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Abstract

Accreting in the first few million years of the Solar System, planetesimals recorded
conditions in the protoplanetary disk and formed the building blocks of the rocky
planets. The meteorite paleomagnetic record carries key insights into the thermal
history of planetesimals and their extent of differentiation. In this thesis, I use thermal
evolution and dynamo generation models to translate meteorite magnetisations into
planetesimal properties.

I begin by presenting a new 1D planetesimal thermal evolution and dynamo gen-
eration model. This magnetic field generation model is the first of a differentiated,
mantled planetesimal that includes both mantle convection and sub-eutectic core so-
lidification. It reconsiders previous assumptions about mantle convection, mantle
viscosity, and core solidification, and includes a unified description of dynamo gener-
ation by thermal and compositional convection.

I first utilise this model to explore the effect of mantle viscosity, core composition
and planetesimal size on dynamo generation. I find that variations in these prop-
erties lead to more variable timings of different planetesimal magnetic field genera-
tion mechanisms than previously thought. As a result, the meteorite paleomagnetic
record cannot be split into three distinct epochs (nebula field, thermal dynamos, com-
positional dynamos). This alters the information we can glean from the meteorite
paleomagnetic record about the early Solar System.

Next, I predict possible differences in dynamo generation for inner and outer Solar
System planetesimals by exploring the effect of mantle water content and core size on
dynamo generation. I find a stark contrast in magnetic field histories between dry, re-
duced and wet, oxidised planetesimals. Comparison with the existing paleomagnetic
record suggests inner Solar System planetesimals formed in moderately reducing con-
ditions and degassed water efficiently during differentiation. Future measurements of
outer Solar System meteorites could determine whether planetesimals in this region
formed in more oxidising conditions and retained more water during differentiation.

Finally, I utilise the time-resolved paleomagnetic records of the Main Group pal-
lasites and IIE irons to determine their parent body properties. I find that these

bodies were likely large with approximately equal core and mantle thicknesses, and



these meteorites originated from close to the surface. As a result, these meteorites
consisting of both metal and silicate are more likely to have formed via impacts than
eruptions of core material into the mantle.

Overall, I combine refined thermal evolution and dynamo generation models with
meteorite paleomagnetism to deepen our understanding of the evolution of plan-
etesimals. Furthermore, I establish the potential of future meteorite paleomagnetic
measurements combined with thermal modelling to reveal new insights about the

protoplanetary disk, in which these planetary building blocks formed.
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Chapter 1

Introduction

Internally-generated magnetic fields are widespread throughout the Solar System. All
the planets, except Mars and Venus, as well as Jupiter’s largest moon, Ganymede,
generate a magnetic field at the present day (Stevenson, 2010; Soderlund et al., 2025).
These magnetic fields provide unique insights into the composition, structure, and
dynamics of planetary interiors. In the gas and ice giants, magnetic fields are thought
to be generated in metallic hydrogen and superionic water layers, respectively, while
in rocky planets and moons, these fields are generated in partially molten, iron-rich
cores (Schubert and Soderlund, 2011; Soderlund et al., 2025). In all scenarios, the
dynamo-generating region must be a fluid, in which flow is sufficiently vigorous to
generate a magnetic field. Remanent magnetisations in rocks can shed light on earlier
periods of magnetic field generation for terrestrial bodies. Samples from Apollo and
Chang’e-5 and remote observations of the Moon (Wieczorek et al., 2022; Cai et al.,
2025), and observations of Mars by missions, such as MAVEN and InSight (e.g.,
Mittelholz et al., 2018; Johnson et al., 2020b), have demonstrated that both bodies
generated magnetic fields in their past. These magnetic records have raised questions
about the thermal evolution of both these bodies. For example, what interior process
drove the intermittent, high intensity magnetic field epoch on the Moon 3.5-3.9 Ga
ago (Weiss and Tikoo, 2014; Evans and Tikoo, 2022; Jung et al., 2024)7 Why is there
a hemispherical dichotomy in Mars’ crustal magnetisation (Mittelholz et al., 2020;
Mittelholz and Johnson, 2022)7

This thesis focuses on interpreting magnetic fields recorded in meteorites — frag-
ments of the earliest forming rocky bodies in the Solar System called planetesimals.
Planetesimals were the building blocks of Earth and the other rocky planets, so their
composition and interior evolution influenced final planetary compositions. For ex-
ample, higher than expected abundances of highly siderophile elements in the Earth’s

mantle are attributed to the accretion of large, differentiated planetesimals at the tail



end of Earth’s accretion (e.g., Bottke et al., 2010; Marchi et al., 2018). Differenti-
ated planetesimals have similar interiors to the rocky planets, but evolve on much
more rapid timescales (millions rather than billions of years) due to their smaller
sizes. Therefore, planetesimals provide an opportunity to understand the whole ther-
mal evolution of a rocky body from high melt fraction at differentiation through to
complete mantle and core solidification. Planetesimals also allow us to understand
a wider range of thermal processes in rocky body interiors, because they experience
stagnant lid convection rather than plate tectonics (Sterenborg and Crowley, 2012;
Bryson et al., 2019a) as well as inward rather than outward core crystallisation (Gub-
bins, 1977; Williams, 2009; Dodds et al., 2025). Since dynamo generation depends
on the structure and thermal state of a planetesimal’s interior, meteorite magnetisa-
tions can reveal the extent of differentiation within planetesimals and the timescales
of their thermal evolution. In this thesis, I use thermal evolution and dynamo gen-
eration models to interpret the meteorite paleomagnetic record enabling me to shed
light on the interior structures and evolution of differentiated planetesimals, and the
composition of the protoplanetary disk.

In this introduction, I will begin by defining a planetesimal and providing an
overview of the meteorite record that we use to understand them (Section 1.1). I will
then explain possible sources of meteorite magnetisations (Section 1.2.1), with a focus
on planetesimal dynamo generation (Section 1.2.2). Next, I will describe the thermal
evolution models used to understand planetesimal dynamo generation (Section 1.2.3)
and summarise the results of previous studies. Finally, I will outline the key questions

in this thesis and how they are addressed in subsequent chapters (Section 1.3).

1.1 Planetesimals and meteorites

1.1.1 Planetesimal and planet formation

The Sun formed from the gravitational collapse of part of a giant molecular cloud —
a region of the galaxy with an increased density of gas and dust (McKee and Ostriker,
2007). After the formation of the Sun, the angular momentum of the remaining gas
and dust flattened this material into a protoplanetary disk around the Sun (Williams
and Cieza, 2011). The first solids to condense in the disk after the ignition of the Sun
were highly refractory solids called calcium-aluminium inclusions (CAls). Therefore,
the formation time of CAls is used as the reference time for the beginning of the Solar
System (Connelly et al., 2012).
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Figure 1.1: Schematic illustrating the relationship between planetesimals, planets,
asteroids and meteorites.
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Within the protoplanetary disk, processes such as radial drift (Drazkowska et al.,
2016) and/or condensation lines (Drazkowska and Dullemond, 2018; Morbidelli et al.,
2022) formed regions with an increased dust-to-gas ratio and high densities of pebbles
(solids large enough to be marginally coupled to the gas; Drazkowska et al., 2022).
Self-gravitating clumps of pebbles then collapsed due to a streaming instability to
form ~ 100 km radius planetesimals (Johansen et al., 2014). Once formed, planetes-
imals underwent successive collisions and mergers to form larger planetesimals, the
terrestrial planets (Morbidelli et al., 2025), and the cores for the formation of the gas
and ice giants by pebble accretion (Lambrechts et al., 2014; Drazkowska et al., 2022).

1.1.2 Planetesimal interior structure

The interior structure of a planetesimal (Figure 1.2) is determined by its size and ac-
cretion time. To differentiate, a planetesimal must be large enough (> 100 km for dif-
ferentiation via rain-out; Lichtenberg et al., 2021) to retain heat and have formed early
enough to have sufficient heating from radiogenic 2Al. Planetesimals that accreted
< 1.5 million years (Ma) after CAI formation fully differentiated, while planetesimals
that formed 1.5-2 Ma after CAI formation partially differentiated (Lichtenberg et al.,



2019b; Monnereau et al., 2023). Gradual accretion also could have formed partially
differentiated bodies with an ‘onion shell’ structure consisting of differentiated centres
overlaid by layers of decreasingly thermally metamorphosed material (Elkins-Tanton
et al., 2011; Weiss and Elkins-Tanton, 2013; Dodds et al., 2021). In bodies that ac-
creted 2-4 Ma after CAI formation beyond the water condensation line, there was
insufficient 26Al for metal-silicate differentiation, but there was enough heat to melt
water-ice, leading to aqueous alteration (Doyle et al., 2015; Courville et al., 2022).
Collisions between planetesimals were frequent in the early Solar System (Asphaug,
2009) and also could have affected planetesimal interior structure. For instance, colli-
sions could strip the mantle from a differentiated planetesimal (Asphaug and Reufer,
2014), mix the core of one differentiated planetesimal into the mantle of another
(e.g., Ruzicka, 2014; Maurel et al., 2020; Kruijer et al., 2022), or completely disrupt
planetesimals that then reaccreted into porous rubble piles (e.g., Nakamura et al.,
2022).

1.1.3 Planetesimal observations and samples

Asteroids are planetesimals that were not accreted into planets. Although they are
now cold and geologically inactive, their orbits, size, shape, composition, and sur-
face features provide clues to their evolution in the early Solar System (Bottke and
Morbidelli, 2017; Vernazza and Beck, 2017). Many observations of asteroids are from
ground- and space-based telescopes. For example, radar can be used to determine an
asteroid’s shape (e.g., Shepard et al., 2017) and reflectance spectra help determine
an asteroid’s surface composition (e.g., Dibb et al., 2023). Asteroid flybys, such as
Galileo (Chapman et al., 1996), and orbital missions, such as Dawn (Raymond et al.,
2017; Rayman, 2022), have provided us with much higher resolution data. For ex-
ample, gravity field measurements of Vesta confirmed the asteroid is differentiated
(Raymond et al., 2017). The Psyche and LUCY missions, en-route to a metal-rich
asteroid and the Trojan asteroids, respectively, will soon provide insights about two
more types of asteroids (Elkins-Tanton et al., 2020; Levison et al., 2021).

Until recently, the only samples from planetesimals were meteorites — fragments
produced in planetesimal collisions that subsequently strike Earth and survive entry
through the atmosphere to reach the surface. In 2005, the Hayabusa mission was the
first to return a sample (< 1g) from an asteroid (Nakamura et al., 2011). Recently,
research on asteroid samples has been transformed by the Hayabusa 2 and OSIRIS-
REx missions that returned a combined ~ 128 g of material between them from rubble

pile asteroids Ryugu and Bennu, respectively (Tachibana et al., 2022; Lauretta et al.,
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on accretion time and collisional history. Possible interior structures are written in
purple. Solid lines indicate the deterministic evolution of a planetesimal’s interior,
depending on its accretion time. Dashed lines indicate stochastic collisional processes,
which could further alter a planetesimal’s interior.



2024). These samples provide a valuable point of comparison between meteorite and
asteroid observations. For example, they have revealed a compositional discrepancy
between asteroids and meteorites with similar spectra (e.g., Amano et al., 2023).
However, these missions have exclusively visited rubble pile asteroids, so can only

provide information about the evolution of undifferentiated planetesimals.

1.1.4 Meteorite classification

Meteorites are split into two categories, chondrites and achondrites, based on their
degree of thermal processing (Figure 1.3). Chondrites are unmelted meteorites with
a distinctive texture consisting of a matrix of fine-grained dust that surrounds phases
formed by thermal processing in the protoplanetary disk (Krot et al., 2014). They take
their name from sub-milimetre, spherical melt inclusions called chondrules. Achon-
drites experienced partial or complete melting and differentiation, erasing their pre-
existing chondritic textures (Krot et al., 2014). Achondrites can be split into three
further categories based on composition: irons, stony-irons and rocky achondrites for
meteorites consisting of pure metal, a roughly equal mixture of metal and silicate and
predominantly silicate, respectively (Krot et al., 2014). There are two types of iron
meteorite: magmatic that are silicate free and have compositions reflecting fractional
crystallisation; and non-magmatic that contain silicates and do not follow fractional
crystallisation trends (Scott, 2020). Rocky achondrites can also be split into two
groups: primitive that experienced extreme thermal metamorphism, but very low de-
grees of partial melting; and differentiated that experienced a high degree of partial
melting and differentiation (Mittlefehldt, 2007).

Meteorites can also be split into two isotopic categories, non-carbonaceous (NC)
and carbonaceous (CC) (Warren, 2011; Kruijer et al., 2020; Bermingham et al., 2020).
Based on their isotopic similarity to the terrestrial planets (Warren, 2011) and the
lack of water in NC chondrites (e.g., Alexander, 2019b), NC meteorites are thought
to originate from the inner Solar System (interior to Jupiter’s orbit and the water
condensation line). CC meteorites are thought to originate from the outer Solar Sys-
tem beyond the water condensation line based on the water contents of CC chondrites
(e.g., Alexander, 2019a). NC and CC examples of every meteorite category have been
found (e.g. Krot et al., 2014; Greenwood et al., 2006; Sanborn et al., 2019). Within
the NC chondrites, the enstatite chondrites (EC) formed in more reducing conditions,
closer to the Sun than the ordinary chondrites (OC) and R chondrites (Weisberg and
Kimura, 2012).



Within these categories, meteorites with similar nucleosynthetic isotopic compo-
sitions, bulk chemistry, mineralogy and petrology form a group (Figure 1.3) and are
thought to originate from the same parent body (Krot et al., 2014). Although most
meteorite parent bodies are planetesimals, some groups originate from the Moon and
Mars (Udry et al., 2020; Joy et al., 2023). Only the howardite, eucrite and diogen-
ite (HED) meteorites have been linked to a specific surviving planetesimal (asteroid
(4) Vesta; McSween et al., 2012). Meteorites that are not sufficiently similar to any
others are called ungrouped, but can still be broadly classified as CC or NC, as well
as chondritic or achondritic. There are different naming conventions for meteorite
groups based on the meteorite category (Krot et al., 2014). Carbonaceous chondrite
groups are named C—, where — denotes the first letter of the first identified meteorite
for that group e.g., CM chondrites are Mighei-like. The ordinary chondrite groups
are named based on their metal content: High (H), Low (L) or Low Low (LL). Mete-
orites which fall in between these classes get an intermediate designation e.g. L/LL.
Enstatite chondrites are named similarly (EH or EL). Iron meteorite groups were
initially named with a roman numeral from I-IV indicating decreasing Ga and Ge
concentration (Goldberg et al., 1951; Lovering et al., 1957) and a capital letter was
subsequently appended to further subdivide them e.g. IIE (Wasson, 1967). The group
names for other achondrites are either based on the location where the first identified
meteorite for the group was found or after scientists e.g., angrites are named after
Angra dos Reis, Brazil (Keil, 2012) and pallasites are named after naturalist Peter
Pallas (Pallas, 1778; Chladni, 1794). Pallasites are further subdivided into the Main
Group and Eagle Station groups (Greenwood et al., 2017) and ungrouped pallasites
(Krot et al., 2014).

