an active dynamo. However, this mission has detected the 

presence of magnetic anomalies on the martian surface (e.g. Purucker et ah, 2000) 

(Figure 6.1). An understanding of these anomalies may be used to infer the magnetic 

properties of the martian interior. If the sources of these magnetic anomalies prove to be 

external, i.e. from outside the planet, (e.g. meteorite impact), they will not provide any 

further information about the magnetic properties of the martian interior. However, if no 

evidence of an external source is found for a particular magnetic anomaly, that anomaly 

is assumed to have an internal source. Dating of magnetic anomalies of internal origin 

may be used to constrain the timing of the cessation of an internal dynamo.

Acufla et al. (1998) first reported the detection of several small spatial scale 

crustal magnetic anomalies that indicate that Mars may once have had an intrinsic 

magnetic field powered by a self-sustaining dynamo that has since ceased to operate. 

They also note that the magnitude of the magnetic anomalies does not match the 

magnetism of meteorites thought to come from Mars, suggesting that it may therefore 

be inappropriate to use these meteorites as representative of the early martian interior. 

Acufla et al. (1999) presented data from the initial phases of the MGS mission, when 

longitudinal coverage of the surface was globally distributed but sparse, totalling only 

~20 % of the surface of Mars. Although the sparse dataset available at that time 

prevented them from analysing most of the detected anomalies in detail, the near-polar 

nature of the MGS orbit did provide them with enough data to make a preliminary study 

of magnetic anomalies located very close to the North pole. They reported that no 

gravity, topography or geological feature has been associated with these North polar 

magnetic anomalies, but noted that significant gravity anomalies in the region suggest 

the presence of deep, iron-rich concentrations in the crust. They also noted the absence 

of magnetic anomalies over the Tharsis region, Valles Marineris, any of the major
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volcanic centres on Mars or the large impact basins Hellas and Argyre. Assuming that 

local crustal magnetic anomalies were destroyed by the formation of the large impact 

basins, Acuna et al (1999) conclude that the absence of magnetic anomalies in the large 

impact basins and their surroundings indicates that the internal dynamo had ceased to 

operate before the formation of the basins (-3.9 Ga). They also note the absence of 

magnetic anomalies in the northern hemisphere and subsequently infer that the 

formation of the dichotomy boundary post-dates the cessation of the dynamo.

Figure 6.1: Comparison of magnetic fields of lithospheric origin for the Earth and Mars 

(After Purucker et al., 2000).
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The linear appearance of many of the most intense crustal magnetic anomalies 

was first analysed by Connemey et al. (1999). Their analysis was concentrated on MGS 

observations of the southern hemisphere and within ±60 ” longitude of the 180 °E 

meridian. In this region (Terra Cimmeria and Terra Sirenium) many of the crustal 

magnetic anomalies trend linearly in the E-W direction, the longest extending for more 

than 2000 km. Connemey et al. (1999) used a representative set of individual MGS 

orbital tracks to explore models of crustal magnetisation that are consistent with MGS 

observations. Modelling the sources of magnetisation as a set of 20 uniformly
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magnetised strips of 200 km width and 30 km depth, infinitely extended in the E-W 

direction and constraining the product of the plate thickness and volume magnetisation, 

they found that the MGS observations are consistent with a volume magnetisation of 

±20 A m '\ assuming a 30 km thick source. They present a number of possible 

interpretations of the MGS observations of quasi-linear magnetic anomalies in tiie 

southern highlands of Mars, and conclude that it is probable that crustal formation was 

controlled by a process analogous to sea-floor spreading early in the geological history 

of Mars. Alternative hypotheses to explain the linear pattern include rifting and 

reheating of the cmst by dyke intrusion (Connemey et al, 1999; Nimmo, 2000).

Nimmo and Gilmore (2001) have used impact craters to try to find the depth and 

thickness of the magnetised layer. Assuming a uniform thickness, they conclude that the 

depth to the base of the magnetised layer is ~35 km, with lower and upper bounds of 10 

km and 100 km respectively, implying magnetisations of 5 -  40 A m"\ and consistent 

with likely Mars geotherms at 4 Ga. In addition, there have been some attempts to 

determine the mineralogy of the surface in regions containing cmstal magnetic 

anomalies (Kletetschka et al. 2000a, 2000b; Dunlop and Kletetschka, 2001). Two 

important conclusions have been drawn from these mineralogical studies. Firstly, 

remanent magnetisation may dominate over induced magnetisation, regardless of the 

level of induced magnetisation. Secondly, remanent magnetisation may be controlled by 

the mineral hematite, even if the rock in question contains an order of magnitude larger 

amount of magnetite than hematite. Both hematite and magnetite have been detected on 

the surface of Mars by the thermal emission spectrometer on board MGS (e.g. 

Christensen etaL, 2001).

There is a general lack of observed correlation between surface geology and the 

pattern of magnetic anomalies detected by MGS, which has previously been interpreted 

as extensive reworking of the surface by impact cratering and erosion subsequent to the 

acquisition of remanent magnetisation (Connemey et al., 1999; Raymond and Smrekar, 

2001). A possible exception to this general trend is the location of several channels 

along the boundaries between positive and negative magnetic anomalies. However, it is 

also possible that there is some structural control on the location of the channels as well 

as on the pattern of anomalies (Smrekar and Raymond, 2001). It has also been 

suggested that there is a correlation between the location and polarity of some of the 

magnetic anomalies and the admittance spectra for those regions (Raymond and 

Smrekar, 2001), indicating that there are differences between the positively and
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negatively polarised crust and that the formation processes, subsequent evolution and/or 

timing of the formation of the two types of region differ.

In this study, three regions where the trend or gradient of the gravity field 

correlates strongly to the boundaries between positive and negative magnetic anomalies 

are examined, along with three regions where there is weaker correlation between the 

geophysical datasets. The co-ordinates of these six regions are given in Table 6.1. 

Viking imagery is used to create geological maps of each of the regions and identify any 

geological features that may be associated with structural control, features that indicate 

the presence of water or ice in the subsurface such as rampart and pedestal craters, 

sapping and fluvial activity. Features that indicate the presence of water or ice in the 

subsurface are of particular interest as it is possible that the locations of the magnetic 

anomalies may be associated with the concentration of magnetic minerals as a result of 

water related erosion and deposition. In each region the magnetic anomaly field 

calculated at an altitude of 200 km (Purucker et al, 2000) is used along with gravity and 

topography data from MGS to identify correlations between the geology of the region 

and the observed geophysical anomalies.

The region around Ma’adim Vallis is the only one of the six regions that has been 

previously studied in great detail. Previous studies of this region have been focused on 

the formation and evolution of Ma’adim Vallis and Gusev crater, into which Ma’adim 

debouches, including evolution, discharge rate and duration of the Ma’adim Vallis and 

Gusev crater hydrogeological system (Cabrol et al.  ̂ 1998a; 1998b). Cabrol et al. (1996) 

have identified evidence for intra-valley lakes along Ma’adim Vallis, an ice-covered 

palaeolake in Gusev crater (Grin and Cabrol, 1997), and possible frost mounds in Gusev 

crater (Cabrol et a/., 2000).

A recent study of topography data from the Mars Orbital Laser Altimeter 

(MOLA) on board MGS by Irwin et al. (2002) that covers all six regions studied in this 

chapter identifies a large palaeolake basin at the head of Ma’adim Vallis using 

topographic contours to distinguish likely shoreline features. In contrast to Irwin et al. 

(2002), who focus solely on the topographic data, this study uses all available datasets 

to identify correlations between the geology of the region and the observed geophysical 

anomalies.

The next section of this chapter deals with the interpretation of spacecraft data. 

The studies of each of the six regions of interest are discussed in section 6.3, 

comparisons made between the regions in section 6.4, and the conclusions presented in 

section 6.5.
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Table 6.1: Locations of six regions studied.

Longitude Latitude

Region of highest magnetisation 170‘’E -185°E 40 °S - 58 °S

Region around Ma’adim Vallis 172°E-182°E 12*S-25 °S

Region around Newton crater 197°E-210°E 35°S-45°S

Region Control A 178°E-184°E 25 ®S-40°S

Region Control B 185°E-195°E 36 °S-43 °S

Region Control C 150‘’E -164°E 36°S-48*S

6.2 Interpretation of Spacecraft Data
The spacecraft instrumentation used and the interpretation of data obtained by

these instruments is discussed here. Magnetic, gravity, topography and visual image 

datasets are discussed in subsections 6.2.1, 6.2.2, 6.2.3 and 6.2.4 respectively. The 

results from the analyses of these datasets are presented in section 6.3.

6.2.1 Magnetic Data
The primary aims of the magnetometer and electron reflectometer experiment

(MAG/ER) on the MGS spacecraft are to establish the nature of the martian magnetic 

field, develop models that represent it, and map the crustal remanent magnetic field. The 

MAG/ER instrumentation includes two redundant triaxial fluxgate magnetometers and 

an electron reflectometer (Acuna et aL, 1992). The vector magnetometers provide in 

situ sensing of the ambient magnetic field in the vicinity of the MGS spacecraft over the 

automatically selected full-scale ranges of ±4 nT to ±65,536 nT, with a digital 

resolution of 12 bits. The electron reflectometer measures the local electron distribution 

function in the range ~1 ev to 20 keV and remotely senses the strength of the magnetic 

field down to the top of the martian atmosphere using directional information provided 

by the vector magnetometer. This synergystic combination was designed to increase the 

sensitivity and spatial resolution over that achievable from martian orbit with the vector 

magnetometer alone.

For any magnetometer investigation it is necessary to separate the magnetometer 

sensors fi*om the spacecraft body to reduce interference by spacecraft generated 

magnetic fields. On MGS, instead of using a magnetometer boom, each magnetometer 

sensor is placed at the edge of the articulated solar panels, about 5 m from the centre of 

the spacecraft bus. The electron reflectometer sensor is mounted directly onto the 

spacecraft nadir panel. This ‘twin magnetometer’ configuration does not allow the real
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time estimation of spacecraft fields, but does provide redundancy and the near real-time 

detection and identification of spacecraft-generated magnetic fields. The orientation of 

the magnetic field sensors with respect to the spacecraft is variable and follows that of 

the solar panels, which are controlled to satisfy a variety of engineering requirements.

The MGS MAG/ER has made magnetic field and plasma observations throughout 

the near-Mars environment, from beyond the influence of Mars to just above the surface 

(at an altitude o f-100 km). In this study the magnetic field is altitude normalised to an 

elevation of 200 km above the martian datum, calculated from an equivalent point 

source inversion of the low altitude data (after Purucker et al, 2000).

6.2.2 Gravity Data
The martian gravity field has been identified using Doppler radio tracking 

observations of MGS along with selected data from the Mariner 9 and Viking 1 and 2 

missions (e.g. Smith et al, 1998). The surface of constant gravitational potential on 

Mars is the reference areoid, defined as the potential at the mean equatorial radius of 

Mars of 3396.0 km. Deviations firom the specified reference equipotential surface are 

known as areoid anomalies, or gravity anomalies. In this study the gravity field used is 

degree and order 75 (after Yuan et al, 2001).

6.2.3 Topography Data
Topography is defined as the planetary radius minus the radius of the reference

areoid. This study uses topography data obtained by the Mars Orbiter Laser Altimeter 

(MOLA) instrument on MGS at a spatial resolution of 16pixels per degree. MOLA 

measures the round-trip time of flight of individual laser pulses between MGS and the 

martian surface. The one-way light time from the spacecraft to the martian surface is 

obtained by interpolating the spacecraft orbital trajectory to the time of the laser 

measurement, including a correction for the refractive index of the martian atmosphere. 

This range measurement is then subtracted from the MGS orbit to obtain measurements 

of the martian radius in a centre of mass reference frame (Smith et al, 1998).

6.2.4 Image Data
Viking image mosaics (Mars Charts) at a scale of 1:2M have been used to produce 

new geological and feature maps of the six regions specifically for this study. Images 

taken by the Mars Orbiter Camera (MOC) on MGS within the six regions are interesting 

but both the wide-angle and narrow-angle MOC images are at a scale too small to 

provide useful additional information.
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The new geological and feature maps produced for this study (Figure 6.2) were 

compared with magnetic and gravity data (Figure 6.3) and topography data (Figure 6.4) 

for each of the six regions. The results of these analyses are presented in the next 

section of this chapter.
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F igu re  6.2: G eo lo g ica l m a p s o f  th e  s ix  reg io n s o f  
th e  m artian  su rfa ce  in v estig a ted  in th is study.
a) M a 'a d im  V allis reg ion: 1 7 2 E -1 8 2 E , 12S-25S
b) C o n tro l A reg ion: 1 7 8 E -1 8 4 E , 2 5 S -4 0 S
c) C o n tro l C reg ion: 1 5 9 E -1 6 4 E , 3 6 S -4 8 S
d) H ig h est m a g n etisa tio n  reg ion: 17 0 E -1 8 5 E , 4 0 S -5 8 S
e) C o n tro l B reg ion: I8 5 E -1 9 5 E , 3 6 S -4 3 S
f) N ew ton  cra ter  reg ion: 1 9 7 E -2 0 1 E , 3 5 S -4 5 S
A ll o f  th e  m ap s are in L a m b er t C o n fo rm a i p ro jectio n . 
T h e g en era l la y o u t o f  th is fig u re  reflects the rela tive  
p o sitio n s o f  th e  six  reg io n s on  th e  su rfa ce  o f  M ars, 
w ith  th e  ex cep tio n  o f  th e  M a 'a d im  V allis reg ion , 
w h ich  is a c tu a lly  n o r th ea st o f  the C o n tro l A  reg ion . 
N orth  is to w a rd s th e  top  o f  th e  page.
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Heavily cratcred terrain
Heavily cratered terrain with uneven surfces and m oderate to high relief.
Interpretation; M ixture o f  voleanic m aterials, erosional produets and im pact breccia, 
probably form ed during period o f  high im pact flux.

M oderately cratered terrain
Heavily cratered terrain with uneven surfees and m oderate relief.
C rater floors are contain sm ooth deposits and rim s are partially buried, 
interpretation: M ixture o f  volcanic m aterials, erosional products and im pact breccia  
that has been partially buried by thin lava flows and sedim entary deposits.

Subdued cratered terrain
H eavily cratered terrain w ith subdued relief.
C raters floors are filled with sm ooth deposits and rims are partially buried.
Interpretation: M ixture o f  volcanic m aterials, erosional products and im pact breccia  
that has been partially buried by thin lava flows and sedim entary deposits.
G reater degredation through fluvial and aeolian processes than m oderately cratered terrain.

D issected cratered terrain
H eavily cratered terrain w ith uneven surfces and m oderate to high relief.
Fractures and channels are com m on.
Interpretation: M ixture o f  volcanic m aterials, erosional products and im pact breccia  
that has been subject to m ore fluvial activity than other cratered units.

C hannel m aterial
Sm ooth m aterial covering floors o f large channels and craters into w hich they debouch.
C hannels are generally steep-sided and abruptly term inated at source.
Interpretation: M ixture o f  sedim entary channel deposits and m ass-w asted m aterial.

Etched m aterial
Sinuous, intersecting curved to flat bottom ed grooves, form ing sm all irregular m esas, 
producing an etched or sculptured surface.
C raters and other depressions filled by sm ooth deposits.
Interpretation: M ixture o f volcanic m aterials, erosional products and im pact breccia
that has been dissected by aeolian erosion, decay and collapse o f  ground-ice and m inor fluvial activity.
Sm ooth areas form ed by deposition o f erosional products.
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Interm ediate etched-chaotic m aterial
S inuous, intersecting curved to flat bottom ed grooves, form ing sm all irregular m esas, 
coupled w ith closely spaced subhedral knobs o f  sim ilar heights.
Interpretation: Erosional rem nants o f heavily cratered terrain.

Large chaotic m aterial
Patches o f closely spaced subhedral knobs o f  sim ilar heights.
G enerally lim ited to low -lying areas, e.g. crater floors.
Interpretation: Erosional rem nants o f  heavily cratered terrain.

Sm all chaotic m aterial
Patches o f evenly spaced, sm all subhedral knobs o f  sim ilar heights, separated by sm ooth deposits. 
G enerally lim ited to low -lying areas, e.g. crater floors.
Interpretation: Erosional rem nants o f heavily cratered terrain that have been cxtentively  eroded. 

Sm ooth plains
Sm ooth, flat, featureless plains.
Interpretation: Interbedded lava flows and aeolian or fluvial sed im entary deposits.

R idged plains
Broad, flat plains, contain ing even ly spaced, long, sublinear, low relief, parallel ridges.
Form s plains w ithin and outsid e craters.
Interpretation: E xtensive lava flows w ith high eruption rates and low effective viscosities.
R idges are volcanic constructs or eom pressional features.

R idged and cratered plains
Broad plains, contain ing w idely spaced , long, sublinear, m oderate to high relief, parallel ridges. 
Areas betw een ridges are rougher and m ore heavily cratered than for previous unit. 
Interpretation: Extensive lava flows with high eruption rates and low effective viscosities.
Ridges may be volcanic constructs, eom pressional or extensional features.

Rough hills
Rough, fractured hills.
Interpretation: A ncient highland m aterial and im pact breccia.

Isolated hills 
Sm all isolated hills.
Interpretation: A ncient highland m aterial and im pact breccia.

V olcanic constructs.