The origin of the NC-CC dichotomy is one of the biggest questions in planet
formation (Kruijer et al., 2020; Bermingham et al., 2020). The different isotopic
compositions of NC and CC meteorites reflects the changing composition of material
infalling onto the protoplanetary disk in the first 4 Ma of Solar System formation
(e.g., Yang and Ciesla, 2012; Nanne et al., 2019; Burkhardt et al., 2019). Some
process prevented homogenisation of this material within the disk and led to for-
mation of planetesimals in two compositionally distinct regions. Several possibilities
have been suggested for this process including: a pressure barrier between the reser-
voirs caused by Jupiter’s formation (e.g., Nanne et al., 2019; Kruijer et al., 2020);
formation of planetesimals at different condensation lines (e.g., Izidoro et al., 2022;
Morbidelli et al., 2022); or migration of the water condensation line (e.g., Drazkowska
and Dullemond, 2018; Lichtenberg et al., 2021). The process that formed the isotopic
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Figure 1.3: Overview of meteorite classification scheme. Meteorite groups which have
been measured paleomagnetically are listed under their relevant categories. NWA
7325 and Erg Chech are both ungrouped meteorites. Meteorite images credit: The
Trustees of the Natural History Museum, London, UK.

dichotomy could have led to other differences between NC and CC planetesimals, such
as water content (e.g., Alexander et al., 2018; McCubbin and Barnes, 2019). Several
quantities have been investigated to elucidate differences between these reservoirs, in-
cluding planetesimal accretion times (Spitzer et al., 2021; Hellmann et al., 2024) and
iron meteorite oxidation states (Rubin, 2018; Hilton et al., 2022; Zhang et al., 2024).
The ability for meteorite paleomagnetism to shed light on these differences has not
yet been considered. Earths’s isotopic composition indicates that Earth accreted both
NC (~95%) and CC (~ 5%), chondritic and achondritic material (Dauphas et al.,
2024; Nimmo et al., 2024). Therefore, understanding the formation of planetesimals
in these reservoirs and differences between them is vital for understanding the Earth’s

formation.

1.1.5 Meteorite records of magnetic fields

NC and CC chondrites and NC achondrites have had their paleomagnetic rema-
nences measured (Figure 1.4). There are three types of magnetic remanence relevant
to meteorite paleomagnetism: thermal remanent magnetisation (TRM), chemical re-
manent magnetisation (CRM) and chemical transformation remanent magnetisation
(CTRM). A TRM is recorded when a magnetic mineral is heated and then cooled
through its blocking temperature (the temperature at which a magnetisation becomes
stable for a given time period) in the presence of a magnetic field (Tauxe, 2010). On
a planetesimal, this can occur due to impact heating (e.g., Bryson et al., 2020a; Fu
et al., 2012) or radiogenic heating (e.g., Wang et al., 2017). A CRM is recorded when
a magnetic mineral is formed during a chemical reaction either replacing an existing
mineral (pseudomorphic CRM) or precipitating from solution (grain growth CRM)

in the presence of a magnetic field (Tauxe, 2010). CRMs in the meteorite record



formed by aqueous alteration of chondritic material (e.g., Cournede et al., 2015). It
can be difficult to obtain an accurate paleointensity (strength of the primordial field)
from a CRM, because pseudomorphic CRMs may partially inherit a magnetisation
from precursor minerals (Bryson et al., 2023). CRMs also acquire a paleomagnetic
remanence over a longer timescale than a TRM, so their paleointensities represent a
temporal average of the primordial field (Cournede et al., 2015; Bryson et al., 2020a).
A CTRM is recorded when a material becomes a stable magnetic recorder follow-
ing a phase transformation. Iron or stony-iron meteorites record CTRMs in cloudy
zones; a microstructure that forms as part of the characteristic FeNi Widmanstatten
pattern by spinodal decomposition as the alloy cools below 593 K at cooling rates
< 10,000 KMa™! (Einsle et al., 2018; Maurel et al., 2019). TRMs and CRMs can
both be measured for bulk meteorite samples (e.g., Carporzen et al., 2011) or for
individual phases, such as chondrules (Fu et al., 2014b; Borlina et al., 2021). CTRMs
in cloudy zones are only detectable by imaging the distribution of magnetisation
directions in the cloudy zone directly (e.g., Bryson et al., 2015; Nichols et al., 2016).

Paleomagnetic remanences can be dated radiometrically if the closure temperature
of the radiometric system is close to either the blocking temperature of the magnetised
mineral recording a TRM or the formation temperature of the mineralogy recording
a CRM/CTRM. For example, the °Ar/3?Ar system in 0.1-1 mm feldspars has the
same closure temperature (~ 600K) as the temperature of cloudy zone remanence
acquisition (Bogard et al., 2000; Maurel et al., 2020). For samples where radiometric
dating is not possible or extrapolation from a dated closure temperature to the Curie
temperature is required, thermal evolution and dynamo generation models can be

used to predict the timing of remanence acquisition.

1.2 Magnetic fields in the early Solar System

1.2.1 Sources of meteorite magnetisations

Four possible sources have been proposed for meteorite magnetisations: the nebula
field in the protoplanetary disc, which existed prior to ~4-5 Ma after CAI formation
(e.g., Fu et al., 2014a; Wang et al., 2017; Fu et al., 2020; Borlina et al., 2021; Bryson
et al., 2023; Maurel and Gattacceca, 2024); internally generated dynamos (e.g., Tar-
duno et al., 2012; Wang et al., 2017; Bryson et al., 2019b); impact generated fields
(Muxworthy et al., 2017); and the solar wind (Tarduno et al., 2017; O’Brien et al.,
2020). Magnetisation from the solar wind has been proposed to be three to four

orders of magnitude too weak to explain meteorite paleomagnetic remanences (Oran
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et al., 2018) and impact fields could only be recorded in highly shocked meteorites
that cooled sufficiently quickly (Muxworthy et al., 2017). Therefore, these two sources
will not be discussed further.

The nebula field was generated by charged material orbiting in the protoplanetary
disk. This field affected stellar accretion from the protoplanetary disk (Wardle, 2007;
Weiss et al., 2021) and may have influenced disk structure (Hu et al., 2019). Paleo-
magentic records of the nebula field can help us understand disk lifetime (Wang et al.,
2017; Borlina et al., 2022), structure and strength of the disk field (Cournede et al.,
2015; Borlina et al., 2021; Bryson et al., 2023), movement of solids within the disk
(Bryson et al., 2020a,b), and stellar accretion rate (Weiss et al., 2021). Remanences
from the nebula field can be identified by randomly oriented chondrule magnetisation
directions (e.g., Fu et al., 2020). This thesis focuses on internally generated dynamo

fields, but as a corollary can shed light on paleomagnetic records of the nebula field.

1.2.2 Driving mechanisms for dynamo generation

A dynamo is the transfer of kinetic to magnetic energy through the motion of an
electrically conductive fluid (Soderlund et al., 2025). In rocky bodies, dynamos are
generated in molten, metallic cores and can be driven by buoyancy or by mechanical
forcing (Landeau et al., 2022). Additionally, dynamos could be generated in sili-
cate magma oceans (e.g. Scheinberg et al., 2018; Stixrude et al., 2020; Lherm et al.,
2024), but this depends on the highly debated electrical conductivity of silicate at
high temperatures and pressures (e.g., Pommier et al., 2015; Stixrude et al., 2020;
Guarguaglini et al., 2021). Rotation is also required to give the flow a net helicity
and ensure a large-scale magnetic field (Stanley, 2016).

Tides, libration, and precession can drive dynamos in planetary cores by dissipat-
ing orbital and rotational energy into the core via turbulence (Le Bars et al., 2015).
These mechanisms could have driven the early geodynamo (e.g., Landeau et al., 2022)
and lunar dynamo (e.g., Le Bars et al., 2011; Cébron et al., 2019). However, mechan-
ical driving is not relevant for planetesimals because they cannot sustain libration
or precession over timescales > 10kyr (Burns et al., 1973; Dodds et al., 2021), and
they are too small and too far from the Sun for them to experience significant tidal
deformation.

Instead, planetesimal dynamos can only be generated by buoyancy-driven flows:
thermal, compositional, or thermo-compositional convection. Thermal convection is
driven by temperature-induced density differences and requires a superadiabatic heat

flux across the core-mantle boundary (CMB). Compositional convection is driven by
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chemically induced density differences resulting from core solidification (e.g., Gubbins,
1977; Scheinberg et al., 2016) or light-element precipitation as the core cools (e.g.,
Badro et al., 2016; O’'Rourke and Stevenson, 2016). For example, at the present day,
the Earth’s magnetic field is driven by partitioning of buoyant, incompatible light
elements from the solidifying inner core into the liquid outer core, which rise and drive
convection in the liquid outer core (Braginsky, 1963; Gubbins, 1977; Nimmo, 2007).
In planetesimals, the mechanism for driving a compositional dynamo is debated.
Planetesimal cores solidify inwards because the pressure gradient of the liquidus is
shallower than the core adiabat (Williams, 2009; Dodds et al., 2025). Therefore, for
core solidification to generate compositional convection, the dense solid phase must
sink towards the centre of the planetesimal disrupting the stable stratification of
light-element enriched fluid at the CMB. Several mechanisms for generating dynamos
from inward core solidification have been proposed including: iron snow (Riickriemen
et al., 2015; Scheinberg et al., 2016); viscous delamination of solid iron from the
CMB (Neufeld et al., 2019); and formation of unstable iron dendrites (Scheinberg
et al., 2016). In viscous delamination and dendritic solidification, solid iron sinks
as large blobs (~ 1km), while in iron snow solid iron crystallises as small particles
(~ 1072mm). These crystals either fall through the core without remelting (Dodds
et al., 2025) or remelt at a depth determined by the adiabatic temperature gradient
and form an iron-rich fluid that continues to sink to the centre (Riickriemen et al.,
2015).

1.2.3 Thermal evolution and dynamo generation models

Planetesimal thermal evolution and dynamo generation models can predict when ther-
mal and compositional dynamos would have been active on a planetesimal. These
predictions can be compared to meteorite magnetic remanences and meteorite ther-
mochronology to determine whether remanences have a thermal (e.g., Wang et al.,
2017) or compositional (e.g., Maurel et al., 2021) dynamo origin. These models can
also help determine whether ancient, bulk paleomagnetic remanences were imparted
by dynamo or nebula fields (e.g., Cournede et al., 2015; Maurel and Gattacceca, 2024).
As well as interpreting the source of meteorite paleomagnetic remanences, planetesi-
mal thermal evolution and dynamo generation models can be used to recover a range
of parent body sizes and interior properties that generated the recorded field (e.g.,
Bryson et al., 2019b). If a remanence cannot be dated, thermal models can also be
used to estimate the age at which the magnetisation was acquired. For example, in

the Main Group pallasites, metallographic cooling rates are combined with thermal
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models to predict a meteorite’s depth on a parent body, and then the age of the
magnetisation is calculated from when that depth cooled through the temperature of
remanence acquisition (e.g., Tarduno et al., 2012; Bryson et al., 2015; Nichols et al.,
2021).

Previous studies have used a variety of thermal and dynamo models to constrain
the properties of meteorite parent bodies, including the CV chondrites (Elkins-Tanton
et al., 2011), H chondrites (Bryson et al., 2019b), angrites (Dodds et al., 2021), IIE
irons (Maurel et al., 2021), and Main Group pallasites (e.g., Tarduno et al., 2012;
Bryson et al., 2015; Nichols et al., 2021). Additionally, these previous models have
led to broad insights about planetesimal evolution. They have been used to argue
that some planetesimals were partially differentiated (Elkins-Tanton et al., 2011; Mau-
rel et al., 2019, 2021) and that planetesimals could have generated magnetic fields
through core solidification (Nimmo, 2009; Scheinberg et al., 2016; Neufeld et al.,
2019). They have also predicted the range of planetesimal sizes that can generate a
dynamo (e.g. > 340km; Bryson et al., 2019a) and the timing and duration of plan-
etesimal dynamos (4-30 Ma after CAI formation for thermal dynamos; Dodds et al.,
2021). These timings have been used to define three, distinct origins for meteorite
paleomagnetic remanences based on time: nebula fields < 4 Ma after CAI formation;
thermal dynamos 4-30 Ma after CAI formation; and compositional dynamos > 35 Ma
after CAI formation (Bryson et al., 2019a; Dodds et al., 2021).

1.2.3.1 Model set-up

Previous thermal evolution and dynamo generation models for planetesimals were 1D,
spherically symmetric, and adopted two possible interior structures. Models focussed
on mantle-stripped planetesimals (Scheinberg et al., 2016; Neufeld et al., 2019) or
magnetic field generation by core solidification (Nimmo, 2009) only modelled ther-
mal evolution of the core, while all other models consist of a coupled mantle and
core (Elkins-Tanton et al., 2011; Sterenborg and Crowley, 2012; Bryson et al., 2019a;
Dodds et al., 2021). Mantle heat transport is either modelled as purely conductive
(Elkins-Tanton et al., 2011; Murphy Quinlan et al., 2021) or also includes stagnant lid
convection (Sterenborg and Crowley, 2012; Bryson et al., 2019a; Dodds et al., 2021).
Magnetic field generation is not modelled explicitly due to the high computational
cost of magnetohydrodynamic (MHD) simulations. Instead, two different criteria
for dynamo generation have been adopted in previous models: positive CMB heat
flux (Elkins-Tanton et al., 2011); and, more commonly, the value of the magnetic

Reynolds number (e.g., Sterenborg and Crowley, 2012; Bryson et al., 2019a). The
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magnetic Reynolds number is a dimensionless parameter that characterises the bal-
ance between magnetic induction and diffusion in the core. If the magnetic Reynolds
number is above a critical value (10-100) a dynamo can be generated (Christensen
and Aubert, 2006). Scaling laws derived from MHD simulations are used to relate the
buoyancy flux across the CMB in a thermal evolution model to the magnetic Reynolds
number and magnetic field strength (e.g., Aubert et al., 2009; Davies et al., 2022).
The core is assumed to consist of Fe-FeS (e.g. Nimmo, 2009; Bryson et al., 2019a;
Scheinberg et al., 2016), based on sulfur’s siderophile behaviour (Poirier, 1994; Li and
Fei, 2014); the sulfur contents of chondrites (Kracher and Wasson, 1982; Bercovici
et al., 2022); and models of iron meteorite fractional crystallisation (Ulff-Mgller, 1998;
Chabot, 2004; Goldstein et al., 2009). The presence of other light elements, such as O,
C, Si (Bromiley, 2023), is neglected for two reasons. Firstly, the thermal conductivity
and density of iron alloys containing multiple light elements is poorly constrained
(Pommier et al., 2020). Secondly, the abundance of light elements, other than sulfur,
in planetesimal cores is very sensitive to oxygen fugacity, planetesimal bulk compo-
sition, differentiation mechanism and fluid immiscibility, so is difficult to calculate
(Poirier, 1994; Rubie et al., 2015; Bromiley, 2023; Bromiley et al., 2024).

1.2.3.2 Limitations in previous modelling approaches

In the existing literature, each model iteration included a new degree of complexity,
such as parametrised mantle convection (Sterenborg and Crowley, 2012), multi-stage
accretion (Bryson et al., 2019a), gradual accretion (Dodds et al., 2021), or core ther-
mal stratification (Dodds et al., 2021). However, the assumptions in previous models
about mantle heat transport, core composition and core solidification, and their im-
plementations of scaling laws for magnetic field generation limit the conclusions they
can make about the meteorite paleomagnetic record, as discussed below.

For a planetesimal to generate a magnetic field, its core must be cooling rapidly
or must have cooled enough to begin solidifying. Both these dynamo generation
mechanisms depend on the heat flux from the core into the mantle, which is set
by the mantle cooling rate. Several assumptions in previous models affected mantle
cooling rate by controlling the vigour and duration of mantle convection. Firstly,
previous models used scaling laws for stagnant lid thickness that include basal and
surface heat fluxes but no internal heating (Solomatov, 1995), despite the importance
of radiogenic 2°Al in planetesimal evolution (Hevey and Sanders, 2006; Sahijpal et al.,
2007). Secondly, the boundary layer thickness at the base of the convecting mantle

was approximated from scaling laws for the stagnant lid thickness (Bryson et al.,

14



2019a; Dodds et al., 2021). Thirdly, constants in boundary layer scaling laws were
fixed and therefore insensitive to changes in the viscosity (Dodds et al., 2021) or
mantle viscosity models’ simplified behaviour at high melt fractions (Sterenborg and
Crowley, 2012). Finally, using a critical Rayleigh number criterion for the cessation
of convection led to unphysical spikes in CMB heat flux at the cessation of convection
and an unrealistic pause in core cooling (Bryson et al., 2019a). These assumptions
need revisiting, because they influence the cessation of the thermal dynamo and the
onset of core crystallisation and limit our ability to explore how mantle viscosity
affects dynamo generation.

Previous models were also limited in their treatment of core composition. They
neglected %°Fe in the core, because ®°Fe had a minimal effect on core temperature for
%Fe abundances measured at the time (Henke et al., 2013). However, recent work
has highlighted that there are large discrepancies between in-situ and bulk meteorite
measurements of “Fe (Kodoldnyi et al., 2022a,b) and abundances vary between dif-
ferent meteorite groups (Tang and Dauphas, 2012; Cook et al., 2021). Some measure-
ments suggest ®Fe abundance could be an order of magnitude higher than previously
thought (Cook et al., 2021). Including ®Fe will increase the heat available to drive
the dynamo at early times, possibly changing the onset time of thermal dynamos.
Additionally, mantled, convective models that include core solidification only consid-
ered Fe-FeS eutectic core compositions (Bryson et al., 2019a) due to the challenges
in modelling planetesimal core solidification (Section 1.2.2). However, eutectic core
compositions cannot drive a compositional dynamo because there is no compositional
difference, and hence minimal density difference, between the solid and liquid phases.
Since several meteorite parent bodies are thought to record dynamo fields from core
solidification, assuming a eutectic composition limits the information we can extract
about parent body core size and core composition from the meteorite record.

The magnetic field strength predictions from previous models have also been re-
stricted. Most models predicted the duration of the dynamo using the magnetic
Reynolds number, but did not predict magnetic field strengths due to uncertain-
ties in how to relate field strengths to the vigour of convection (e.g., Elkins-Tanton
et al., 2011; Sterenborg and Crowley, 2012). This limits the information that can
be obtained from measured meteorite paleointensities. Models also did not consider
thermal and compositional drivers of the dynamo at the same time: models for man-
tled planetesimals either only studied early thermal dynamos until the end of mantle
convection (Sterenborg and Crowley, 2012; Dodds et al., 2021) or only modelled com-

positional dynamos during core solidification in planetesimals with conductive mantles
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(Bryson et al., 2015; Nichols et al., 2021). The only model that discussed both driving
mechanisms used the duration of eutectic core solidification as a proxy for when a
compositional dynamo could be generated, and used different scaling laws to estimate
magnetic Reynolds numbers for thermal and compositional dynamos (Bryson et al.,
2019a). Considering thermal and compositional dynamo generation separately limits
our ability to delineate between different dynamo generation mechanisms in the mete-
orite record and predict gaps in dynamo generation. Furthermore, without explicitly
modelling dynamo generation during core solidification it is difficult to establish the
range of planetesimal radii, core sizes and core compositions for which compositional

dynamo generation is possible.

1.3 Key questions and thesis outline

Although previous models have provided many insights about planetesimal evolution,
their assumptions about mantle convection and core solidification outlined above

mean there are several outstanding questions:

1. What are the effects of mantle heat transfer and core composition on planetes-

imal dynamo generation? (Chapter 2 and Chapter 3)

2. Are previous interpretations of the meteorite paleomagnetic record still valid
when mantle viscosity, core composition and compositional dynamo generation

are properly accounted for? (Chapter 3)

3. Could meteorite paleomagnetism reveal differences in water content and oxida-
tion state between NC and CC planetesimals? (Chapter 4)

4. What can a time-resolved paleomagnetic record tell us about the size, structure,

and composition of a meteorite parent body? (Chapter 5)

In this thesis, I combine numerical models of planetesimal thermal evolution and dy-
namo generation with meteorite paleomagnetic measurements to address these ques-
tions.

As discussed above, previous thermal evolution and dynamo generation models
have several limitations. Therefore, I begin this thesis by developing a refined ther-
mal evolution and dynamo generation model (Chapter 2), which I use to explore
the meteorite paleomagnetic record in subsequent chapters. Key refinements in this

model include: an improved description of mantle convection and mantle viscosity, a
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parametrisation for inward core solidification, and a combined thermal and composi-
tional buoyancy flux that allows both drivers of dynamo generation to be considered
simultaneously. I use an example thermal and dynamo history to discuss differences
to previous modelling approaches.

In Chapter 3, I use this model to explore the effect of individual planetesimal
parameters on dynamo generation (Question 1). I vary mantle viscosity parameters
and planetesimal radius to understand the effect of mantle heat transfer on dynamo
generation. I also explore the importance of core composition through the abundance
of radiogenic ®“Fe and initial core sulfur content. I use the results of this parameter
variation to redefine the epochs of magnetic field generation in the meteorite record
(Question 2). Developing an insight into the controls of these parameters on dynamo
generation provides a foundation for subsequent chapters, where these parameters are
varied to predict the dynamo histories of individual parent bodies.

To explore possible differences in dynamo generation between NC and CC differ-
entiated planetesimals, in Chapter 4, I investigate the effect of mantle water content
and core size — proxies for redox state — on dynamo generation. After understand-
ing the effects of these individual parameters and utilising the results of Chapter 3, [
compare dynamo histories for dry, reduced and wet, oxidised planetesimal endmem-
bers as possible analogues for NC and CC differentiated plantesimals, respectively.
I use these results to discuss water retention during planetesimal differentiation and
possible water contents of the NC and CC reservoirs during planetesimal formation
(Question 3).

In Chapter 5, I model the thermal and paleomagnetic histories of the ITE iron and
Main Group pallasite parent bodies. Following explorations of individual planetesimal
parameters in previous chapters, I consider all possible combinations of parameters
to determine the most likely properties of these bodies, including size, core radius
fraction, and initial core sulfur content. This reveals the extent to which meteorite
paleomagnetism can constrain the interior structure and composition of a meteorite
parent body (Question 4). T also re-evaluate the formation depths of these meteorites
and discuss the implications for the formation of these meteorites.

Finally, in Chapter 6, I relate the results of Chapters 2-5 back to the key questions

of the thesis and discuss directions for future research.
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Chapter 2

A refined thermal evolution and
dynamo generation model

2.1 Introduction

Magnetic field generation in planetesimals depends on conditions in their interiors,
such as the extent of differentiation, and the vigour of core and mantle convection.
These conditions are controlled by a range of planetesimal properties, including man-
tle viscosity and core composition. Thermal evolution and dynamo generation models
must account for variations in these properties when they are used to interpret the
meteorite paleomagnetic record. Previous models (Nimmo, 2009; Sterenborg and
Crowley, 2012; Bryson et al., 2019a; Dodds et al., 2021) made the same assumptions
about fundamental aspects of mantle heat transport and core solidification and held
parameters that control these processes constant. In this chapter, I present a refined,
thermal evolution and dynamo generation model, in which the mathematical descrip-
tion of these key processes are reconsidered and in which parameters such as mantle
viscosity and core sulfur content can be varied. This model will enable the effect of
mantle heat transfer and core composition on dynamo generation to be understood.

Magnetic field generation requires rapid core cooling (superadiabatic CMB heat
flux) or core solidification, for which heat must be moved from the core to the man-
tle. Therefore, the timing of magnetic field generation is intrinsically linked to mantle
cooling. Unlike previous models, my chosen mantle convection scaling laws are suit-
able for a body with internal heating and surface and basal heat fluxes and have
been benchmarked against 2D numerical simulations (Deschamps and Vilella, 2021;
Thiriet et al., 2019). Mantle convection depends strongly on viscosity, so I have re-
fined the viscosity law from previous models. My chosen mantle convection scaling

laws also respond consistently to changes to viscosity parameters, which enables a full
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investigation of the effects of viscosity on dynamo generation. Moreover, my criterion
for the cessation of mantle convection ensures smooth and more physically realistic
behaviour in the CMB heat flux and the mantle temperature profiles when the mantle
becomes fully conductive. In the core, I have also included heating from radiogenic
%Fe, which may increase the core temperature and the heat flux into the mantle at
early times.

Alongside mantle convection and variable viscosity, I also consider sub-eutectic
core solidification (core sulfur content < 33wt%) for an Fe-FeS core composition.
Modelling dynamo generation from planetesimal core solidification is challenging, be-
cause there are multiple possible mechanisms of core solidification (Section 1.2.2).
Due to the uncertainty in solidification mechanism, previous models that included
mantle convection used the time taken for eutectic core solidification as a proxy for
when a compositional dynamo could be generated, even though eutectic solidifica-
tion cannot drive a compositional dynamo (Bryson et al., 2019a). Additionally, these
models used different magnetic field scaling laws for thermal compared to composi-
tional dynamos and were not able to accommodate both mechanisms driving core
flow simultaneously. Here, I have developed a model for magnetic field generation
by sub-eutectic core solidification, which also considers the relative contribution of
both thermal and compositional buoyancy to magnetic field generation during core
solidification.

I begin this chapter by describing my refined, 1D, spherically symmetric thermal
evolution model (Section 2.2). I show the results of an example run and discuss the
effects of my model changes in Section 2.3. 1 justify my assumptions about accretion
and differentiation, mantle melting, and core solidification in Sections 2.4, 2.5 and
2.6, respectively. Future applications of the model and areas for further refinement

are addressed in Section 2.7, and I conclude in Section 2.8.

2.2 Thermal Evolution Model

2.2.1 Overview

The key stages in planetesimal thermal evolution are shown in Figure 2.1. After
accretion, the planetesimal will heat up due to the decay of radiogenic 26Al (t1/, =
0.717 Ma; Neumann et al., 2012). If accreted sufficiently early (within 1.5-2.5Ma
of CAI formation; Neumann et al., 2012; Monnereau et al., 2023), the planetesimal
reaches a high enough temperature that it can melt and differentiate, forming a core

and mantle. During differentiation 26Al partitions into the mantle, while radiogenic
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Fe (t1/ = 2.62Ma; Ruedas, 2017) partitions into the core. These two isotopes
then heat the mantle and the core, respectively, and the mantle becomes unstable to
convection. The adiabatic gradient is small in planetesimals due to their small size,
so I neglect the core adiabat in my core convection criterion and when determining
the direction of heat flow across the CMB. If the mantle becomes hotter than the core
(e.g. due to strong internal heating and low surface heat flux) the core is heated by the
mantle from above and becomes thermally stratified at shallow depths (Dodds et al.,
2021). Once the mantle is cooler than the core, the core also begins to cool. Since the
CMB heat flux, Foug, is positive, core convection begins. If the magnetic Reynolds
number, Re,,, is greater than a critical value this convection can lead to the onset of
the dynamo. As the mantle cools, it becomes more viscous and mantle convection
ceases and heat in the mantle is transported by conduction. Initially, the cessation of
mantle convection decreases Froyp and can lead to a subcritical Re,, and the cessation
of the dynamo. Later, during mantle conduction, if F\p increases sufficiently, Rey,
can become supercritical again and the dynamo can restart. Once the core cools below
its liquidus, core solidification begins. This provides an additional buoyancy source
for the core dynamo due to the rejection of light elements (e.g. carbon, sulfur) and
can lead to a second period (or extend the first/second period) of dynamo generation.
Dynamo generation is no longer possible once the core is fully solidified.

I describe my 1D, spherically symmetric model in detail in the following sections.
I begin with my mantle viscosity model, then explain each stage in the thermal
evolution and finish with magnetic field generation and the numerical implementation.

Model assumptions are discussed in Sections 2.4, 2.5 and 2.6.

2.2.2 Mantle viscosity

Mantle viscosity varies over many orders of magnitude during a planetesimal’s ther-
mal evolution, due to variations in mantle temperature and melt fraction, and has a
large impact on mantle cooling. It controls mantle boundary layer thicknesses during
convection and the transition from mantle convection to conduction, which affects
CMB heat flux and dynamo generation. In this model, I define a four-piece vis-
cosity law to capture changing rheological behaviour with temperature, and ensure
the viscosity law and convection parametrisations are self-consistent and can be fully
adjusted to reflect uncertainties in viscosity parameters.