Fresh im pact crater m aterials 

Large ram part crater  

Sm all ram part crater  

Possible sm all ram part crater  

Large pedestal crater  

Sm all pedestal crater  

Possible sm all pedestal crater  

C hannel 

Possible channel
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Figure 6.3: M a gn etic  a n d  grav ity  data  for  the six  regions o f  
th e  m artian  su rface  in v estig a ted  in th is study.
a) M a'ad im  V allis region: 172E -182E , 12S-25S
b) C on tro l A  region: 178E -184E , 25S-40S
c) C on tro l C region: 159E -164E , 36S-48S
d) H igh est m agn etisa tio n  region: 170E -185E , 40S-58S
e) C on tro l B region: 185E -195E , 36S -43S
f) N ew ton  cra ter  region: 197E -201E , 35S -45S
A ll o f  the im ages are in L am b ert C on form ai projection . 
T h e m agn etic  in ten sity  sca le  for each im age  is loca ted  at 
th e  low er r igh t o f  the im age  and  the un its are nT.
T h e gravity  co n to u rs are labeled  at in terva ls o f  lOOmgal. 
T h e genera l layou t o f  th is figure reflects th e  relative  
p osition s o f  th e  six  reg ions on th e  su rface  o f  M ars, 
w ith  the excep tion  o f  the M a ’adim  Vallis region , 
w h ich  is a c tu a lly  n o rth ea st o f  the C on tro l A  region .
N orth  is tow ard s th e  top  o f  the page.
Im ages are p rovided  by  C arol R aym on d  at JP L /N A S A .
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F igu re  6.4: T op ograph y data  for  th e  six reg ions o f  
th e  m artian  su rfa ce  in v estig a ted  in th is study.
a) M a'ad im  V allis region: 172E -182E , 12S-25S
b) C on tro l A region: 178E -184E , 25S-40S
c) C o n tro l C region: 1 5 9 E -164E , 3 6 S -48S
d) H igh est m a g n etisa tio n  region: 170E -185E , 40S -58S
e) C o n tro l B region: 185E -195E , 3 6 S -43S
f) N ew ton  cra ter  region: 197E -201E , 35S -45S
A ll o f  the im a g es are in L a m b ert C on form ai projection . 
T h e to p o g ra p h y  sca le  for  each  im age is loca ted  at 
th e  lo w er  r igh t o f  the im age and  th e  un its are m.
T h e g en era l la y o u t o f  th is figu re  reflects the relative  
po sitio n s o f  th e  six  reg ions on the su rface  o f  M ars, 
w ith  th e  excep tion  o f  th e  M a'ad im  Vallis region, 
w h ich  is a c tu a lly  n o rth ea st o f  th e  C on tro l A  region. 
N orth  is to w ard s the top  o f  the page.
Im ages are p rovided  by C aro l R aym on d  at J P L /N A S A .
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6 J  Results
In order to determine possible sources of the observed crustal magnetic anomalies, 

six regions of the martian surface have been studied in detail, comparing the magnetic 

properties with the local gravity, topography, and geology. New geological and feature 

maps were made from Viking images, and then compared with the magnetic, gravity 

and topography data for each of the regions. It is clear that certain features in the 

different datasets for each region are somewhat misaligned. Smith et al. (1998) 

compared MOLA spot locations on the surface of Mars with the Mars Digital Image 

Mosaic and found that some of the features in the images are displaced by 10 to 20 km 

to the east of the altimeter spot locations, and in some cases also to the north or south. 

These misalignments are attributed to a change in the definition of the prime meridian 

location of about 0.1®, a possible systematic error in the modelling of the average 

rotation rate of Mars since Viking, and orbital errors in the original Viking image 

analyses. Each of these three causes can lead to displacements of several kilometres.

The geological and geophysical datasets of three of the regions studied are hi^ily 

correlated, whereas the datasets for the remaining three regions are only weakly 

correlated. Thus, the weakly correlated regions may be considered ‘controls’ on the 

subsequent interpretation of the sources of the magnetic anomalies. Each of the six 

regions is discussed individually in the following six subsections. Comparisons of the 

results obtained for each region are made in section 6.4 and the conclusions are 

presented in section 6.5.

63,1 Region of Highest Magnetisation
This region encompasses the largest magnitude magnetic anomaly detected by

MGS, located on the border between Terra Cimmeria and Terra Sirenum, and a large 

negative gravity anomaly. At the centre of the positive magnetic anomaly its strength is 

more than 600 nT, the strength of the negative gravity anomaly is about -300 mgal and 

the topography is elevated to at least 800 m. At the centre of the negative gravity 

anomaly its strength is maintained at about -300 mgal and the topographic elevation is 

more than 1400 m. In fact, the elevation of the whole of this region is above Mars 

datum (see section 6.2.3). In this region gravity and magnetic data are correlated, 

particularly the northern edge of the magnetic anomaly, and both of these datasets are 

somewhat correlated with topography. The localised nature of the observed anomalies 

reflects the localised nature of their source(s), suggesting that the source of the magnetic 

anomaly may be present at or near the surface.
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The following geological units have been mapped in this region: moderately 

cratered terrain, subdued cratered terrain, ridged plains, smooth plains and etched 

material. Moderately cratered terrain is characterised by a high concentration of impact 

craters, and uneven surfaces with moderate relief. Subdued cratered terrain is also 

characterised by a high concentration of impact craters, but relief is subdued with crater 

floors being filled with smooth deposits and rims being partially buried. Both the 

moderately cratered terrain and the subdued cratered terrain are interpreted as a mixture 

of volcanic materials, erosional products and impact breccia, probably formed during an 

ancient period of high impact flux, the subdued unit having been partially buried by thin 

lava flows and sedimentary deposits. The ridged plains unit is found both within and 

outside large impact craters. It is characterised by broad, flat plains that contain evenly 

spaced, long, sub-linear, low relief, quasi-parallel ridges that are interpreted as extensive 

lava flows with high eruption rates and low effective viscosities, the ridges being either 

volcanic constructs or eompressional features. The smooth plains unit is generally 

smooth, flat and featureless, and is interpreted as interbedded lava flows and aeolian or 

fluvial sedimentary deposits. Etched material is characterised by sinuous, 

interconnecting curved or flat-bottomed grooves that produce a surface that appears 

sculptured or etched, as the name suggests. Smooth deposits fill craters and other 

depressions within this unit. Etched material is interpreted as a mixture of volcanic 

materials, erosional products and impact breccia that has been dissected by aeolian 

erosion, decay and collapse of ground-ice, and minor fluvial activity, the smooth areas 

being formed by deposition of erosional products.

This region is mostly mapped as cratered terrain, approximately half of which has 

subdued relief. The subdued cratered terrain is observed only in the southern half of the 

region, with moderately cratered terrain dominating the northern half. In the north there 

are five separate areas of ridged plains, and at the northern edge of this region there are 

also minor areas of etched material and smooth plains.

The geology in this area does not correlate with the magnetic and gravity datasets, 

and is only weakly correlated with topography. The subdued cratered terrain (elevation 

800 -  2200 m) corresponds to generally lower lying topography than the heavily 

cratered terrain (elevation 1800 -  3200 m). All of the regions of ridged plains and the 

smooth plains are limited to elevations of 600 -  1200 m, whereas the two patches of 

etched material are at different elevations: one at 800 -  1000 m and the other at 1400 -  

2000 m.
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Specific features indicative of the presence of water or ice were also mapped in an 

effort to compare the amounts of water related activity in each of the studied regions, as 

it is possible that magnetic minerals may be concentrated in some locations as a result 

of water-related erosion and deposition. The locations of rampart and pedestal craters 

were mapped, as were the locations of valleys or channels. Rampart and pedestal craters 

were identified by the distinctive topology of their ejecta blankets, which form specific 

shapes that are interpreted as indicative of the presence of volatiles in the target material 

(e.g. Melosh, 1989). The ejecta blankets of rampart craters are often raised above the 

local topography, the edge of the blanket being characterised by an inner moat enclosed 

by a prominent terminal ridge, whereas the ejecta blankets of pedestal craters are raised 

above the local topography, but do not have the distinctive moat-rampart topology. 

There are many classifications of channels and valleys on Mars (e.g. Carr, 1996). In this 

study these features are identified by their sinuous or sub-linear morphology, and 

collectively referred to as channels. No large outflow channels are observed, but a large 

number of small channels are observed, both as extensive dendritic networks and as 

relatively isolated features. All branches of dendritic networks are mapped, but small 

tributaries, particularly those at the margins of the cratered units, and the grooves or 

channels that characterise the etched material are not mapped, as this would make the 

map of this area over-complicated. However, the location of the etched material is taken 

together with the mapped channels when looking for correlations between them and 

other datasets.

The channels that have been mapped in this region are concentrated in the 

moderately cratered terrain, particularly at the margins of this unit. A few of the 

channels do cross the unit boundary into the ridged plains, and a few are observed in the 

subdued cratered terrain. There are no channels in the smooth plains. The channels 

mapped in this region are generally found at elevations greater than 1200 m, although 

some channels do drain to lower elevations. The locations of neither the etched material 

nor the mapped channels are correlated with the location of the magnetic and gravity 

anomahes in this region.

The rampart and pedestal craters mapped in this region are all found at elevations 

greater than 600 m. None of these craters were mapped in either the etched material or 

the smooth plains, but they were observed in all the other geological units. The location 

of these craters is not correlated with the location of the etched material, the mapped 

channels or the magnetic or gravity anomalies in this region. Although there are several
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of these craters located in the centres of the magnetic and gravity anomalies, these 

craters are also found throughout the rest of this region.

In summary, the magnetic and gravity data are correlated in this region, and both 

are somewhat correlated with moderately high topography. On the other hand, the 

geology of the region is also weakly correlated with topography, but is not correlated 

with either the magnetic or gravity data. The locations of mapped craters and channels 

in this region are not correlated with one another. The locations of these features, which 

are interpreted as evidence for the presence of water or ice, are only partially correlated 

with geology and topography, and are not correlated with either the magnetic or gravity 

data. Although the correlation of magnetic and gravity data in this region suggest that 

the source of the anomaly may be present at the surface, further data is required to 

determine the exact depth of the source as it is not evident in either imagery or 

topography data currently available.