The temperature dependence of mantle viscosity is defined piece-wise with five

control variables (Figure 2.2): critical melt fraction, ¢¢, Arrhenius slope, 3, melt
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Figure 2.1: Schematic depicting the stages in my planetesimal thermal evolution
model. Blue (core) and purple (mantle) labels highlight significant refinements
adopted in my model compared to Sterenborg and Crowley (2012); Bryson et al.
(2019a) and Dodds et al. (2021). Previous models only considered magnetic field
generation after the end of mantle convection via core solidification (stage 7). How-
ever, my model allows for the possibility of two epochs of magnetic field generation
prior to core solidification. Magnetic field generation can occur in stages 4, 6, and 7
if the magnetic Reynolds number exceeds a critical value. For low initial core sulfur
contents, the core can start solidifying before the cessation of mantle convection and
there may not be a pause in dynamo generation (stage 5).
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Figure 2.2: Variation of mantle viscosity with temperature (solid black line) for 79
= 10¥Pas, ¢c =03, f = 0.0225K"! a,, = 30, and 1 = 10Pas. The effect of
varying each parameter is shown by the coloured arrows and lines. The grey, upper
ticks on the horizontal axis indicates the equivalent melt fraction for temperatures
above the solidus for mantle solidus and liquidus temperatures of 1400 K and 1800 K,
respectively.
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weakening exponent, «,, reference viscosity at the solidus, 79, and liquid viscosity, n:

[ noexp (—B(T — Tws)) T < T (2.1a)

—— (—(5 + ) (T - Tmys)> Tos<T <Tp (2.1b)

T=Y ne10% @10 T, <T < Ty +w (2.1¢)
L\ —25(1-6c)

[ (f_jg) Ty +w<T. (2.1d)

Here T,, ¢ and T,; are the mantle solidus and liquidus temperatures, respectively,
T, is the temperature at ¢¢ and ne = n(Ty,) is the viscosity at ¢c, which is cal-

culated using Equation 2.1b. The melt fraction, ¢ is calculated assuming a linear
T—Tms
Tm,l_Tm,s

sume the same silicate solidus, Ty, ¢ = 1400 K, and liquidus, T}, = 1800 K, values as
Bryson et al. (2019a) and Dodds et al. (2021) (see Section 2.5.1). The mantle solidus

and liquidus are pressure-independent constants, because the pressure variation in

liquidus approximation: ¢ = . I do not specify a mantle composition and as-

planetesimal mantles is small (<50 MPa).
Below the solidus, the viscosity has an Arrhenius temperature dependence (Equa-

tion 2.1a). This dependence is modelled using the Frank-Kamenetskii approxima-
E E(TfTref) J—

RT ~ " RgT -

ref

B(T—Ts), where E is the activation energy, R, = 8.31JK 'mol ™! is the gas constant,

tion at a reference temperature, T, and reference viscosity, g,

and the mantle solidus is taken as the reference temperature (Frank-Kamenetskii,

1969). Above the solidus, but below the critical melt fraction, this Arrhenius de-
= g, i

2.1b). There is a sharp drop in viscosity at ¢c because melt surrounds any remaining

pendence has an additional melt weakening dependence ay,® (Equation
solid phases and the material disaggregates. Above ¢¢, viscosity is described by the
Krieger-Dougherty relation (Faroughi and Huber, 2015; Sturtz et al., 2022b, Equa-
tion 2.1d), which tends to a constant liquid viscosity as the melt fraction approaches

unity.

dlogyn
dT

at the rapid drop in viscosity at ¢c. w is the width of the region covered by this

Equation 2.1c is an approximation using = % to ensure numerical stability
approximation, and is set to 5K to minimise the approximated region, but ensure
numerical stability. An = log,,(n(Ts,+w))—log,o(n(7T},)) is the logarithmic difference
in the viscosity at ¢c, determined by Equation 2.1b, and the viscosity at Ty, + w,
determined by Equation 2.1d.

The Arrhenius temperature dependence (Equation 2.1a) determines the viscous
AT
’ frh’

across the convecting region that will control convection (Michaut and Neufeld, 2022;

temperature scale which determines the fraction of the temperature difference
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Davaille and Jaupart, 1993)

B _dn(Tm)/dT
Jin = T AT. (2.2)

In this definition, T3, is the temperature of the convecting region (the mantle) and AT
is the temperature difference between the interior and the boundary (for the mantle
AT =T, — T;, where T; is the surface temperature).

Compared to the three-piece model of Bryson et al. (2019a), this model has an
order of magnitude narrower region approximated for numerical stability, w, and
applies the Krieger-Dougherty relation to viscosity beyond ¢¢ rather than assuming
a constant value. Unlike the tanh approximation employed by Dodds et al. (2021), it
captures the change in slope at the solidus, has a steeper gradient in viscosity at ¢¢,

and can be adjusted using physically meaningful parameters.

2.2.3 Accretion

My model begins with instantaneous accretion of an undifferentiated mixture of sili-
cates and Fe-FeS at 200 K at a specified time, t,.., after CAI formation. The planetes-
imal surface temperature is fixed at an equilibrium temperature of 200 K throughout
the simulation, because the range of planetesimal surface heat fluxes is small enough
that its effect on the equilibrium surface temperature is negligible (< 10 K; Dodds

et al., 2021). At the plantesimal centre, %—Z .—o = 0 throughout the simulation.

2.2.4 Before differentiation

After accretion, the planetesimal heats up due to decay of radiogenic 26 Al and %“Fe.

Heat is initially transported through the body by conduction

or 10 ,0T

c cheff 5, — 545 kc a_ CH7 2.3
phcp’h’ff@t 7"2(97“( b’ 8r>+ph (2:3)

where p is the density, ¢, is the specific heat capacity, T is the temperature, r is the
radius, t is the time, and £ is the thermal conductivity. The subscript ch denotes the
values for the undifferentiated, chondritic material. The undifferentiated planetesimal
is assumed to have the same thermal properties as the silicate mantle (e.g., Elkins-
Tanton et al., 2011; Bryson et al., 2019a) except for the density, which uses the bulk
density of the planetesimal. Compaction and sintering of the planetesimal prior to
differentiation are neglected and a constant thermal diffusivity is used throughout,

because these processes only affect the planetesimal as it initially heats up from 200 K
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to 700 K (Yomogida and Matsui, 1984) and have a minimal effect on the overall

thermal evolution. H is the radiogenic heating power per unit mass

_ In(2)t _ In(2)t

H= HA170f26A10.01XA16 “1/2,A1 + HFe,Of60FeO-01XFe€ tl/Q’Fe, (24)

where H, ( is the heating power per unit mass of isotope 7 at the time of CAI formation,
fi is the radiogenic isotope abundance as a ratio to its most common stable isotope,
X; is the elemental abundance in wt % in the accreting material, and ¢, 5, is the
radiogenic isotope half life. The values chosen for each parameter are summarised in
Table 2.1. Melting of metal and silicate as the planetesimal heats up is accounted for
using a modified specific heat capacity (adapted from Merk et al., 2002; Dodds et al.,

2021, for a mixture of metal and silicate).

( Cpen T<Tog& T < Ty
Coen ( 1+ %) Tos <T <Toy & T < T
PAETN e (14 OOy cpﬁ"?%ﬁf;;ys)) Ty <T <Toy & Ty < T < T
| o (1 + oS Toy > T & Tns < T < Ty

(2.5)
Here Xy, and Xg; are the Fe-FeS and silicate fraction in wt % in the accreted material,
L. and L,, are the latent heats of fusion of Fe-FeS and silicate, T;; and 7}, are
the Fe-FeS and silicate liquidi, and 7;¢ and T}, are the Fe-FeS and silicate solidi.
The Fe-FeS and silicate melt fractions are both calculated using the linear liquidus
approximation. The sulfur content of the Fe-FeS system is set as an input parameter.
For planetesimals with eutectic Fe-FeS compositions, the temperature is held fixed
once the planetesimal temperature reaches the Fe-FeS solidus, until all the Fe-FeS

is melted. In this scenario, the time evolution of the Fe-FeS melt fraction, ¢, is

8(z)Fe
ot

calculated by replacing the term on the left hand side of Equation 2.3 by pen Xre Lre
where p, Xre is the density of Fe-FeS in the undifferentiated material.
Solid-state stagnant lid convection (Section 2.2.5.2) could begin prior to differ-
entiation, as the body heats up. In this mode of convection, the stagnant lid is a
conductive, immobile boundary layer at the surface of the planetesimal with a thick-
ness 0y (Equation 2.7) and the interior beneath the lid convects (Figure 2.3). The
interior is assumed to be isothermal, because pressure variation in the planetesimal
is small enough for the adiabatic temperature gradient to be neglected. The interior

temperature, 7T;, evolves according to

oT;
pchcp,chvgg = —Fhiadia + paViH, (2.6)
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ar
chqr |r=R—s,’

area of the base of the stagnant lid (Solomatov, 1995). The stagnant lid continues

where Fjiq = —k V; is the volume of the interior, and Ajq is the surface

to transport heat following Equation 2.3, assuming equal abundances of radiogenic

elements in the interior and the lid, and decreases in thickness as the planetesimal

heats up. If eutectic Fe-FeS melting occurs while the planetesimal is convecting,

8Q&Fe
ot

stagnant lid convection can occur if dy is less than 99% of the planetesimal radius, R.

. I assume solid-state

the left-hand side of Equation 2.6 is replaced by pen XpeLre

Once the silicate melt fraction, ¢, reaches the critical melt fraction, ¢¢, there is a
steep drop in the silicate viscosity and differentiation proceeds via rain-out, where the
more dense, molten Fe-FeS settles through the less dense, low-viscosity silicate via
Stokes settling. This process is rapid (10* years for mm size droplets, see Appendix
A.5.2) and can be approximated as instantaneous. Differentiation via percolation
prior to ¢ = ¢¢ is neglected due to the uncertainties in the timescales for this process
(see Section 2.4 and Appendix A.5.1). Due to the small internal pressure gradient,
the body is almost isothermal and, for simplicity, the entire planetesimal is assumed
to differentiate at the same time. My model assumes all Fe-FeS is fully molten before
differentiation and that the core is initially liquid. In order to satisfy this assumption,
the liquidus temperature for the initial core sulfur content of the Fe-FeS must be less
than or equal to the temperature of ¢c. This limits the range of initial core sulfur
contents (see Section 2.4.4.1).

At the point of differentiation, the body is assumed to instantly form an Fe-FeS
core, with a radius half that of the body, r. = %,
(Figure 2.3). The core and the mantle are isothermal at the temperature of the critical

with an overlying silicate mantle

melt fraction, Tj,. All iron is assumed to partition into the core and all aluminium is
assumed to stay in the mantle. This increases the concentration of 26Al in the mantle
and %Fe in the core compared to initial conditions. The initial core sulfur content,
Xs,0, is set by an input parameter and is the same as the sulfur content in Fe-FeS in

the undifferentiated planetesimal.

2.2.5 After differentiation
2.2.5.1 Crust

The presence of a crust is simplified to the fixed surface temperature boundary condi-
tion. Only the surface node does not become hot enough to differentiate. Therefore,

the thickness of any porous regolith is below the resolution of this model and has
been neglected (Section 2.4.2).
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2.2.5.2 Mantle

The mantle transports heat either via conduction or stagnant lid convection. In
stagnant lid convection, the mantle is assumed to have an isothermal, convecting
interior with a conductive boundary layer (‘stagnant lid") below the surface and an-
other above the CMB (Figure 2.3). In my adopted parametrisation, the stagnant lid
thickness includes the thin mobile boundary layer at the base of the lid (Appendix
A.1.2.1). T assume an empirically determined expression for stagnant lid thickness,
0o, for a system with internal heating, heat flux at the top and bottom boundaries,
temperature-dependent viscosity, and free-slip boundary conditions (Deschamps and
Vilella, 2021)

§o = ana(R — ) f  Ra™ "%, (2.7)

T

where ajq is a empirically determined constant (0.633 for Ur < 1 and 0.667 for
Ur > 1). Here Ur is the Urey ratio, which is the ratio of the power of internal

heating, QQg, to the power of cooling from the surface, Qg,

- % o pmvaAl

Ur = _
' QS FsAs 7

(2.8)

where V,, is the volume of the mantle, F}, and A, are the surface heat flux and surface
area, respectively. In Equation 2.7, the Rayleigh number, Ra, is calculated using the

interior mantle temperature

_ pm@mg<R)AT(R B rc)?’

KmT)

Ra

(2.9)

Here oy, pn, and k,, are the thermal expansivity, density, and diffusivity of the
mantle respectively, AT = T, — T} is the difference between the interior convec-
tive temperature, T}, and the surface temperature 7§, g(R) is the gravitational field
strength at radius r = R, and the viscosity is calculated for the convecting interior
temperature n = 7(7,,). In this model, I adopt the middle value of silicate diffusivity,
9 x 10~ "m?2s71, used in previous work (6, 9 and 12x10~"m?2s~!; Bryson et al., 2019a),
which corresponds to an ordinary chondrite composition. Equation 2.7 was derived
neglecting melt weakening, therefore f,;, = —%AT = B(Twm — Ts) based on the
first piece of the viscosity law (Equation 2.1a).

The thickness of the CMB boundary layer at the base of the mantle, ¢, is difficult
to parametrise because it could be affected by downwelling material from the upper
boundary layer interfering with its thermal structure (Thiriet et al., 2019). §; has

been approximated in previous planetesimal models in two ways. First, §; has been
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Figure 2.3: Schematic depicting my model setup for a convecting silicate mantle and
a convecting Fe-FeS core. The core and mantle are two coupled reservoirs. The crust
is approximated by the fixed surface temperature, T, = 200 K. The red line is the
temperature profile in the planetesimal and temperature increases to the right. In
this diagram, the mantle is convecting in the stagnant lid regime: the interior is
isothermal and there are conductive boundary layers at the CMB, ¢;, and the surface,
do. The black dashed line denotes the base of the stagnant lid. The core has a thermal
boundary layer at the CMB, 6.. When the mantle and core are conductive, there is a
temperature gradient throughout each layer instead. The balance of CMB heat fluxes
(FomBm = Foumb,e) 1s used to calculate the CMB temperature Toyp. The meaning of
the symbols is given in Sections 2.2.5.2 and 2.2.5.3.
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assumed to be equal thickness to the mobile layer in the stagnant lid at the surface
(Bryson et al., 2019a). Second, ¢; has been calculated with the same parametrisation
for lid thickness as the top boundary layer, but using AT = Tcup — T rather
than AT = T, — Ty (Dodds et al., 2021). I have chosen to implement the CMB
boundary layer scaling following Equation 13 in Thiriet et al. (2019), which has been

benchmarked against 2D and 3D mantle convection simulations

1
Ray) erit \ 2
Rab1 '

(5[ = (R - (50 - TC) < (210)

Here Ray, is the Rayleigh number in the boundary layer and Rap; it is the boundary

layer critical Rayleigh number. Using equations 14 and 16 in Thiriet et al. (2019) to
substitute for Ray and Rap) ot gives
T
8, = 0.65(R—ry)"%! ( n(Ty) )

(Torts — T)ge ((Tm 71(%)9( 7 ) o (a:”;m)m (2.11)

where Toyp is the CMB temperature, and g. is the gravitational field strength at

W=

the CMB. The temperature profile through the lower boundary layer is conductive
and the temperature in the midpoint of the layer, T}, = Tf”—gm, is used to calculate
Ray,). These boundary layer thicknesses control the heat flux from the CMB into the

mantle during convection, FEE

- km (Tm - TCMB)

P = — (2.12)
!
and to the surface, Fj
—kn (Ts — T
F, = ( ) (2.13)
do
Altogether, the thermal evolution of the convecting portion of the mantle is given by
aTm conv

Pme,eﬂVmW = —FiaAna + FelipmAcumB + pm Vi Har (2.14)

Here, V, is the volume of the convecting region; the silicate-modified specific heat

capacity, cpef, is calculated at T1,; Ajq and Acyp are the surface areas at the base of

the stagnant lid and CMB, respectively; and Fjiq = —k% r—R—5y The silicate modified
specific heat capacity, ¢, e, accounts for melting and solidification of silicate.
{ Com T < Tons (2.15)
vaeﬂ - L .
Cp,m <]. + m) Tm7s < Tm < Tm71.