6.3.2 Ma’adim Vallis
This is the only one of the six regions that has been previously studied in great

detail (see section 6.1). Previous studies of this region have been focused on the 

formation and evolution of Ma’adim Vallis and Gusev crater, into which Ma’adim 

debouches (Cabrol et al.̂  2000 and references therein).

It appears that the location of Ma’adim Vallis correlates with the switch from 

positive to negative magnetisation along the western edge of a large positive magnetic 

anomaly, indicating a possible structural boundary. The maximum strength of the 

positive magnetic anomaly to the east of Ma’adim Vallis is 100 nT and that of the 

negative magnetic anomaly to the west of Ma’adim Vallis is -100 nT. There is a general 

decrease in topography across Ma’adim Vallis: to the east the elevation is 800 -  3200 m 

and to the west the elevation is 0 -  1600 m. There is also a small positive magnetic 

anomaly (~50 nT) located in the northwest comer of this region, which has low 

topography between -1000 m and -3000 m. There is a positive gravity anomaly of 

maximum strength 200 mgal covering the whole of this region, and therefore there is no 

correlation between gravity and either magnetic anomalies or topography.

The following geological units have been mapped in this region: heavily cratered 

terrain, moderately cratered terrain, subdued cratered terrain, channel material, large 

chaotic material, intermediate etched-chaotic material, ridged plains, smooth plains, 

isolated hills and fresh impact crater materials. The characteristics of moderately 

cratered terrain, subdued cratered terrain, ridged plains and smooth plains are described 

in section 6.3.1 above. Heavily cratered terrain is characterised by a high concentration
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of impact craters and uneven surfaces with moderate to high relief, and is interpreted as 

a mixture of volcanic materials, erosional products and impact breccia, probably formed 

during an ancient period of high impact flux. Channel material is generally smooth and 

featureless, covering the floors of larger charmels and the craters into which they 

debouch, and is interpreted as a mixture of sedimentary channel deposits and mass- 

wasted material. Large chaotic material is characterised by patches of closely spaced 

subhedral knobs of similar heights and is generally limited to low-lying areas e.g. crater 

floors, and is interpreted as erosional remnants of heavily cratered terrain. As the name 

suggests, intermediate etched-chaotic material has characteristics common to both 

etched material and chaotic material: sinuous, intersecting curved to flat-bottomed 

grooves that form small irregular mesas are coupled with closely spaced subhedral 

knobs of similar heights. This material is interpreted as erosional remnants of heavily 

cratered terrain and suggests a sequence of units that are formed as a result of the 

cumulative effects of ongoing erosion and deposition from heavily cratered terrain, 

through moderately cratered terrain, subdued cratered terrain, to etched material, 

intermediate etched-chaotic material, large chaotic material, and finally small chaotic 

material.

The major features of this region are Ma’adim Vallis and Gusev crater. Gusev 

crater is ~150 km in diameter, and is located to the north of the area. Ma’adim Vallis 

runs south-north through the centre of the region. The floor of Ma’adim Vallis and the 

floor of Gusev crater are covered with channel materials. A small section of the 

northern rim of Gusev crater has been buried by channels materials, which were 

presumably deposited as a result of flooding episodes along Ma’adim Vallis. The 

northeastern edge of the rim of Gusev crater is well preserved, but the remainder of the 

rim has been degraded by burial, erosion and collapse. There is a second crater to the 

west of Gusev that appears to be much older than Gusev, and has the remains of a 

channel debouching into it. The floor of this second crater and its associated channel are 

both also covered with channel material. It is possible that this is a relic channel from an 

ancient path of Ma’adim Vallis, indicating that the channel is very old and has the 

ability to migrate over time.

The region is largely mapped as cratered terrain, with the majority of the land on 

both sides of Ma’adim Vallis mapped as subdued cratered terrain. There is a tongue of 

heavily cratered terrain running from the northeastern edge to the approximate centre of 

the region, and an area of moderately cratered terrain in the southwest of the region. In 

the northwest of the region there is an area of material that has characteristics of both
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chaotic and etched material. The boundaries of this material are gradational with 

channel materials, except to the south where it is confined by its boundary with subdued 

cratered terrain. The boundary between the intermediate etched-chaotic material and the 

subdued cratered terrain is interpreted as the martian hemispheric dichotomy boundary. 

There is also a small area of smooth material north of the dichotomy boundary and east 

of Gusev crater. In the southeast of the region there is an area of ridged plains and large 

chaotic material is found on the floor of a single crater of -50 -  100 km diameter. 

Finally, two small isolated hills are mapped west of Ma’adim Vallis.

There is no correlation between the positive gravity anomaly that covers the 

whole of this area and the local geology. It is possible that there is some structural 

control on the location of Ma’adim Vallis that also influences the magnetic field 

signature, but no clear transition is observed fi'om one geological unit to another across 

the channel. However, the geology is correlated to the topography in this area. The 

slope of the martian dichotomy boundary is apparent in the associations of the major 

geological units with decreasing elevations: The heavily cratered terrain correlates with 

high topography (elevation 1200 -  3000 m) and the moderately cratered terrain 

correlates with moderately high topography (elevation 800 -  2000 m), whereas the 

subdued cratered terrain correlates with generally lower topography at elevations 

between -1200 m and 1600 m. The channel material correlates with low topography: 

the floor of Ma’adim Vallis is at an elevation of about -200 m at its proximal end, 

decreasing to about -1800 m where it debouches into Gusev crater. Both the 

intermediate etched-chaotic material and the smooth material correlate with very low 

topography, having elevations between -1000 m and -3200 m, and between -1000 m 

and -2000 m respectively. The minor geological units are also correlated with 

topography: The ridged plains are associated with a small range of moderately high 

topography (elevation 600 -  1000 m) and the large chaotic material is confined to the 

floor of a crater at an elevation of -400 m. As expected, the small isolated hills have the 

highest elevation, reaching a maximum height of 3200 m. The well-preserved section of 

Gusev crater rim is at an elevation of about -400 m, which is -1400 m above Gusev 

crater floor.

The geology of the region is obviously related to the location of channels within 

the region, as a significant portion of the region is covered with channel materials. 

Aside from Ma’adim Vallis, the smaller channels in this region are found in the heavily, 

moderately and subdued cratered terrains, with some draining from the subdued cratered 

terrain into the intermediate etched-chaos material. As for etched material, although the
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intermediate etched-chaotic material is characterised by grooves that are taken as 

evidence for the presence of water or ice, these grooves are not included in the map of 

channels as that would result in the map becoming over-complicated. The smaller 

mapped channels do not appear to be confined to particular elevations and are not 

correlated with the gravity or magnetic data. Although the location of the intermediate 

etched-chaotic material does appear to correspond to that of the small northern magnetic 

anomaly, it is possible that the magnetic anomaly is associated with the change in 

topography rather than the change in geology. As stated previously, the location of the 

large channel Ma’adim Vallis corresponds to the transition jfrom a positive magnetic 

anomaly in the east to a negative magnetic anomaly in the west.

The rampart and pedestal craters mapped in this region loosely correlate with the 

local geology, in that they are concentrated in the cratered terrains and are not observed 

in either the channel material, the intermediate etched-chaotic material or the large 

chaos. This also loosely corresponds to a correlation with locations south of the martian 

dichotomy and an anti-correlation with locations north of the dichotomy. The mapped 

craters are concentrated at elevations between the Mars datum and 1600 m and their 

locations are not correlated with either the magnetic or gravity anomalies. There is no 

correlation between the locations of the mapped craters and those of the channels 

mapped in this region.

In summary, there is general correlation between the magnetic data and the 

topography in this region, but although there is a correlation between the geology and 

the trend of topography, any specific correlation between the geology and the magnetic 

data remains unclear. The locations of Ma’adim Vallis and the martian dichotomy 

boundary both correlate with changes in topography and a change from positive to 

negative magnetisation. There may be some structural control on the location of 

Ma’adim Vallis, the change in topography and the change from positive to negative 

magnetisation across Ma’adim Vallis, but any such control is not evident in the imagery 

or the gravity data for this region. Smrekar et al. (2002) identify the location of a 

possible buried fault based on the correlation between an abrupt change in topography 

and the location of a change in polarity of the magnetic field. It is possible that the 

correlation of the change in topography and the change from positive to negative 

magnetisation in this region is also indicative of the presence of a buried fault. The 

locations of mapped craters and charmels or grooves in this region are not correlated 

with one another. The locations of these features that are taken as evidence for the 

presence of water or ice are partially correlated with geology and topography, but are
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not correlated with either the magnetic or gravity data. In fact, the gravity data do not 

correlate with any of the oüier datasets in this region.

63.3 Newton Crater
The location of Newton crater correlates with that of both a negative magnetic

anomaly and a negative gravity anomaly. Newton crater is a circular depression in 

topography that reaches a minimum of about -2000 m. The strength of the strikingly 

circular gravity anomaly over the centre of Newton crater is about -100 mgal, changing 

to about -350 mgal over the centre of the negative magnetic anomaly. The centre of the 

negative magnetic anomaly has a maximum strength of -250 nT and is southeast of 

Newton crater, the strength of the magnetic anomaly over Newton crater being about -  

100 nT. There is also a positive magnetic anomaly fiirther north of Newton crater that 

reaches a maximum strength of about 250 nT, the location of which corresponds to a 

negative gravity anomaly that has a maximum strength of about -400 mgal and is 

associated with high topography (elevation 2400 -  4400 m).

The following geological units have been mapped in this region: heavily cratered 

terrain, ridged plains, smooth plains, rough hills, isolated hills, fresh impact crater 

materials and volcanic constructs. The characteristics of heavily cratered terrain, ridged 

plains and smooth plains are described above. The rough hills are highly fractured and 

are interpreted as ancient highland material and impact breccia.

The geology in this region is clearly dominated by Newton crater, which is -300 

km in diameter. The rim of the crater is still clearly identifiable, suggesting that this 

crater formed fairly recently. However, Newton crater does have some signs of 

degradation. Firstly, the crater rim is not pristine. There are a number of smaller impact 

craters superposed upon the rim, and there is clear evidence of slumping of the crater 

walls to form terraces, particularly along the southern rim of the crater. Secondly, the 

crater floor has been covered with smooth plains upon which smaller impact craters 

have subsequently formed. Finally, there is a volcanic construct located to the west of 

centre of the crater floor that has a maximum elevation o f400 m. The volcanic construct 

does not appear to be a central peak associated with the formation of the crater, but 

rather a separate construct formed some time after the formation of the crater. The 

maximum elevation of Newton crater rim is 1600 m, the maximum change in elevation 

from the crater floor to the crater rim being about 3600 m.

Newton crater is almost surrounded by heavily cratered terrain, which covers the 

majority of the remainder of the region. There is an area of ridged plains in the northeast 

comer of the region. To the southwest of Newton crater there is an area of smooth
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plains that is separated from the crater rim by a range of small isolated hills. Another 

small isolated hill is located within the area of smooth plains, at the western edge of the 

region. There is also an area of rough, fractured hills to the south of Newton crater.

The location of Newton crater is correlated with both gravity and magnetic 

anomalies and with topography. Aside from the fresh crater rim material, the geology of 

the region is only weakly correlated with topography. Whereas the smooth plains within 

Newton crater correspond to very low topography (elevation -2000 m) the smooth 

plains to the southwest of Newton crater correspond to moderately high topography 

(elevation 400 -  1400 m), with the associated small hills reaching a maximum elevation 

of 1800 m. Both the heavily cratered terrain and the rough hills correspond to high 

topography (elevation 1200 -  4400 m and 1600 -  4000 m, respectively), and the ridged 

plains correspond to moderately high topography (elevation 600 -  1400 m).

The channels mapped in this region are located almost exclusively in the heavily 

cratered terrain, the rough hills and the rim of Newton crater, particularly at the margins 

of these units. The one exception is a channel that crosses the boundary between the 

heavily cratered terrain and the ridged plains. No channels are mapped above 3000 m 

and only those on the inside walls of Newton crater rim drain to elevations lower than 

400 m. There is no correlation between the location of the channels and that of the 

gravity and magnetic anomalies.

The rampart and pedestal craters mapped in this region are found in all the 

geological units except the fresh rim of Newton crater. These craters are generally 

limited to elevations lower than 2600 m. This is the only region of the six studied to 

show any correlation between the location of these craters and the magnetic data, the 

craters being largely located within the area covered by the negative magnetic anomaly 

in this region. However, there is no clear correlation between the location of these 

craters and the gravity data, as the lateral extent of the negative magnetic anomaly is 

much larger than that of any of the gravity anomalies. There is no correlation between 

the locations of the mapped rampart and pedestal craters and those of the channels 

mapped in this region.

In summary, although there is a clear correlation between the location of Newton 

crater and the topography, gravity and magnetic data, there are also very clear 

correlations between the magnetic and gravity data in this region that are not associated 

with Newton crater. The geology surrounding Newton crater does not correlate well 

with topography or the gravity and magnetic data, but the topography beyond Newton 

crater does correlate fairly well with the gravity and magnetic data. The locations of
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mapped rampart and pedestal craters are largely associated with that of the negative 

magnetic anomaly, but do not correlate with any of the other datasets. The locations of 

the mapped channels are correlated with geology, and weakly correlated with 

topography, but not with the locations of the mapped craters, gravity or magnetic data. 

Newton crater is the most striking visual feature of this region, but the area to the north 

where a positive magnetic anomaly correlates with a large negative gravity anomaly and 

very high topography may prove to be much more interesting in the long term.

63A  Control A
In this region there is no correlation between gravity and magnetic anomalies. 

There are no obvious gravity anomalies in this region, the gravity contours crossing the 

region having an approximately sinuous form and value of about -100 mgal. The 

strength of the magnetic field changes in an approximate northeast-southwest direction, 

resulting in a small positive magnetic anomaly of maximum strength 100 nT in the 

northeast and a negative magnetic anomaly of maximum strength -250 nT in the south. 

The small positive magnetic anomaly is associated with moderately high topography 

(elevation 1000 -  24000 m), but other high topography in the region is not similarly 

associated with a significant magnetic signature. The negative magnetic anomaly in the 

south is not correlated with topography.

The following geological units have been mapped in this region: moderately 

cratered terrain, subdued cratered terrain, rough hills, ridged plains, smooth plains, 

etched material, large chaotic material, small chaotic material, channel material, fresh 

impact crater material and volcanic constructs. The characteristics of moderately 

cratered terrain, subdued cratered terrain, rough hills, ridged plains, smooth plains, 

etched material, large chaotic material, and channel material are described above. Small 

chaotic material is characterised by patches of small, evenly spaced subhedral knobs of 

similar heights that are separated by smooth deposits, and is interpreted as erosional 

remnants of heavily cratered terrain that has been extensively eroded.

The geology of this region is complex. The north and northwest is subdued 

cratered terrain that contains the source of the channel Ma’adim Vallis. There is also a 

small area of subdued cratered terrain at the west-central edge of the region. There are 

areas of ridged plains in the northeast and in the west. In the west the ridged plains are 

found both inside and beyond the limits of a large fresh impact crater. The rim of this 

crater (maximum elevation 2000 m) has been breached to the northeast, but the ridged 

plains do not appear to form one continuous outcrop through the resulting gap. There is 

an area of rough hills in the centre of the region that separates the etched material in the
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central north from that in the southwest. The etched material in the southwest contains a 

region of small chaotic material. The southeast of the region is a combination of small 

areas of smooth plains, large chaotic material, small chaotic material, and etched 

material. There is also a small area of moderately cratered terrain at the south-central 

edge of the region. Finally there is a volcanic ridge in the central south that trends in the 

approximately east-west direction and reaches a maximum elevation of about 1600 m. 

This construct is superposed over two faults that cut across adjacent units, and is 

therefore significantly younger than both the adjacent units and the faults.

The geology of the region is poorly correlated with topography, the boundaries 

between geological units not always corresponding to significant changes in 

topography. The path of the proximal end of Ma’adim Vallis is not particularly clear in 

the topography data for this region, the mapped location of charmel material 

corresponding to elevations of 0 -  400 m. Both areas of subdued cratered terrain 

correspond to moderately high topography (elevation 400 -  2200 m). The ridged plains 

in the northeast are associated with high topography (elevation 1000 -  2400 m) whereas 

those in the west are associated with significantly lower topography (elevation 0 -  1200 

m). The rough hills are generally associated with moderately high topography (elevation 

1200 -  2000 m) and also contain a linear ridge in the central west that reaches a 

maximum elevation of about 3000 m. This linear ridge is clearly observed in the 

topography data, but is not evident in the Viking imagery. The etched material in the 

central north corresponds to limited moderate topography (elevation 0 -  400 m), 

whereas that in the southwest corresponds to a larger range of moderate topography 

(elevation 0 -  1200 m), with the elevation increasing towards the margins of this unit. 

There is an apparent graben running approximately north-south through the northern 

branch of the southwest area of etched material. The area of small chaotic material 

within the southwest area of etched material corresponds to elevations between -400 m 

and 400 m. The majority of the southeast corresponds to an elevation of about 400 m. 

However, the large chaotic material corresponds to elevations between -800 m and -  

200 m, and the smooth plains embay the large chaotic material down to an elevation of 

about -400 m. The moderately cratered terrain corresponds to moderately high 

topography (elevation 1200 -  2000 m). Neither the topography nor the geology of the 

region is correlated with the gravity field. The magnetic anomaly in the south weakly 

correlates with units showing extensive erosion: etched material, large chaotic material 

and small chaotic material. Although the small magnetic anomaly in the northeast 

correlates with topography it does not correlate with geology.
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In this region several geological units are characterised by features that could be 

described as grooves or channels and that are interpreted as evidence for the presence of 

water or ice: etched material, large chaotic material and small chaotic material. As in 

other regions, although these units are taken as evidence for the presence of water or 

ice, these grooves or channels are not included in the map of channels in this region as 

that would result in the map becoming over-complicated. The channels that are mapped 

in this region are largely concentrated in the rough hills, and may therefore be 

associated with moderately high topography. However, since there are several other 

areas that show evidence for the presence of water or ice that are associated with 

significantly lower topography there is no correlation between the location of channels 

and topography in this region. Also, there is no correlation between channels and 

gravity or magnetic anomalies in this region.