Due to efficient heat loss by convection in the model, the mantle is never hotter than

its liquidus temperature.
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Heat is transported by conduction in the stagnant lid and the CMB boundary
layer. As the mantle cools, both these layers thicken until the combined boundary
layer thickness equal the thickness of the mantle, i.e., g + 6, = R — r.. From this
point, mantle convection ceases and the entire mantle cools conductively, such that
the thermal evolution is dictated by

oT 18( ,OT

Coafi e = — 2o WHL 2.16
pcp’ﬁé?t r2 Or rar)+p Al ( )

In the conductive regime, the heat flux across the CMB into the mantle is given by

dT
F&i m = —hm—

_ ;. Lousis — Tows
dr "

+ AT ’

r=r¢

(2.17)

where T8, and r{ are the temperature and radius one node above the CMB, re-
spectively, and Ar is the length of one grid cell in the simulation. Toyp is determined

by balancing the heat fluxes across the CMB (Foympm = Foub,e)-

2.2.5.3 Core

The thermal evolution of the core is coupled to the mantle by Fryg. Due to the
low pressure in planetesimal cores, the adiabatic temperature gradient is negligible
(T'(r = re) = 0.995T(r = 0) for a 250km core). Therefore, I assume the core is
isothermal when convecting and that the criterion for core convection is Fyp > 0.
At the beginning of the thermal evolution, the core and mantle are isothermal. If
the abundance of %°Fe in the core is low, the mantle experiences stronger radiogenic
heating (from 26Al) than the core. This increases the mantle temperature relative
to the core and heat flows from the mantle to the core (Fomp < 0). The top of the
core becomes thermally stratified, which inhibits core convection. While the core is

thermally stratified, heat is transferred conductively as described by

oT 10 K, 0T
or

Cpemm = 5= | ke™— m e, 2.18
Peloear ~ r2ar \ )—l—p : (2.18)

where ¢, is core specific heat capacity, p. is core density, k. is core thermal conduc-
In(2)t

tivity, and Hye = Hpoo foope0.01Xpee /2F¢ is heating from °Fe. An effective specific

heat capacity is not used because the core begins molten and core solidification causes
core convection, so is treated separately (see Section 2.2.5.4). The boundary condi-
tions are a fixed CMB temperature using the temperature determined at the previous
timestep (which is a reasonable approximation given the small timestep) and no tem-

perature gradient at the centre of the body, i.e., i—f .—o = 0. The conductive heat
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Figure 2.4: Schematic of the erosion of core thermal stratification by convective mix-
ing of the unstable layer at the top of the core. The red lines indicate temperature
profiles and temperature increases to the right. The dashed red line indicates the
portion of the core that is unstable to convection. The top of the figure is the base
of the convecting mantle above the CMB boundary layer in the mantle, §;, and CMB
boundary layer in the core, §.. Time proceeds from left to right (a—c). Dashed lines
indicate the mantle and core CMB boundary layers. The core CMB boundary layer
(lower dashed layer) is only present when the core is convecting. Core thermal strat-
ification is eroded either by mantle cooling (shifts the mantle temperature profile to
the left relative to that of the core) or heating by ®“Fe in the core (shifts the core
temperature profile to the right relative to the mantle). All symbols are defined in
Section 2.2.5.3.

flux from the core to the CMB is given by

d_T -k Tems — Tévp-a
dr{,_,- ¢ Ar ’

Fig e = —he (2.19)
where T¢\z_; and r_, are the temperature and radius one node below the CMB,
respectively. Once the CMB temperature is below the core temperature, either due
to mantle cooling or core heating by °Fe, the top of the core begins to cool (Foup
> 0) and thermal stratification begins to erode (Figure 2.4). Positive Foyp leads
to the onset of convection in the upper portion of the core that is hotter than the
CMB. As such, I assume this material convectively mixes down to the level of neutral
buoyancy (the depth where core temperature is equal to the CMB temperature), deony -
This forms an isothermal convecting layer, with temperature T, above a conductive
region. This convective mixing continues until core thermal stratification is removed
and the entire core is isothermal and convecting.

The temperature of the convecting portion of the core evolves according to

oT.
pccp,cvconva_tc = - CCJ(I)\ZI]‘%,CACMB + /)cvcoanFe + 47TRzonvFRconv7 (2'20)
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where Reony = Te — deonvs Veonv 1S the volume of the convecting portion of the core,
and Acyp = 4nr? is the CMB surface area (Dodds et al., 2021). While thermal

stratification is being eroded, there is a heat flux into the convecting region from

or
¢ or T:Rconv

2.20 is non-zero. When the core is convecting, a boundary layer, J., forms at the top

the conductive core beneath, Fr . = —Fk , and the final term in Equation
of the core. Although core rotation has a known effect on the convective boundary
layer scaling law (Cheng et al., 2015), the combined effect of rotation, magnetic
field generation and spherical geometry on heat transfer is unclear. Therefore, for
simplicity, I assume the thickness of this boundary layer can be described by the
non-rotating scaling (Schubert et al., 2001; Dodds et al., 2021)

chcRalc iso ) %
0c = : , 2.21
(pCOécgc(Tc - TCMB) ( )

where 7. and k. are the viscosity and thermal diffusivity of the core, respectively, and
Ra.iso = 1000 (Schubert et al., 2001) is the critical Rayleigh number for isoviscous
convection. The corresponding CMB heat flux is given by

T — T
o LCMB '

F&ibe = —he—5 (2.22)

2.2.5.4 Core solidification

Planetesimal CMBs are at lower pressures compared to Earth, so are likely to solidify
inwards (Williams, 2009; Dodds et al., 2025). The mechanism of this inward solidifica-
tion and its implications for dynamo generation are still being investigated, but could
include formation of iron snow (Riickriemen et al., 2015; Davies and Pommier, 2018)
formation of dendrites (Scheinberg et al., 2016) or viscous delamination of solid iron
from the CMB (Neufeld et al., 2019). Previous models for mantled planetesimals that
incorporate mantle convection either ended before core solidification (Elkins-Tanton
et al., 2011; Sterenborg and Crowley, 2012; Dodds et al., 2021) or used eutectic core
solidification to estimate the time period over which a compositional dynamo could
be possible (Bryson et al., 2019a). To avoid the specificity of a particular core so-
lidification model, I have chosen to use a parametrised model that captures two key
changes in an inward solidifying core that will affect dynamo generation: (i) the de-
crease of convective lengthscale; (ii) the increase in sulfur content of the bulk liquid,
assuming complete partitioning of sulfur into the liquid (Goldstein et al., 2009). This
enables me to calculate a core solidification timescale and magnetic field strength

during sub-eutectic core solidification.
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Figure 2.5: Schematic showing the geometry for core solidification. The amount
of solidifying material is parametrised by r; (magenta line) and the lengthscale for
convection is give by [ = r;{ — ry3. To account for the uncertainty in the mechanism
of planetesimal core solidification I consider two endmember geometries (the middle
scenario in the figure also depicts an intermediate geometry). In one endmember,
Mmegac= 0, the stable, solid portion of the core grows from the CMB inwards. In the
other endmember, my..= 1, all solidified iron falls without remelting and forms a
cumulate inner core. For mg..= 0, the convective lengthscale decreases the slowest as
the core solidifies, and for mg..= 1, the convective lengthscale decreases the fastest.
Due to the uncertainty in the mechanism for planetesimal core solidification, I do not
prescribe how convection is driven in each scenario and just focus on the change in
lengthscale. In both endmembers, the solid fraction in the solidified region is assumed
to be 100%. For more details and discussion see Sections 2.2.5.4 and 2.6.1.
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Core solidification is parametrised by a time-varying, inward moving boundary r;,

Cg} < 0. The total material solidified is given by Moia = 37pc(rd —r¥). This solidified
material can decrease the convective lengthscale of the core either due to formation
of a solidified layer at the top of the core and/or due to the formation of a solid
cumulate inner core formed by solidified material falling from r; without remelting to
the centre of the core (Scheinberg et al., 2016; Neufeld et al., 2019). To capture both

of these possibilities, I vary the proportion of total solidified mass in the innermost

core for a given r; and time, M., using a constant input parameter, mga.= MMifd (see
Sol1
Figure 2.5). Using f = ™ and conservation of mass, the resulting radii of the base of
C

the solidified outer shell, 1, and the solid innermost core, 73, are given by
= rc<mfrac(1 - f3> + fS)%a (223>

and
1

ro =remi, (1 — f3)§ (2.24)
I show results for the two endmembers to explore the plausible range of geometric
lengthscales: solidified outer layer only, mg..= 0; and solid inner core only, mga.= 1.
Current dynamo theories suggest the convective lengthscale is some fixed fraction of
this geometric lengthscale (Davidson, 2013; Aubert et al., 2017), but in this model I
assume these lengthscales are the same (see Section 2.6.1). My model assumes the
solidified portions of the core are completely solid and not a mushy layer, because
self consistently calculating a solid fraction is overly complex given the uncertainties
in core material properties (see Section 2.6.2).

The onset of solidification occurs when the temperature at the top of the core
drops beneath the liquidus. Because compositional convection in the core will effi-
ciently homogenise the temperature in the liquid core, the thermal conductivity of
the solid portion is high, and the adiabatic gradient is minimal, the entire core is
assumed to be isothermal at temperature T, during solidification. During solidifica-
tion, the heat flux across the CMB is balanced by secular cooling, radiogenic heating,
and release of latent heat. Energy released due to changes in gravitational potential
during solidification has a negligible effect on the time of core solidification (see Ap-
pendix A.3.2) and contributions due to planetary contraction are also negligible. The

resulting thermal evolution of the core is expressed as

dTC dT’Z‘
FemsAcms = M Hpe — McCp,cE — 47TT?Pchaa (2.25)
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where L. is the latent heat from solidification of iron and M, is the total mass of the
core (Nimmo, 2007). For an isothermal solidifying core, the rate of change of inner

core boundary is given by
dr; 1 dT.
N S (2.26)

AT, A+ °
At pege et dt

which is adapted to account for inward solidification and no core adiabat (Gubbins

et al., 2003; Nimmo, 2009; Davies and Pommier, 2018). The sign of the pressure gra-

dTC, d?“z‘
) d_Pl7 dt
or negative (inward solidification). As the core solidifies, I assume as an upper limit

dient of the liquidus determines whether is positive (outward solidification)
that sulfur partitions completely into the liquid portion of the core (Goldstein et al.,
2009; Nichols et al., 2021), is homogeneously distributed, and this partitioning has a
negligible effect on the total volume of the core. This enriches the liquid inner core

relative to the initial sulfur content, Xg,, according to (Nichols et al., 2021)

r3 1
= ﬁXs,o = FXS,O- (2.27)

Once the core sulfur content reaches the eutectic (33wt% S), the remaining liquid

Xs

inner core will solidify as FeS. During eutectic solidification, there is no temperature
change (7. = 1260 K) and the fraction of core solidified is determined by the removal
of latent heat, as given by

dr; FevpAcovs — McH
at 4712 Lepe )

(2.28)

Once the whole core has solidified (r; < 0.001), the model run ends.
This model uses the Fe-FeS liquidus from Buono and Walker (2011), which de-

pends on pressure and bulk sulfur content,

TC,l(XS,molap) = A(P)Xél,mol—i_B(P)Xg,mol+C(P)X§,mol+D<P)XS,m01+E(P)7 (229)

. M,
where the pressure, P, is in GPa and Xg o = log(fSXS MrFSe
r,

FeS in the core, M, ; are the molar masses of sulfur (32.07 amu) and iron (55.84 amu),

is the mole fraction of

respectively, and Xg is the core sulfur content in wt %. The pressure dependent
coefficients are given by (Buono and Walker, 2011)
A = —2.4724P* 4 28.025P% + 9.1404P? + 581.71P + 3394.8,
B = 1.7978P* — 6.7881P% — 197.69P% — 271.69P — 8219.5,
C = —0.1702P* — 9.3959P* 4 163.53P* — 319.35P + 5698.6, (2.30)
D = —0.2308P* + 7.1P% — 64.118 P? + 105.98P — 1621.9,
E = 0.2302P* — 5.3688P% + 38.124P* — 46.681P + 1813.8.
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This expression for the Fe-FeS liquidus is valid for sub-eutectic sulfur concentrations
and pressures < 10 GPa. The pressure at a radius r in the core (assuming an incom-

pressible core and mantle) is given by

P = 2nG [7“2

2 2 2 2 _ 2(1 _Te
= [P0t = P2+ B0k + 20mp = pulr? (1= )| (231)

For a O(100 km) radius body, the difference in pressure between the centre and the
CMB is O(1073 GPa); therefore, the central pressure is always used in the expres-
sion for the liquidus. The sulfur content used to calculate the liquidus and pressure
gradient of the liquidus is updated as the core solidifies. Recently, Williams (2025)
highlighted that the Buono and Walker (2011) liquidus may not be appropriate for
planetesimals due to the inconsistency between the slope of the liquidus and exper-
imental data for pure iron across a range of pressures. To investigate this issue,
models were also run using a modified linear liquidus slope interpolated from the
data in Williams (2025) (Dodds, pers. comm.). There was minimal difference in
the duration and rate of core solidification, and the duration of dynamo generation

between the two liquidus models (see Appendix A.3.4).

2.2.6 Magnetic field generation
2.2.6.1 Magnetic Reynolds number

The magnetic Reynolds number, Re,,, determines whether flow in a planetesimal
core is vigorous enough to generate a magnetic field. This dimensionless number
characterises the balance between magnetic induction and diffusion in the fluid and
is given by

Rey,, = — (2.32)

where u and [ are the characteristic speed and lengthscale of the flow and A =
1.3m?s™! (Weiss et al., 2010) is the magnetic diffusivity. If Re,, is greater than a
critical value, a magnetic field can be generated. The minimum analytical critical
value is 10 and numerical dynamo simulations suggest a critical value between 40—
100 (Christensen and Aubert, 2006). To account for this uncertainty, I calculate three
sets of dynamo onset and cessation times with critical Re,, values of 10, 40, and 100.
A depends on pressure, temperature and composition, but the appropriate value for
a given set of conditions is uncertain (Pozzo et al., 2013; Konopkova et al., 2016;
Tassin et al., 2021). In addition, measurements are limited to Earth-like conditions,

i.e., much higher pressures and temperatures than in planetesimals. Therefore, I take
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A to be a constant between simulations and uncertainties in this parameter are con-
sidered by adopting multiple critical Re,, values. [ is assumed to be the length over
which convection can occur, | = r; — Reony, Which accounts for the possible existence
of a stratified layer. In this model, I use the numerical scaling from Aubert et al.

(2009) for the characteristic velocity, u,
u = c p™ 2. (2.33)

¢, = 1.311is a constant (Aubert et al., 2009), ) is the rotation rate of the planetesimal,
and p is the convective power per unit volume. To enable comparison with previous
work, I adopt a nominal rotation period of 10 hours ( = 1.7 x 10~*s™!), which is
a typical value for rotation periods of asteroids at the present day (Bryson et al.,
2019a; Dodds et al., 2021). I use this characteristic velocity scaling law because it is
not singular in the absence of an inner core so can be applied to inward solidification
where a solid inner core is not present. Additionally, this law has been shown to
agree with subsequent analytical derivations of dynamo scaling laws (Davidson, 2013).
This also aligns with the work of Christensen (2015) who used this scaling law when

determining the dimensional magnetic field strength of Ganymede.