The locations of mapped rampart and pedestal craters do not correlate with those 

of channels, geology, gravity or magnetic anomalies in this region, but are limited to 

elevations between -400 m and 2000 m.

In summary, there are no correlations between gravity and any of the other 

datasets in this region, whereas there are weak correlations between topography and 

both magnetic data and geology. There is only a very weak correlation between geology 

and magnetic data and there is no correlation between the locations of either the mapped 

craters or the locations of channels or grooves with any of the other datasets for this 

region.

6.3.5 Control B
The location of an approximately semi-circular negative gravity anomaly on the 

northern edge of this region, that reaches a maximum strength of about -200 mgal, is 

correlated with the location of an approximately circular depression in topography down 

to a minimum elevation of about -400 m, but there is no associated magnetic anomaly. 

On the other hand, there is a negative magnetic anomaly at the western edge of this 

region that is not correlated with gravity or topography. Therefore, the magnetic field in 

this region is not correlated with either gravity or topography, but gravity and 

topography are correlated with one another.

The following geological units have been mapped in this region: Heavily cratered 

terrain, smooth plains, etched material, large chaotic material, small chaotic material, 

isolated hills and volcanic constructs. The characteristics of these units are described 

above. The geology of this region is dominated by large areas of etched material in the 

southwest and smooth plains in the northeast. There are also small areas of smooth
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plains at the western edge and in the southeast of this region. The large area of smooth 

plains in the northeast contains two areas of large chaotic material, both of which are 

located within the circular negative gravity anomaly and are associated with elevations 

between -400 m and Mars datum. The smooth plains embay the large chaotic material 

down to a minimum elevation of -400 m. In contrast, the small area of smooth plains in 

the southeast contains an area of small chaotic material that is at an elevation of about 

1000 m. There are three minor outcrops of heavily cratered terrain in the northwest, 

north-central and northeast, and a small isolated hill at the eastern edge of the region 

that reaches a maximum elevation of 2600 m. The etched material in the southwest 

contains three relatively small volcanic constructs located in the northwest, southwest- 

central and southwest, which have maximum elevations of 3600 m, 400 m and 2000 m 

respectively.

The geology of this region is partially correlated with topography. All regions of 

smooth plains in this area are generally associated with moderately high topography 

(elevation 400 -  1600 m), as are all three areas of heavily cratered terrain (elevation 

1200 -  2200 m). The large chaotic material is correlated with low topography and 

although the small chaotic material is associated with relatively high topography, all 

three chaotic regions in this area are confined to the interiors of old impact craters. 

However, the etched material in the southwest is associated with a wide range of 

topography (elevation 0 -  2200 m). In particular, there is an approximately circular 

depression in topography within the area mapped as etched material that reaches a 

minimum elevation at the Mars datum but is not apparent in the Viking imagery and is 

not correlated with geology. This southwestern topographic depression is interpreted as 

the site of a veiy old impact crater, which has been substantially modified over time. 

Hence, the geology of this area is generally correlated with topography in the north, but 

not in the south. The geology in this area is also correlated with the circular negative 

gravity anomaly in the north, but is not correlated with any magnetic anomalies.

As in the region designated Control A, there are several geological units in this 

region that are characterised by features that could be described as channels and that are 

interpreted as evidence for the presence of water or ice: etched material, large chaotic 

material and small chaotic material. As before, although these units are taken as 

evidence for the presence of water or ice, these features are not included in the map of 

channels in this region as that would result in the map becoming over-complicated (see 

section 6.3.1). However, in this region there are a number of larger distinct channels that 

flow through the etched material, and these are included in the map of channels in this
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region. The channels mapped in this region are confined to the heavily cratered terrain 

and the etched material, and may be associated with moderately high topography, but 

since there are several other areas that show evidence for the presence of water or ice 

that are associated with significantly lower topography there is no correlation between 

the location of channels and topography in this region. The gravity anomaly in the north 

of this region is associated with the location of channels within the large chaotic 

material, but there is no correlation between the locations of channels and magnetic 

anomalies in this region.

The rampart and pedestal craters mapped in this area are found only in the etched 

material and smooth plains. The locations of these craters are not correlated with the 

locations of channels, topography, gravity or magnetic anomalies.

In summary, there is a circular negative gravity anomaly in the north of this region 

that is associated with low topography and large chaotic material, which may be 

interpreted as evidence for the presence of water or ice. Aside from this northern area, 

there is no correlation between gravity and either topography or geology, or between 

topography and geology. The locations of mapped craters and channels are weakly 

correlated with geology in this region, but are not correlated with topography or gravity 

or each other. The magnetic data does not correlate with any other datasets for this 

region.

6.3.6 Control C
Whereas there is no significant gravity anomaly in this region, there is a large 

negative magnetic anomaly in the central-east that has maximum strength of -400 nT 

and is loosely associated with moderately high topography (elevation 800 -  2200 m). 

There is also a positive magnetic anomaly in the southwest of the region that has 

maximum strength of 250 nT that is not correlated with either gravity or topography. 

Hence, there is no correlation between gravity and either topography or the magnetic 

anomaly in this region, but there is a very weak correlation between topography and the 

central-east magnetic anomaly.

The following geological units have been mapped in this region: Dissected 

cratered terrain, ridged plains, ridged and cratered plains, smooth plains and volcanic 

constructs. The characteristics of the ridged plains and smooth plains are described 

above. Dissected cratered terrain is characterised by a high concentration of impact 

craters, fiactures and channels, uneven surfaces and moderate to high relief. This unit is 

interpreted as a mixture of volcanic materials, erosional products and impact breccia 

that has been subject to more fluvial activity than other cratered units. The ridged and
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cratered plains are characterised by broad plains that contain widely spaces, long, 

sublinear, moderate to high relief, sub-parallel ridges. The areas between the ridges are 

rougher and more heavily cratered than in the ridged plains unit. This unit is interpreted 

as extensive lava flows with high eruption rates and low effective viscosities, the ridges 

being interpreted as volcanic constructs, compressional or extensional features.

This region has the least complex geology of the six studied. The north of this 

region is dominated by dissected cratered terrain. There is an area of ridged plains in the 

northeast and two areas of smooth plains located in the north and at the northwestern 

edge of the region. The south of this region is largely composed of ridged and cratered 

plains. There is also a small volcanic ridge in the southwest that reaches a maximum 

elevation of 3000 m.

The geology of this region is somewhat correlated with topography. In the north 

the dissected cratered terrain is associated with moderately high topography (elevation 

1200 -  2400 m), the ridged plains are associated with generally lower topography 

(elevation 400 -  1400 m) and the two areas of smooth plains both have low elevations 

of about 400 m. The ridged and cratered plains in the south are also associated with 

moderately high topography (elevation 0 -  1800 m). The geology in this region is not 

correlated with either gravity or the east-central negative magnetic anomaly.

The channels mapped in this area are largely concentrated in the dissected 

cratered terrain, and are limited to elevations greater than about 400 m. The locations of 

these channels are not correlated with either gravity or the east-central magnetic 

anomaly.

The locations of rampart and pedestal craters mapped in this area show no 

correlation with those of mapped channels, geology, topography, gravity or the east- 

central magnetic anomaly.

In summary, the geology in this region is somewhat correlated with topography, 

but not gravity or magnetic data. The magnetic data are weakly correlated with 

topography, but is not correlated with either gravity or geology. The locations of 

channels mapped in this region are correlated with geology, and hence somewhat with 

topography, but not with gravity or magnetic data. The locations of craters mapped in 

this region are not correlated with any of the other datasets.

This concludes the detailed descriptions of the six regions studied. In the next 

section of this chapter the six regions are compared with one another in an attempt to 

determine any larger trends.
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6.4 Discussion
The aim of this study is to compare geophysical and geological data for Mars in 

order to determine possible sources for the observed crustal magnetic anomalies. To this 

end, three regions in which the geophysical datasets strongly correlate were examined, 

along with three regions where the geophysical datasets are only weakly correlated, the 

weakly correlated regions being used as controls on the subsequent interpretation of the 

sources of the magnetic anomalies. In the previous section of this chapter each of the six 

regions studied was described in detail. In this section the six regions are compared with 

one another in an attempt to determine any larger trends. Firstly, the three strongly 

correlated areas are compared with one another, then the three weakly correlated 

regions are compared with one another, and finally the strongly correlated regions are 

compared with the weakly correlated regions.

6.4.1 Strongly Correlated Regions
The three strongly correlated regions (region of highest magnetisation, Ma’adim

Vallis region and Newton crater region) were selected for this study because the 

location of magnetic anomalies in each region strongly correlates with the trend or 

gradient of the gravity field or the local topography. However, the geophysical datasets 

are correlated in different ways for each region, as discussed below.