2.2.6.2 Magnetic field strength

In planetesimal and planetary cores, the leading order force balance is geostrophic
and the second order force balance controls dynamo generation (Aubert et al., 2017;
Davies et al., 2022). In planetesimal cores, the Lorentz and buoyancy forces are
the next strongest after the Coriolis force (Table A.1), which means the Magnetic-
Archimedean-Coriolis (MAC) force balance is the relevant force balance for dynamo
generation. For a core in MAC force balance, the magnetic dipole field at the CMB
can be estimated as

i 1 1
Batin = c8f 5" (petto) 2. (2.34)

Here foum = 1 (Christensen, 2009) is the fraction of energy dissipated ohmically in the
core, o = 47 x 107"NA~2 is the vacuum permeability and cg = 0.23 is the median
value of the scaling constant for CMB dipole field strength across the simulations
assessed in Davies et al. (2022). The field strength decays from the CMB to the
surface according to Byt = (%)33811&8. The exponents of the scaling law agree
within error of the field strength scaling in Aubert et al. (2009), so this is consistent
with the chosen characteristic velocity scaling. Additionally, the MAC force balance

has been shown to best fit a large range of simulations of the geodynamo (Davies et al.,
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2022) and scaling analysis suggests planetesimal dynamos are in a similar regime (see
Table A.1).

2.2.6.3 Convective power and buoyancy flux

The scaling laws for both u and B require a dimensionless convective power per unit
volume, p. This can be calculated using p = vRag, where v = 3/5 (Equation 18 in
Aubert et al., 2009, for no inner shell and f; = 0). Rag is the flux based Rayleigh
number given by

g(r:)Qp

for a gravitational acceleration at the top of the convecting region, g(r;), and buoyancy
flux, ). The buoyancy flux combines the two possible contributions: thermal and
compositional. Adapting from Buffett et al. (1996) (see Appendix A.3.1) for an

(g;j < 0, the buoyancy flux at the liquid inner core

- acg(n)T(m)> _ (Ap+ M) d”] . (2.36)

inwardly solidifying core with

boundary r; is given by

T
Os = dmr? [ackc (_d

Cpe dr v Cpe Cpe dt

where a. is the core thermal expansivity. The first term in this equation repre-
sents the thermal buoyancy contribution from the superadiabatic heat flux at the
upper boundary of the convecting region (i.e., the heat flux available to drive con-
vection), assuming all the heat is advected by the flow. Although I have neglected
the adiabatic gradient in the temperature structure of the convecting core, I retain
the adiabatic heat flux in the expression for the buoyancy flux for consistency with
previous literature (e.g., Lister, 2003; Riickriemen et al., 2015; Dodds et al., 2021).
In my simulations, Re,, becomes subcritical before the CMB heat flux becomes sub-
adiabatic and the adiabatic gradient is an order of magnitude smaller than the CMB
heat flux when Re,, is supercritical. Therefore, including the adiabatic gradient will
have minimal effect on the timings of dynamo generation.

The second term in Equation 2.36 is the compositional density difference and
the latent heat release from the solidifying core. Ap = ppes — p1(Xs) is the density
difference between the solidified iron pp.s = 7800kgm™ (Bryson et al., 2015) and
the liquid inner core, p;, which is calculated using the relationship from Morard et al.
(2018)

P = (—3108)(57at — 5176 Xs ot + 6950)(1 4+ (1900 — 1600)), (2.37)

38



0.01Xs M, pe
contain Fe and FeS. In Equation 2.37, the term in the first parentheses is the density

~1
where Xg .4 = (1 + 1=0.01X5 M) is atom % S and the core is assumed to only

from Morard et al. (2018) and the term in the second parentheses corrects for the
fact the expression from Morard et al. (2018) was derived for ambient pressure at a
temperature of 1900 K, whereas peak core temperatures are ~ 1600 K in my model.
The change in core density due to core cooling below 1600 K to the eutectic (a further
3% difference in density) was neglected in order to simplify the model. Although I
explore geometries for two possible endmembers for core solidification (Figure 2.5), I
use the same density difference for both, because it is the correct order of magnitude
and Ap is raised to a fractional power in both Equations 2.33 and 2.34.

Prior to core solidification, Equations 2.35 and 2.36 are evaluated at the CMB
(r; = r.) and the second term in Equation 2.36 is zero. As the core solidifies in-
wards, these equations are evaluated at the liquid inner core boundary, r;, which is
the boundary of the convecting region. Once the eutectic composition is reached,
the second term in Equation 2.36 is no longer calculated, because a compositional
density difference is no longer generated by solidification. Combining thermal and
compositional buoyancy flux contributions enables both drivers of convection to be

considered simultaneously at all timesteps.

2.2.7 Numerical Implementation

My model is 1D and spherically symmetric. The one spatial dimension is radius, r,
which runs from r = 0 at the centre of the planetesimal to » = R at the surface.
The model is run on a grid with fixed node spacing of Ar = 500 m following Bryson
et al. (2019a) with the first node at the centre of the planetesimal and the last at
the surface. The temperature change of convecting regions was calculated using the
forward Euler method. The temperature in the conductive portion was calculated
using matrix methods with a forward-in-time, centered-in-space (FTCS) stencil (see
Appendix A.6). The boundary conditions are % ‘7‘:0 = 0, flux continuity at the CMB
and a fixed surface temperature. The core conductive timescale, 7. cona = %, is a
factor of ten shorter than the mantle conductive timescale. Therefore, the timestep
was fixed to At = 0.0757; cona in order to resolve conduction in the core and mantle
and ensure stability of the FTCS scheme, which is stable for At < %. To test the
gridsize and timestep, four simulations were run for a 300 km body: one using the

model gridsize and timestep, one for half the gridsize, one for two thirds the timestep,
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and one for one third the timestep. The results of the model were independent of the

choice of timestep and gridsize (Appendix A.6).

2.2.8 Parameter values

The list of parameters used in the model are given in Table 2.1. The viscosity pa-
rameters are poorly constrained; the values here are the median value in a wide range
(explored in more detail in Chapter 3). The range of possible initial core sulfur con-
tents, Xgo, primordial ®Fe/%Fe, planetesimal radii, and accretion times are shown
in Table 2.2. The maximum Xg, is assumed to be the eutectic composition and the
minimum Xg is based on the highest liquidus temperature for which all the Fe-FeS
will be molten before differentiation for ¢ = 0.3 and R = 300 km. The eutectic sulfur
content varies with pressure and was estimated as 33 wt% by finding the intersection
of the liquidus with the eutectic temperature of 1260 K (Buono and Walker, 2011) for
a 300 km radius planetesimal. Due to its presumed low concentration, previous stud-
ies have neglected radiogenic heating from ®*Fe. However, recent studies suggest the
primordial %°Fe /5¢Fe could be as high as 6 x 1077 (Cook et al., 2021). To incorporate
this possible range, I adopt values from 0 to 6x10~7. The minimum planetesimal ra-
dius is based on the lower limit for compositional dynamo generation (Nimmo, 2009),
while the upper limit is approximately the radius of Ceres (470 km; Russell et al.,
2016), the largest asteroid surviving today. Planetesimal accretion times affect the
strength of radiogenic heating and must be within 2.5 Ma after CAI formation for
there to be sufficient 26 Al for full planetesimal differentiation (Neumann et al., 2012).
Accretion earlier than 1.1 Ma after CAI formation reconciles best with my choice to

neglect silicate melt migration (Monnereau et al., 2023, see Section 2.4).

2.3 Example Run

Results of an example run for a 500 km body that accreted 0.8 Ma after CAI formation
with Fe/*Fe = 107® and Xgo = 29.85wt% are shown in Figures 2.6-2.9. The
planetesimal radius and accretion time were chosen to enable comparison with the
instantaneous accretion model (Case 1) from Dodds et al. (2021). The X value is the
median value for the range of Xg( that can be used in my model. Following a similar
argument, I chose to use ““Fe/*Fe =10* to produce a representative simulation. This
%Fe value is higher than that used in previous models (*“Fe/%°Fe = 0; Bryson et al.,

2019a; Dodds et al., 2021), but is on the lower end of recently measured primordial
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Symbol | Meaning Value Reference
‘Whole body parameters

T Surface temperature 200K *Bryson et al. (2019a)
Q Rotational frequency of planetesimal 1.75 x 107471 *Bryson et al. (2019a)
Undifferentiated material parameters
Pen Density (pm(R3 —73) + perd)/R® kgm 3
Coen Specific heat capacity o Elkins-Tanton et al. (2011)

Bryson et al. (2019a)
Elkins-Tanton et al. (2011)
Bryson et al. (2019a)
Elkins-Tanton et al. (2011)
Bryson et al. (2019a)

Qeh Thermal expansivity O

ken Thermal conductivity km = KmPmCpm

Mantle parameters

P Density 3000 kgm =3 Elkins-Tanton et al. (2011)
Cpm Specific heat capacity 800 Jkg 'Kt Ghosh and McSween (1999)
Ly Latent heat of fusion 400 x 103 Jkg™! *Ghosh and McSween (1998)
T Liquidus 1800 K Dodds et al. (2021)

Tns Solidus 1400 K Dodds et al. (2021)

o Thermal expansivity 4x 10Kt *Nimmo and Stevenson (2000 )
Km Thermal diffusivity 9 x 107" m?s~! Dodds et al. (2021)

Critical Rayleigh number

Ra, .. .
¢ for isoviscous convection

1000 Schubert et al. (2001)

Viscosity parameters ~
oc Critical melt fraction 0.3 Scott and Kohlstedt (2006)
E=366kJ mol~!, T, = 1600 K

5 Arrhenius slope 0.0225K~! Hirth and Kohlstedt (2003)
ap, Melt weakening exponent 30 Hirth and Kohlstedt (2003)
70 Reference viscosity 10" Pas Lichtenberg et al. (2019b)
m Liquid viscosity 10Pas Giordano et al. (2008)
Core parameters N
PFe,s Solid iron density 7800 kgm =3 Bryson et al. (2015)
Cpe Specific heat capacity 850 Jkg 1K~ *Bartels and Grove (1991)
L. Latent heat of fusion of core 270 x 103 Jkg~* *Ghosh and McSween (1998)
Tes Fe-FeS solidus 1260 K Buono and Walker (2011)
X eut Eutectic sulfur content 33wt % Buono and Walker (2011), R = 300 km
o Thermal expansivity 92 x10°K™! *Nimmo (2009)
ke Thermal conductivity 30 Wm—K? *Opeil et al. (2010)
e Viscosity 0.01Pas *de Wijs et al. (1998)
A Magnetic diffusivity 1.3m?%s7? *Weiss et al. (2010)

Fraction of energy flux

fohm dissipated ohmically 1 Christensen (2009)
Cy Convective velocity constant 1.31 Aubert et al. (2009)
Magnetic field .
Cp %tr(‘zgggil}? :‘:)n@etant 0.23 Davies et al. (2022)
Radiogenic heating parameters -
Heating power of 2°Al at 1 . )
Hap t—0Ma after CAT formation 0.355 Wkg~ *Castillo-Rogez et al. (2009)
Foom 26A1/27Al 5x107° *MacPherson et al. (1995)
Xal wt % Al in accreting material 1.4 *Doyle et al. (2015)
ti/2,a1 26 A half life 0.717Ma *Neumann et al. (2012)
Heating power of Fe at T
Hreo t=0Ma eitzr CAI formation. 0.0366 Wke™ Ruedas (2017)
Xre wt % Fe in accreting material 22.4wt % Lodders (2021)
t1/2,pe 80Fe half life 2.62 Ma Ruedas (2017)

Table 2.1: All fixed parameters used in the model and their references. Blank reference
indicates the value is chosen in this work. The choice of viscosity parameters is
justified in Section 2.2.2. References with a * denote the that they were used in
Dodds et al. (2021), but the original reference has been given here.
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Symbol ‘ Meaning ‘ Value ‘ Reference (if relevant)
Computational parameters
Ar Cell spacing 500 m Bryson et al. (2019a) |
At Timestep 0.075% S
Variable parameters
R Planetesimal radius 100-500 km
Xs,0 Initial core sulfur content 26.7-33 wt%
o | o
tace Accretion time < 2.5 Ma after CAI formation | Neumann et al. (2012)

Table 2.2: Computational parameters and variable parameters for model runs. The
choice of variable parameters is explained in Section 2.2.8. Accretion times are dis-
cussed further in Section 2.4.
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Figure 2.6: Annotated thermal profile for a 500 km radius planetesimal accreted at
0.8 Ma after CAI formation with ®Fe/%Fe = 1078 and Xgo = 29.85 wt%. Prior to
differentiation, the body heats up due to radiogenic heating by 26Al. After differ-
entiation, core thermal stratification is eroded rapidly due to heating by ®Fe. The
stagnant lid and CMB boundary layer thicken until the two boundary layers meet and
convection ceases, which terminates the dynamo. The temperature gradient at the
CMB steepens following the cessation of convection and the dynamo restarts prior
to the onset of core solidification. The black horizontal arrows indicate the period of
dynamo activity, their vertical position is arbitrary.
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80Fe /% Fe values, which range from 107® to 6 x 1077 (Cook et al., 2021). All fixed
parameters are given in Table 2.1.

The thermal profile for this 500 km radius planetesimal is shown in Figure 2.6. The
planetesimal reaches its critical melt fraction, ¢¢, and differentiates at 1520 K, 1.2 Ma
after CAI formation® (0.4 Ma after accretion). Once the planetesimal differentiates,

the combined stagnant lid and CMB boundary layer thickness is less than the mantle

!The time resolution of this description is limited by the frequency at which model output is
saved. Output is saved every 0.01 Ma prior to differentiation and every 0.1 Ma after differentiation.
All times given are representative of the approximate time for these processes. Therefore times are
given to a precision of 0.1 Ma from 1-10 Ma, 1 Ma for 10-100 Ma and 10 Ma for >100 Ma.
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Figure 2.7: see next page
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Figure 2.7 (previous page): Temperatures (a) and mantle heat fluxes (b) and core
power sources (c) for the same parameters as Figure 2.6: 500 km planetesimal accreted
at 0.8 Ma after CAI formation with %°Fe/*°Fe = 10~® and Xso0 = 29.85wt%. In the
upper panel, after the cessation of convection, the mantle temperature evolution at the
position of the final mantle height of the CMB boundary layer is shown by the red,
dashed line. For comparison, the central core temperature and convecting mantle
temperature from Dodds et al. (2021) are shown by the dotted lines. The Dodds
et al. (2021) temperature evolution is shorter, because their model ended after the
cessation of mantle convection (~ 50 Ma in their model). In the middle panel, at
the beginning of the thermal evolution, Fryp is negative, because the mantle heats
up faster than the core (blue box). The absolute value of Foyp has been plotted
for these times (light blue line). Before 3.8 Ma after CAI formation, the surface heat
flux, Fj, matches the radiogenic heat flux, Fi.q, because the top of the mantle is
above the critical melt fraction and there is a negative feedback loop between mantle
temperature and stagnant lid thickness (yellow-brown box). The downward spike
in Foup at 13 Ma after CAI formation is due to the rapid thickening of the CMB
boundary layer when the base of the mantle drops below the critical melt fraction.
The horizontal plateaus and vertical drops in Fy and spikes in Foyg prior to 13 Ma
is a model artefact due to the discretisation of the stagnant lid, and I expect smooth
curves in reality. The CMB heat flux, Fryp, decreases with time and the dynamo
turns off just before the cessation of convection due to the thickening of the CMB
boundary layer. In the lower panel, the latent heat contribution only appears once
the core begins solidifying. The latent heat release and secular cooling during core
solidification are shown as a rolling average over 200 timesteps (20 Ma) to remove
oscillations due to the discrete nature of the model.