In the region of highest magnetisation the location of a large positive magnetic 

anomaly is correlated with a negative gravity anomaly. In contrast, in the Ma’adim 

Vallis region, which is entirely covered by a positive gravity anomaly, there is a large 

positive magnetic anomaly to the east of Ma’adim Vallis, a large negative magnetic 

anomaly to the west of Ma’adim Vallis, and a small positive magnetic anomaly in the 

northwest. In the Newton crater region a negative magnetic anomaly correlates with a 

negative gravity anomaly over the location of Newton crater, and to the north of 

Newton crater there is a positive magnetic anomaly that correlates with a negative 

gravity anomaly. Thus, positive magnetic anomalies correlate with negative gravity 

anomalies in both the region of highest magnetisation and the north of the Newton 

crater region, whereas a negative magnetic anomaly correlates with a negative gravity 

anomaly directly over Newton crater, and the positive gravity signature over the 

Ma’adim Vallis corresponds to both positive and negative magnetic anomalies.

In both the region of highest magnetisation and the north of the Newton crater 

region the locations of the correlated positive magnetic and negative gravity anomalies 

also correlate with relatively high topography. In contrast, the correlated negative 

magnetic and negative gravity anomalies directly over Newton crater also correlate with
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the low topography of Newton crater floor. Although there is no correlation between 

gravity and topography in the Ma’adim Vallis region, the transition from a positive 

magnetic anomaly to the east of Ma’adim Vallis to a negative magnetic anomaly to the 

west of Ma’adim Vallis correlates with a general decrease in topography, and in the 

northwest of this region, a small positive magnetic anomaly correlates with a decrease 

in topography corresponding to the location of the martian hemispheric dichotomy.

In the region of highest magnetisation the geology does not correlate with the 

gravity or magnetic data and is only weakly correlated with topography. Although there 

is a clear correlation between the location of Newton crater, the magnetic and gravity 

data and the topography data, the geology of the surrounding area does not correlate 

well with topography or the correlated positive magnetic and negative gravity anomalies 

discussed above. In the Ma’adim Vallis region there is no correlation between gravity 

and geology. However, there are interesting correlations between geology and 

topography, and possibly geology and the magnetic data in this region. Firstly, the 

location of Ma’adim Vallis correlates with a change in polarity of the magnetic field and 

a change in topography that may indicate the presence of a buried fault. Secondly, the 

small positive magnetic anomaly in the northwest of this region correlates with the 

erosional remnants and smooth deposits associated with the lower topography found 

north of the martian dichotomy boundary.

There is no correlation between the locations of specific features indicative of the 

presence of water or ice and either the gravity or magnetic data in the region of highest 

magnetisation. Aside from the location of Ma’adim Vallis itself, the locations of neither 

channels nor rampart and pedestal craters are correlated with the gravity or magnetic 

data in the Ma’adim Vallis region. In contrast, although there is no correlation between 

the locations of channels and the geophysical data for the Newton crater region, this is 

the only region in which any correlation between the location of rampart and pedestal 

craters is observed, the locations of the craters generally correlating with the negative 

magnetic anomaly.

In summary, there are areas within each of the strongly correlated regions where 

there are correlations between the datasets, but there is no clear trend of correlations 

across all three regions.

6.4.2 Control Regions
The remaining three regions (control A, control B and control C) were selected for

this study because there is no clear correlation between the local magnetic and gravity 

data, allowing these regions to act as controls on the subsequent interpretation of the
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sources of the magnetic anomalies. These three regions are now compared with one 

another.

There is no clear correlation between topography and either gravity or magnetic 

data in the control A region. In the control B region the topography is not correlated 

with the magnetic data, but it is correlated with the gravity data. In contrast, there is no 

correlation between gravity and topography in the control C region, but there is a very 

weak correlation between topography and the magnetic data.

There is no clear correlation between the geology of the control A region and the 

topography, magnetic or gravity data. There is no clear correlation between geology and 

the magnetic data in the control B region, but there is a correlation between the geology 

and the correlated gravity anomaly and topographic depression in the north of this 

region. In the control C region there is a weak correlation between geology and 

topography, but there is no correlation between geology and either the gravity or 

magnetic data.

The locations of specific features indicative of the presence of water or ice are not 

correlated with any of the other datasets for any of the three control regions, apart fi'om 

the correlation of the location of channels with geology in the control C region.

In summary, there are very few correlations between the datasets in the control 

regions.

6.4.3 Overall Trends
There is no clear trend of correlations between the magnetic and gravity data

across the six studied regions. The topography across all of the regions studied is 

generally above Mars datum, with elevations below this associated with impact craters 

or channels. The exception is the small area of the northern lowland plains in the 

northwest of the region around Ma’adim Vallis.

Newton crater and the approximately circular depression in topography in the 

north of region control B are both associated with negative gravity anomalies, as is the 

high topography north of Newton crater, but aside fi'om these three locations there are 

no other clear correlations between gravity and topography. There is an apparent 

correlation between a change in topography and a change fi'om positive to negative 

magnetisation across Ma’adim Vallis. Also, to the north of Newton crater is an area 

where a positive magnetic anomaly is associated with a negative gravity anomaly and 

high topography. Aside from these two locations there are no clear correlations between 

topography and the magnetic data.
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There is a general correlation between some geological units and topography 

across the studied regions. The control regions A and B have much larger areas 

characterised by water or ice related erosional features than any of the other regions, 

with these areas being generally associated with relatively low-lying topography. In the 

region around Ma’adim Vallis there is also substantial evidence of the presence of water 

that is limited to the floor of Ma’adim Vallis and Gusev crater a small area of 

intermediate etched-chaotic terrain in the northwest of the region that is in fact north of 

the dichotomy boundary and a small area of large chaotic material that is confined to the 

floor of an impact crater. Smaller areas characterised by substantial evidence of the 

presence of water or ice erosion observed in the other regions studied are similarly 

confined to low-lying topography or the floors of impact craters. High topography is 

generally associated with rough hills or cratered terrain, with the amount of erosion and 

burial of these units increasing at lower elevations.

There are no general trends of correlations between geology and either magnetic 

or gravity data across the studied regions. This may be interpreted as indicating that, 

despite the linear appearance of many of the crustal remanent magnetic anomalies, they 

are not relics of an earlier era of plate tectonics, as it is expected that any process that 

would destroy geological evidence of such an era would also destroy any associated 

magnetic signatures. However, the martian surface has undergone large quantities of 

resurfacing, burial and erosion and so any evidence either for or against an era of plate 

tectonics early in martian history remains inconclusive at this time.

The location of volcanic material is generally independent of topography across 

the studied regions. The ubiquitous occurrence of volcanic material (smooth plains, 

ridged plains, ridged and cratered plains and volcanic constructs) shows that eruption of 

lavas on the surface is common to both the strongly and weakly correlated regions, 

indicating that resurfacing is not a cause of first order density and magnetic contrasts 

across the studied regions. There is no compelling evidence that the presence of water- 

or ice-related features in regions of weaker correlation indicates that chemical 

weathering has reduced or destroyed the primary magnetisation in these regions: 

magnetic anomalies in these regions are similar in size and strength to those in the 

strongly correlated regions. All regions studied also show extensive evidence of 

erosional and depositional activity, in contrast to the relative sparsity of correlations 

between the geophysical datasets, indicating that the anomalies are more likely to be 

associated with the underlying bedrock than with the erosional and depositional 

processes that modified the surface. Unfortunately, burial and erosion of the surface
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geology is too extensive to characterise the underlying bedrock using current datasets. 

Future high-resolution radar mapping of the martian surface, coupled with low- 

frequency sounding, may provide a means to distinguish variations in the bedrock that 

correlate with the magnetic and gravity contrasts.

6.5 Conclusions
The Mars Global Surveyor mission has established unambiguously that Mars does 

not currently possess a significant global magnetic field and therefore does not currently 

have an active dynamo. However, this mission has detected the presence of magnetic 

anomalies on the martian surface and an understanding of these anomalies may be used 

to infer the magnetic properties of the martian interior.

In order to determine possible sources of the observed crustal remanent magnetic 

anomahes, six regions of the martian surface have been studied in detail: three regions 

where the trend or gradient of the gravity field correlates strongly to the boundaries 

between positive and negative magnetic anomalies and three regions where there is 

weaker correlation between the geophysical datasets. In each region comparisons were 

made between geology, topography, gravity and magnetic data and trends were sought 

within each region and on a larger scale across all six regions.

There is no clear trend of correlations between the magnetic data and either the 

gravity data or the topography data across the studied regions. Newton crater and the 

approximately circular depression in topography in the north of region control B are 

both associated with negative gravity anomalies, as is the high topography north of 

Newton crater, but aside from these three locations there are no other clear correlations 

between gravity and topography.

There is a general correlation between some geological units and topography 

across the studied regions. Areas characterised by substantial evidence of the presence 

of water or ice erosion observed in the other regions studied are generally confined to 

low-lying topography or the floors of impact craters, whereas high topography is 

generally associated with rough hills or cratered terrain, with the amount of erosion and 

burial of these units increasing at lower elevations. There are no general trends of 

correlations between geology and either magnetic or gravity data across the studied 

regions. There is no conclusive evidence to either support or oppose the hypothesis that 

the crustal remanent magnetic anomalies are relics from an era of plate tectonics early in 

martian history.

The ubiquitous occurrence of volcanic material indicates that resurfacing is not a 

cause of first order density and magnetic contrasts across the studied regions. All
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regions studied also show extensive surface modification by erosional and depositional 

activity, in contrast to the apparent lack of correlations between the geophysical 

datasets, indicating that the anomalies are more likely to be associated with the 

underlying bedrock than with the erosional and depositional processes or products. In 

addition, there is Httle evidence of compositional variations in the layer of dust that 

covers the martian surface, as expected of a mobile layer that is continually reworked on 

a global scale. The ability to distinguish variations in the martian bedrock that correlate 

with the magnetic and gravity contrasts will be invaluable in efforts to determine the 

sources of the martian crustal remanent magnetic anomalies. Future high-resolution 

radar mapping of the martian surface, coupled with low-frequency sounding, may 

provide a means to identify such variations.

The conclusions of this thesis and possible directions for future work are 

presented in the following final chapter.
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Chapter 7: Conclusions
The study of planetary interiors presents intriguing challenges, many of which

result from the lack of tangible sample material. Understanding of planetary interiors 

must therefore be based solely on indirect observation and inference. The combination 

of thermal history models, estimates of bulk chemical composition and observations of 

the gross physical properties of Mars provides key clues to the current composition and 

state of the interior.

An extensive series of missions to Mars is currently underway. The continuing 

collection of data from current and future missions will further increase our 

understanding of the martian interior. In order for the results of future missions to Mars 

to be interpreted, particularly those that will deploy a seismic network, detailed models 

of the martian interior must be developed. The application of computational mineral 

physics to the understanding of the martian interior wiU allow such models to be 

constrained.

In this study, ab initio computer simulations have been used to investigate the 

properties of candidate phases for the martian core at appropriate pressures and 

temperatures. In terms of generality and robustness, ab initio simulations are the best 

that are currently available. However, there are currently a number of limitations to this 

technique. These limitations will be overcome through the continuing development of 

computer codes and the use of simulation techniques (e.g. Quantum Monte Carlo) that 

provide a complementary alternative to Density Functional Theory. This study is the 

first to apply ab initio simulation techniques to the investigation of the martian interior.

Planetary dynamics data and cosmochemical models for Mars suggest that the 

core is composed of iron plus some light-alloying component that is widely believed to 

be sulphur. An understanding of the properties of iron alloys, particularly iron 

sulphides, at appropriate conditions will allow models of the martian core to be 

constrained. In this study, ab initio simulations were performed on a number of iron 

sulphide phases under conditions of pressure and temperature appropriate to the martian 

core.

Investigation of the relative stabilities of FeS polymorphs using ab initio 

simulations has found four stable polymorphs of FeS along the 0 K isotherm with 

increasing pressure: troilite, an MnP-type structure, a monoclinic structure and a CsCl- 

type structure. The simulations of the magnetic behaviour of FeS at a range of pressures 

are in agreement with the experimentally observed behaviour and the structural 

properties of the FeS polymorphs obtained from the ab initio energy-volume

144



Chapter 7: Conclusions

calculations compare well with experimental results, confirming that these simulation 

techniques are robust. The equation of state results are somewhat different from those 

reported from experiments and the reasons for the discrepancies between some values 

remain uncertain, but they may reflect the experimental problems associated with 

studying stoichiometric FeS. The results of the EDOS simulations disagree with the 

experimentally determined electronic properties of FeS as a function of pressure. The 

disagreement may be explained if monoclinic FeS is considered to be a Mott insulator. 

Further work on this issue is required. The simulations of stoichiometric FeS indicate 

that the monoclinic phase is stable under the pressure range of the martian core (<25 -  

50 GPa) and therefore these calculations provide details of the properties of FeS at high 

pressures that have yet to be investigated experimentally.

This work includes the first simulations of the experimentally observed 

polymorph of FegS, and is the first to consider a variety of other hypothetical 

polymorphs. Investigation of the relative stabilities of FegS polymorphs found that only 

the tetragonal FegP-type polymorph is stable along the 0 K isotherm as a function of 

increasing pressure. The structural properties of the FegP-type polymorph obtained from 

the simulations are consistent with those obtained from experiments, but the equation of 

state results are significantly different from those determined experimentally. Although 

the sources of the discrepancies remain unclear, I am confident that the values of bulk 

modulus and its pressure derivatives obtained from these simulations are most likely to 

be similar to those exhibited by FegS under conditions of the martian core.

The scoping study of liquid iron sulphides using ab initio simulations presented in 

this thesis is the first self-consistent investigation of the variation of their structural, 

dynamical and bulk properties as a function of pressure, temperature and composition. 

Analysis of the partial radial distribution functions indicates that sulphur atoms do not 

form chains in liquid iron sulphides. No major structural change is observed in liquid 

iron sulphides with either increasing temperature or increasing sulphur content. The 

dynamic properties of the liquids, including mean square displacements, difiusion 

coefficients and viscosities, are consistent with results reported from previous 

simulations and experiments. Although the partial radial distribution functions obtained 

from the simulations are in agreement with those obtained from experiments at similar 

pressures and temperatures, the equation of state results are not in agreement with some 

experimental results. This may be due to the difficulties associated with accurately 

determining the density of liquids from X-ray absorption spectra. These ab initio 

simulations of liquid iron sulphides constitute the first self-contained theoretical study

145



Chapter 7: Conclusions

of liquid iron sulphides that provide new information about their bulk physical 

properties as a function of pressure, temperature and composition.

New models of the martian interior have been developed that are consistent with 

the observed planetary data for Mars and incorporate the results from the simulations of 

liquid iron sulphides performed in this study. These new models are geophysically 

sound and include new temperature, density and seismic wave velocity profiles as a 

function of depth. Whereas the mantle is modelled simply, the core incorporates new 

information obtained from the theoretical investigation of liquid iron sulphides 

presented in this thesis. The differences between the new models developed in this study 

and other recent models are largely due to the new understanding of iron sulphides 

obtained from the work presented in previous chapters of this thesis and the new 

thermal profile developed in this study. The calculated thermal profiles describe a 

significantly warmer Mars than other recent models and constrain the core to be liquid. 

The calculated thermal profiles are sensitive to the adopted value of the mantle potential 

temperature, but an unrealistically small value would be required to reduce temperatures 

in the core below the melting temperature of the constituent iron sulphides. For a core 

composition of Fe ~16 wt%S the core radius is constrained to -1500 -  1600 km, and for 

a core composition of Fe -27 wt%S the core radius is constrained to -1600 -  1800 km. 

The models produce densities and an adiabatic bulk modulus for the mantle that are 

consistent with olivines, pyroxenes and garnets. A perovskite layer at the base of the 

mantle is excluded from these models as the pressures attained above the core-mantle 

boundary are too low for perovskite to be stable and the transition would result in an 

adiabatic bulk modulus for the mantle that is too large to produce realistic values of the 

normalised moment of inertia. Although the density profiles produced in this study are 

generally in good agreement with those of previous studies, the seismic profiles are 

markedly different in the core region as a direct result of incorporating new values for 

the adiabatic bulk modulus of liquid iron sulphides obtained in this study in the 

calculation of the primary seismic wave velocity. The new seismic profiles indicate that 

the average primary seismic wave velocity in the martian core is less than half that 

predicted by earlier models. The new models presented here may be used to interpret 

data from friture missions that will deploy a seismic network on Mars. In the absence of 

seismic data for Mars, developing an understanding of the surface expression of 

planetary interior processes may refine models for the martian interior.

The Mars Global Surveyor mission has established unambiguously that Mars does 

not currently possess a significant global magnetic field and therefore does not currently
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have an active dynamo. However, this mission has detected the presence of magnetic 

anomalies on the martian surface and an understanding of these anomalies may be used 

to infer the magnetic properties of the martian interior. In order to determine possible 

sources of the observed crustal remanent magnetic anomalies, six regions of the martian 

surface have been studied in detail. There is no clear trend of correlations between the 

magnetic data and either the gravity data or the topography data across the studied 

regions. There is a general correlation between some geological units and topography 

across the studied regions, but there are no general trends of correlations between 

geology and either magnetic or gravity data across the studied regions. There is no 

conclusive evidence to either support or oppose the hypothesis that the crustal remanent 

magnetic anomalies are relics from an era of plate tectonics early in martian history. 

Resurfacing is not a cause of first order density and magnetic contrasts across the 

studied regions. The martian surface has been extensively modified by erosional and 

depositional activity, and the apparent lack of correlations between the geological and 

geophysical datasets in the studied regions indicates that the geophysical anomalies are 

more likely to be associated with the underlying bedrock than with the erosional and 

depositional processes or products. It is not possible to characterise the underlying 

bedrock using current datasets as burial and erosion of the surface is too extensive. The 

ability to distinguish variations in the martian bedrock that correlate with the magnetic 

and gravity contrasts will be invaluable in efforts to determine the sources of the 

martian crustal remanent magnetic anomalies. Future high-resolution radar mapping of 

the martian surface, coupled with low-frequency sounding, may provide a means to 

identify such variations. Current understanding of the crustal remanent magnetic 

anomalies on Mars is not sufficient to further constrain models of the martian interior.

Remaining uncertainties about the martian interior include the exact size, 

composition and state of the martian core, the presence or absence of an inner-core, the 

presence or absence of a perovskite layer, the depth and depth range of transition zones 

within the mantle and mantle mineralogy. The most effective way to address these 

uncertainties is via interpretation of seismic data, which will hopefully become widely 

available within the next decade.
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