thickness and the whole mantle convects. The mantle reaches a peak mantle tem-
perature of 1525 K within 0.1 Ma of differentiation. At these early times, radiogenic
heating from 2°Al is so strong that the dominant controls on mantle temperature are
surface heat flux, Fj, and radiogenic heat flux, Fi.q (see Figure 2.7, middle panel).
When the mantle melt fraction is at or above ¢, there is a negative feedback between
F, and temperature, because the planetesimal loses heat very efficiently. An increase
in mantle temperature, due to high F}.4, causes the stagnant lid to thin, which in turn
increases Fj, causing the mantle temperature to decrease. This results in a mantle
peak temperature close to Ty, = 1520K and very thin stagnant lid (~100-700m)
and CMB boundary layers (~100m) at early times. This feedback plays a role until
3.8 Ma after CAI formation (Figure 2.7). From 1.2-1.7 Ma after CAI formation the
mantle is hotter than the core due to the faster decay of 26Al in the mantle compared
to ®°Fe in the core. From 1.7-2.0 Ma after CAI formation, core thermal stratification

is eroded as radiogenic heating from ®Fe increases the core temperature (Figure 2.7,
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Figure 2.8: Predicted dipole magnetic field strength at the surface of the planetesimal
and magnetic Reynolds number, Re,,, (upper panel) and buoyancy flux per unit area
(lower panel) as a function of time for the same planetesimal as Figure 2.7. In the
upper panel, the purple, horizontal dashed line is a critical Re,, of 10 and the dotted,
purple line is the Re,, from Dodds et al. (2021). The longevity of core thermal strati-
fication in Dodds et al. (2021) prevented their Re,, from becoming supercritical. The
spikes in the traces prior to 13 Ma are model artefacts due to the discretisation of
the stagnant lid. Due to the discrete nature of latent heat release in the model, the
magnetic field strength and Re,, oscillate during core solidification. This oscillating
output is shown by the faded grey and purple traces, and the rolling average over
200 output steps (20 Ma) is shown in bold. The small gap between the purely ther-
mally driven dynamo and the average values for the thermo-compositional dynamo
is due to the lag in the rolling average. The thermal and compositional buoyancy
fluxes are shown in the lower panel. Again, the model compositional buoyancy flux
(faded purple) and rolling average buoyancy flux (bright purple) are shown. Time
is plotted logarithmically to make the early trends in magnetic field generation with
time visible. The downward spike in magnetic field strength in the first epoch of
dynamo generation occurs when the mantle cools sufficiently for its melt fraction, ¢,
to drop below the critical melt fraction, ¢c. The dynamo stops when mantle convec-
tion ceases and restarts prior to the onset of core solidification once the conductive
temperature gradient at the CMB has steepened sufficiently. Core solidification very
slightly increases magnetic field strength and Rey,.

45



-
N

60 A
12 4
50 A
s 'S_ 101
&2 40 -
22 %] §
25 6 < 30 A
R4
= 44 20 1
2 A — Mfrac=1 10 mmm e ]
—— Myrac=0
0 T T T T 0 T T T T
350 400 450 500 550 350 400 450 500 550
Time /Ma after CAl formation Time /Ma after CAl formation

Figure 2.9: Magnetic field strength (left panel) and magnetic Reynolds number, Re,,,
(right panel) for the two core solidification endmembers: no solidified material falls to
the centre and no passive inner core forms, mga.= 0 (dark blue line); and all solidified
material falls to the centre to form a passively growing inner core, mg,.= 1 (light
blue line). The lines indicate a rolling average over 20 Ma. Magnetic field strength is
slightly increased and Rey, is slightly decreased in the presence of a passively growing
inner core, but the difference between the two endmembers is minimal.

top panel). Once core thermal stratification has been eroded, the core begins to con-
vect. Rey, is immediately supercritical, so magnetic field generation begins 2.0 Ma
after CAI formation. At 4.3 Ma after CAI formation, the temperature at the top of
the mantle drops below T}, and the stagnant lid begins to thicken. At 13 Ma after
CAI formation, the temperature at the base of the mantle drops below T}, and the
CMB boundary layer begins to thicken. As the stagnant lid and CMB boundary
layer thicken, Foyp decreases and the first epoch of magnetic field generation ends
~170 Ma after CAI formation. At ~260 Ma after CAI formation, the combined CMB
boundary layer and stagnant lid thickness reaches the thickness of the mantle, so
mantle convection stops (Figure 2.6). Immediately after the cessation of mantle con-
vection, there is a shallower temperature gradient across the portion of the mantle
that was the CMB boundary compared to the portion of the mantle that was the
stagnant lid (Figure A.8). As a single conductive gradient is established throughout
the whole mantle, the conductive temperature gradient at the CMB increases and
the temperature gradient near the surface decreases. As a result, Foyp increases and
the dynamo restarts at ~280Ma after CAI formation. Core solidification starts at
~370 Ma, which provides an additional source of buoyancy for dynamo generation.
As solidification proceeds the liquid core sulfur content increases and the core reaches
the FeS eutectic at ~550 Ma. This reduces the buoyancy to drive the dynamo, causing

Rey, to become subcritical and the dynamo shuts off. The core solidifies completely
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by ~770 Ma.

My model Previous model | Reference Reason
Peak mantle . . i
temperature /K 1525 at 1.2Ma | 1620 at 1.2 Ma a New viscosity model, lower ¢¢
Mantle hotter than . 60
the core until /Ma 1.7 9 a Inclusion of *’Fe
Core thermal . 60
stratification eroded /Ma 20 40 a Inclusion of Tke
End of mantle convection/Ma 260 56 a Mantle convection model
. ) 2.0 - a . 60
First dynamo onset /Ma 14 5.4 b Inclusion of *’Fe
First d tion /M 170 ° & Mantl ti del
irst dynamo cessation /Ma 150 17 b antle convection mode

Table 2.3: Differences between key aspects of planetesimal thermal evolution between
my model and previous models, and a reason for each difference. My model run is for
a 500km radius planetesimal accreted at 0.8 Ma after CAI formation with ®Fe/*Fe
=1078. The Case 1 run from Dodds et al. (2021) (a) is used for comparison. Dynamo
generation is compared with both Case 1 from Dodds et al. (2021) and the single
accretion event model from Bryson et al. (2019a) (b), because thermal stratification
prevented dynamo generation in Dodds et al. (2021). A model run for a 400 km radius
planetesimal accreted at 0.5 Ma after CAI formation was used to compare with the
Bryson et al. (2019a) model. All times are Ma after CAI formation and are given to
a precision of 0.1 Ma from 1-10 Ma, 1 Ma for 10-100 Ma and 10 Ma for >100 Ma. ¢¢
is the critical melt fraction.

2.3.1 Inclusion of Fe

Previous models neglected the role of radiogenic heating by °Fe in the core because
it only led to a ~10K difference in peak core temperature over the lifetime of the
planetesimal (Henke et al., 2013). Although this temperature difference is small com-
pared to the overall core temperature, it is significant compared to the temperature
difference across the CMB (~ 1 — 5K). Radiogenic heating by %°Fe is therefore im-
portant at early times in the thermal evolution. Indeed, radiogenic heating from %“Fe
can increase the core temperature above the temperature at the base of the mantle,
causing the core’s thermal stratification to be removed far more rapidly (see Table
2.3) than in previous models (Dodds et al., 2021). As a result, the inclusion of %Fe
can lead to an earlier onset of dynamo generation (by ~4 Ma compared to Bryson
et al., 2019a) or an early epoch of dynamo generation that was not observed for an
instantaneously accreting body in the model presented by Dodds et al. (2021). Be-
cause it will cause more heat to be produced, the effect of %°Fe on dynamo timing and

strength will be even more significant for the upper estimates of primordial **Fe/*6Fe.
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2.3.2 Mantle convection criterion

Mantle convection and the first epoch of dynamo generation lasts an order of magni-
tude longer in my model than previous models (Table 2.3) due to my chosen criteria
for the cessation of mantle convection. In previous models, solid-state convection
immediately ceased when the Rayleigh number dropped below the critical Rayleigh
number, Ra,, for the first time (Sterenborg and Crowley, 2012; Bryson et al., 2019a;
Dodds et al., 2021). This previous cessation criterion resulted in mantle convection
ceasing early, at a time when the combined boundary layer thicknesses were less than
half the mantle thickness, the CMB boundary layer was very thin, and the deep
mantle was isothermal (the mantle adiabatic gradient is negligible). This isother-
mal profile resulted in a pause in cooling at the CMB until conductive cooling from
the top of the mantle reached the CMB. I have mitigated this artefact in my model
by assuming the cessation of convection occurs when the combined stagnant lid and
CMB boundary layer thickness equals the mantle thickness. This better represents
the gradual cessation of convection, because the convecting domain gradually shrinks
in size until the entire domain is conductive (Figure 2.6). This criterion has been
used to calculate cessation of convection by many planetary thermal evolution stud-
ies (e.g., Grott et al., 2011; Morschhauser et al., 2011) and predicts similar thermal
evolutions to equivalent 2D and 3D numerical simulations (Tosi et al., 2013). I as-
sume a conductive profile in the CMB boundary layer, such that upon the cessation of
mantle convection there is already a conductive temperature gradient at the base of
the mantle. This ensures there is mantle and core cooling via conduction the moment
convection ceases. The gradual thickening of the CMB boundary layer is reflected in
the slow decrease in Foyp and dynamo field strength in Figures 2.7 and 2.8 and lack
of spike in Foyp at cessation of convection compared to Bryson et al. (2019a). The
conductive gradient in the CMB boundary layer enables a second epoch of dynamo
generation to begin before the onset of core solidification, because the conductive

temperature gradient at the CMB is large enough to produce supercritical Re,,.

2.3.3 Magnetic field generation with time

Planetesimal magnetic field generation can be split into four regimes (Figure 2.8).
In Regime 1, radiogenic heating from ®Fe is strong and the mantle is above ¢c,
such that the CMB boundary layer is thin and Fyp is high. The peak magnetic
field strength (16 T for my example run) for the whole thermal evolution is reached

at the onset of dynamo generation, when the temperature gradient across the CMB
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is largest due to heating by ®Fe. Magnetic field strength decreases as the CMB
boundary layer thickens (see Figures 2.6 and 2.8). Regime 1 ends ~13 Ma after CAI
formation when the temperature at the base of the mantle drops below T} ,. There is
a downward spike in magnetic field strength at this time, because the CMB boundary
layer thickness increases rapidly (see Figure A.4 and A.7) and the same temperature
difference is accommodated across a larger distance, which decreases Foyp. At the
beginning of Regime 2, as the mantle continues to cool, the core-mantle temperature
difference initially increases more rapidly than the CMB boundary layer thickness,
which temporarily increases Foyp and the magnetic field strength. Foyp and mag-
netic field strength then decline as the CMB boundary layer thickening outweighs
the change in core-mantle temperature difference. Regime 3 occurs after the mantle
has stopped convecting. The conductive temperature gradient at the CMB steepens
(Figure A.8), which increases Foyp enough to restart the dynamo. Magnetic field
strength increases with time up to 8 T, because the temperature gradient in the deep
mantle increases as the mantle cools. Once core solidification begins, this provides an
additional source of buoyancy to drive the dynamo (Regime 4) and the field strength
is approximately constant at 13uT until the core reaches the eutectic composition.
Once the core reaches this composition there is insufficient buoyancy flux to drive the
dynamo.

The field strengths and transition times between these regimes will change with
chosen planetesimal parameters. For lower core sulfur contents, core solidification
will start earlier and the compositionally driven regime (Regime 4) may overlap with
preceding regimes (Figure 2.10). Smaller planetesimals will cool more quickly, so will
have a compressed magnetic field generation history. The transition between Regimes
1 and 2 is partially due to the jump in viscosity. These two regimes may become one
with a smooth decrease in field strength with time if viscosity parametrisations are

improved in the future.

2.3.3.1 Compositional vs thermal dynamos

In my model, the primary difference between compositional and thermal dynamos is
the release of gravitational potential energy in the liquid region of the core, which
increases the buoyancy flux to drive the dynamo. As a result, thermo-compositional
dynamos generate stronger magnetic fields than thermal dynamos at the same point
in planetesimal thermal evolution (orange/grey vs yellow lines in Figure 2.10). For
a H00 km body at the thermo-compositional field strength peak, the magnetic field

is 1.7 times stronger than the thermal dynamo alone at the same period of dynamo
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Figure 2.10: Magnetic field strength and Re,, with time for 500 km planetesimals with
80Fe /°°Fe =10~® and initial core sulfur contents, Xg g, from 26.7-33 wt%. Due to the
discrete nature of the model, the magnetic field strength and Re,, oscillate during
core solidification. This oscillating output is shown by the faded traces and the rolling
average over 200 output steps (20 Ma) is shown in bold. The small gap between the
purely thermally driven dynamo and the average values for the thermo-compositional
dynamo is due to the lag in the rolling average. The dynamo generation regimes are
the same as in Figure 2.8. As Xg decreases, the core liquidus temperature increases
and the onset of core solidification moves to earlier times. Compositional buoyancy
leads to up to a 70% increase in magnetic field strength. Core solidification is not
required to produce a second epoch of dynamo generation.
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generation and the compositional buoyancy flux is ~6 times higher than the ther-
mal buoyancy flux (Figure 2.8). However, the absolute difference in magnetic field
strength between mechanisms (~7 uT) would require small measurement uncertain-
ties to be detected in the paleomagnetic record and would be degenerate with the
time the magnetisation was recorded. For instance, in Regime 3, both field strengths
decrease with time so a later generated thermo-compositional field could have the
same strength as a thermally generated one earlier in the same regime.

Although the onset of core solidification may not have a resolvable affect on field
strength, it can have a strong effect on the timing of dynamo generation. For Xg
=26.7wt%, the increase in buoyancy flux due to core solidification is enough to pre-
vent cessation of the dynamo when mantle convection ceases and there is no gap in
dynamo generation.

My model now predicts the first epoch (epoch denotes a continuous period of dy-
namo generation compared to regimes, which demarcate the different mantle/core
states during dynamo generation) of thermal dynamo generation can last up to
170 Ma after CAI formation for 500 km radius planetesimals (Figure 2.8). The dy-
namo restarts in 500 km radius planetesimals with Xgo = 29.85 wt% and 33 wt% at
~ 280 Ma after CAI formation prior to the onset of core solidification (Figure 2.10).
As such, core solidification is not required for a second epoch of dynamo genera-
tion. Core solidification does not prolong the life of the dynamo, but strengthens
the resulting magnetic field and narrows the gap between generation epochs. The
restart of the dynamo prior to core solidifcation predicted by my model suggests
that core solidification may not be required to explain younger magnetic remanences
(e.g., Nichols et al., 2021; Maurel et al., 2021, >65 Ma after CAI formation based on
current evidence). This could resolve the problem of finding an inward solidification
mechanism which can drive compositional convection rather than stably stratifying
the core (Dodds et al., 2025), because the later meteorite paleomagnetic remanences

could have been generated by a purely thermal dynamo.

2.3.3.2 Magnetic field strengths

The magnetic field generation scaling laws I use enable me to predict both Re,, and
dipolar, surface magnetic field strengths for the entire planetesimal thermal evolution.
These magnetic field strengths can be compared to the paleomagnetic record to deter-
mine a range of possible parameters for a given meteorite parent body (see Chapter
3). I have determined that a MAC scaling law for magnetic field strength is appropri-

ate for planetesimal cores (Section 2.2.6.2,Table A.1). Previous planetesimal thermal

o1



evolution models were uncertain which core force balance and scaling law was appro-
priate for planetesimals, so did not predict magnetic field strengths (Bryson et al.,
2019a; Dodds et al., 2021) or used multiple scaling laws (Sterenborg and Crowley,
2012). Additionally, I have developed a parametrised model for inward core solidifica-
tion, which enables me to calculate a combined thermal and compositional buoyancy
flux (Equation 2.36) and use the same convective velocity and magnetic field scaling
laws before and during core solidification. This means a full internally-generated mag-
netic field history for a given planetesimal can be predicted without having to assume
a single buoyancy source at a given time. This is important for trying to understand
time-resolved magnetic field generation records for a specific body, such as the Main
Group pallasites (Tarduno et al., 2012; Bryson et al., 2015; Nichols et al., 2021) and
the I1E irons (Maurel et al., 2021), for which magnetic field strengths were previously
predicted only during outward solidification with a conductive mantle. The magnetic

histories of these meteorite parent bodies will be explored in Chapter 5.

2.4 Accretion and differentiation assumptions

2.4.1 Accretion timescale and partial differentiation

I do not consider the effects of gradual accretion because there are a range of possi-
ble accretion growth laws (Neumann et al., 2012) and the most appropriate law for
planetesimals may depend on the initial conditions of dynamical simulations (Wei-
denschilling, 2019). Prolonged accretion over O(0.1 Ma) could erode core thermal
stratification by the later addition of cool material to the top of the core, which can
bring forward the onset of the dynamo relative to the instantaneous accretion case
(Dodds et al., 2021). However, my model includes heating by ®°Fe in the core, which
can rapidly remove thermal stratification and will counter the effect of prolonged
accretion on core thermal structure.

Accretion over even longer timescales (O(1 Ma)) following an exponential accre-
tion law can lead to partial differentiation, smaller planetesimal cores, and weaker
dynamos (Dodds et al., 2021). Partial differentiation could be included in the model
in the future by adding regolith with lower conductivity to the top of the planetesimal
and introducing a variable ratio of core to planetesimal radii, %s. This could lead to
a weaker dynamo with shorter duration for a given planetesimal radius compared to
the results in this chapter due to reduced core and mantle size. These extensions will

be important for applying the model to partially differentiated bodies that preserve
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a thick chondritic layer and have been proposed to have generated a magnetic field,
such as the CV and H chondrites (Elkins-Tanton et al., 2011; Bryson et al., 2019b).

2.4.2 Compaction, sintering and regolith

My model does not include variations in planetesimal thermal conductivity between
accretion and differentiation due to compaction and sintering. The planetesimal sin-
ters at 700 K (Yomogida and Matsui, 1984) and rapidly reaches the thermal properties
assumed in this model. For a 500 km planetesimal the inner 496 km is below 700 K
only for the first 0.12 Ma after accretion and the last node sinters 0.5 Ma after accre-
tion, so a lower thermal conductivity prior to sintering has a negligible effect on heat
transport over the 10-500 Ma timescales for dynamo generation. I have neglected any
unsintered regolith because this layer is so thin (< 500m). This may result in a very

slight over-estimate of the surface heat flux and planetesimal cooling rate.

2.4.3 Water

Following other models of differentiated planetesimals (Neumann et al., 2018; Sturtz
et al., 2022b; Monnereau et al., 2023), my model does not include the thermal effects
of water prior to differentiation. I adopted this approach because radiogenic heat-
ing is strong enough that the thermal contributions of melting ice, hydrating, and
dehydrating silicates has a minimal effect on the differentiation time. Additionally,
the early accreted planetesimals considered here rapidly reach temperatures above
the silicate dehydration temperature (1223 K; Lichtenberg et al., 2019a), and after
differentiation planetesimals retain very little water (Peterson et al., 2023; Newcombe
et al., 2023). The effect of water on planetesimal evolution will be discussed further
in Chapter 4.

2.4.4 Differentiation mechanism

My model for differentiation must enable planetesimals to form a core in which a
dynamo can be generated. In order for the planetesimal to differentiate, the material
which will form the core, assumed to be Fe-FeS, must be able to move to the centre
of the body. There are at least two possible differentiation mechanisms: percolation,
where Fe-FeS melt, which has a lower solidus than silicates, moves along grain bound-
aries in a solid, silicate matrix; and rain-out, where more dense molten Fe-FeS falls
through less dense silicate melt to the planetesimal centre. Percolation requires an

interconnected network of melt. Metal melts have large dihedral angles (110°; Néri
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et al., 2020) and need high volume fractions to form this interconnected network (up
to 20-25%; Néri et al., 2020). These high volume fractions would require high plan-
etesimal metal contents, which would result in unrealistically large core radii. Only
12.5vol% metal is required to form a core that has a radius that is 50% the radius
of the planetesimal (Dodds et al., 2021) and cores predicted to form from chondritic
compositions have core radii that are 30-50% of the planetesimal radius (Bercovici
et al., 2022). However, the need for an inter-connected network of metal for percola-
tion could be removed by shear deformation due to solid-state convection (Rushmer
et al., 2000), crack formation (Keil and Wilson, 1993) or silicate melting (Wilson
et al., 2008).

Estimates of the percolation velocity, assuming Darcy flow, are linearly dependent
on the permeability of the planetesimal matrix, for which model values vary by six
orders of magnitude from 1078m? (Fu and Elkins-Tanton, 2014) to 10~*m? (Neumann
et al., 2012). As a result, the time taken to differentiate via this mechanism is
very uncertain (O(10-10°) years, see Appendix A.5.1). Differentiation via rain out
occurs rapidly in comparison to a model timestep, O(10%) years for 1 mm radius
droplets, once ¢ =¢¢ (i.e., once the silicate portion of the body has a liquid viscosity).
Therefore, in this model I adopt differentiation via rain out when ¢ = ¢¢, because
the mechanics are simpler and any Fe-FeS that has not already reached the centre

via percolation will move there rapidly once ¢ = ¢¢.

2.4.4.1 Minimum core sulfur content

My model assumes differentiation occurs at the critical melt fraction and that the
core of the planetesimal is completely molten at the point of differentiation, which
limits the range of initial core sulfur contents I can model. For the core material to
be completely molten at differentiation requires the differentiation temperature to be
greater than or equal to the Fe-FeS liquidus. The liquidus temperature is a function
of core sulfur content and core pressure (Equation 2.29), while the differentiation
temperature is assumed to be equal to the temperature of ¢, which depends on
the mantle solidus (Section 2.5.1) and the choice of ¢c. Experiments (0.2; Scott
and Kohlstedt, 2006) and previous planetesimal thermal evolution models (0.5; e.g.,
Bryson et al., 2019a) provide a possible range of ¢¢.

Previous studies of planetesimal dynamo generation were not limited in their value
of Xgp, because they used the linear liquidus approximation (Neufeld et al., 2019;
Nichols et al., 2021), which has lower liquidus temperatures for Xg in the range 0-
10 wt% compared to the Buono and Walker (2011) liquidus (Figure A.9). Prior studies
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Figure 2.11: Minimum initial core sulfur content, Xg, in my model as a function
of: planetesimal radius, which controls core pressure (top left, top right); critical
melt fraction, which controls the temperature at differentiation (top left, bottom
left); and mantle solidus, which controls the temperature at differentiation (top right,
bottom left). The lowest radii, lowest critical melt fractions and lowest mantle solidus
temperatures have the highest minimum Xg,. The minimum and maximum values
on the colour scale vary between subplots, in order to highlight the effect of each
parameter. Variations in mantle solidus temperature combined with variations in
critical melt fraction produce the largest spread in Xg.
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of planetesimal differentiation via percolation predicted differentiation of sulfur-poor
bodies, because they only considered heat transfer via conduction not convection,
which allows for higher maximum planetesimal temperatures (Neumann et al., 2012).

For the mantle solidus used in this model (1400K), the minimum Xg, varies
from 22.2-28.3wt% (Figure 2.11), which is higher than the sulfur contents in iron
meteorites (0-17 wt%; Kruijer et al., 2014). If the mantle solidus in the model is raised
to 1473 K (Fu and Elkins-Tanton, 2014), the minimum X varies from 6.9-25.9 wt%
(Figure 2.11). However, it is unclear if this is the most appropriate solidus value and
the lower values in this range require extremal values of planetesimal size (500km)
and critical melt fraction (0.5). Planetesimals could have initially been sulfur rich
and lost their sulfur by later processes, such as immiscible fluid separation in the core
(e.g., Bercovici et al., 2022) or volatile loss (e.g., Hirschmann et al., 2021). Bodies
differentiating from CI, CM, LL, CO, CV, and CK chondritic starting compositions
are predicted to have Xg > 22% (Bercovici et al., 2022), which is in line with the
minimum Xgg in the model. Further research is needed to constrain the mantle
solidus and critical melt fraction and to explore these additional processes occuring
during or immediately after differentiation.

As a first estimate, sulfur-poor bodies would have an earlier onset and longer
duration of compositional convection than those modelled here, because the core
liquidus temperature is higher and more core solidification is required before the bulk
liquid core sulfur content reaches the eutectic. In addition, decreasing Xg lowers
the density difference between the solidified iron and the bulk liquid core, which
could decrease buoyancy flux and magnetic field strength at the beginning of core

solidification.

2.5 Mantle assumptions

2.5.1 Silicate solidus and liquidus

The silicate solidus, T}, s, and liquidus, 7T,;, depend on pressure and composition
(Hirschmann, 2000). Meteorite melting experiments suggest the silicate solidus lies
between 1323-1423 K and the liquidus is ~400 K hotter than the solidus (Agee et al.,
1995; McCoy et al., 1999). Previous planetesimal models have used values for the
mantle solidus between 1400-1473 K (Hevey and Sanders, 2006; Elkins-Tanton et al.,
2011; Fu and Elkins-Tanton, 2014; Kaminski et al., 2020; Bryson et al., 2019a; Dodds

et al., 2021) based on differing degrees of rounding of these experimental results in
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Figure 2.12: Magnetic field strength and Re,, with time for 500 km planetesimals with
80Fe /5Fe =108, Xg7=29.85 wt% and three different mantle solidus temperatures. In
all scenarios, the mantle liquidus temperature is 400 K above the solidus temperature.
Due to the discrete nature of the model, the magnetic field strength and Re,, oscillate
during core solidification. This oscillating output is shown by the faded traces and
the rolling average over 200 output steps (20 Ma) is shown in bold. The spikes in
Feyp prior to 13Ma is due to the discretisation of the stagnant lid. The small
gap between the purely thermally driven dynamo and the average values for the
thermo-compositional dynamo is due to the lag in the rolling average. The dynamo
generation regimes are the same as in Figure 2.8. Mantle solidus temperatures do
not affect thermal dynamo generation, but lower solidus temperatures bring forward
the onset and completion of core solidification, because less cooling is required to
reach the core liquidus. This earlier onset of core solidification can provide additional
buoyancy and prevent a gap in dynamo generation at the cessation of convection.
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°C. For consistency with the studies of Bryson et al. (2019a) and Dodds et al. (2021),
I have chosen to use a mantle solidus and liquidus of 1400 K and 1800 K, respectively.

Increasing the silicate solidus and liquidus temperature increases the temperature
of the critical melt fraction and peak planetesimal temperature. Increasing the sil-
icate solidus has little effect on thermal dynamo generation (Figure 2.12), but will
delay compositional dynamo generation, because a higher silicate solidus temperature
requires more cooling before the core reaches the Fe-FeS liquidus, for the same initial
core sulfur content. In contrast, decreasing the silicate solidus lowers the planetesimal
peak temperature, which means less cooling is required to reach the core solidus. This
can bring forward the onset of core solidification, for a given initial core sulfur content,
to before the cessation of mantle convection. In this scenario, the additional buoy-
ancy provided by core solidification could power the dynamo when mantle convection
ceases and prevent a gap in dynamo generation. The choice of mantle solidus will

determine the range of Xg o over which early onset of core solidification is possible.

2.5.2 Silicate melt migration

Silicate melt migration could lead to formation of high silicate melt fraction layers
rather than global planetesimal (pre-differentiation) or mantle (post-differentiation)
melting due to the preferential partitioning of Al into melt (e.g., Neumann et al.,
2014). Depending on the buoyancy of the silicate melt, these melt-rich layers could
form at the surface (H, LL, or EH chondrite starting compositions) or at the CMB
(CM or CV chondrite starting compositions; Fu and Elkins-Tanton, 2014). In both
scenarios, the strong radiogenic heating in these melt-rich layers would delay the
onset of dynamo generation. A surface melt-rich layer would be hotter than the rest
of the interior delaying the cooling of the lower mantle and the core until the melt-rich
layer had cooled to the temperature of the lower mantle. A melt-rich layer at the
CMB would experience higher radiogenic heating per unit mass than the homogeneous
mantle presented in this chapter. As a result, this melt-rich layer would transfer more
heat to the core and increase core thermal stratification at early times, delaying the
onset of the dynamo. In both scenarios, the onset of dynamo generation could still be
brought forward by the presence of “°Fe in the core, which raises the core temperature
relative to the mantle. Melt migration would also inhibit mantle convection because
most of the mantle would be melt-poor and have high viscosity. This could lead to a
single epoch of dynamo generation because there would be no transition from mantle

convection to conduction and no resulting pause in dynamo generation.
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Melt migration is significant if the timescale for percolation of silicate melt through
the solid matrix is shorter than the timescale for radiogenic heating (Lichtenberg
et al., 2019b; Monnereau et al., 2023). However, the timescale for melt migration
varies by seven orders of magnitude between studies (Moskovitz and Gaidos, 2011;
Neumann et al., 2012; Monnereau et al., 2023) due to different assumptions about
silicate grain growth and matrix permeability. Therefore, the importance of melt mi-
gration in planetesimal differentiation is heavily debated. Due to the uncertainties in
melt migration timescale, I have neglected melt migration in this model. For bodies
that accrete < 1.1 Ma after CAI formation, the radiogenic heating timescale is short
enough to neglect melt migration (Monnereau et al., 2023). Based on the differentia-
tion ages of iron meteorites, it is likely that most differentiated planetesimals accreted
within this time (Spitzer et al., 2021).

2.5.3 Compositional homogeneity

I do not specify a mantle composition and assume the mantle is compositionally
homogeneous. A compositionally distinct, cumulate layer could form at the base
of the mantle when it is convecting above the critical melt fraction (Sturtz et al.,
2022b). This could thicken the conductive boundary layer at the base of the mantle,
decreasing Fryp and reducing dynamo strength. However, formation of this cumu-
late is very sensitive to crystal size and also depends on mantle composition (Sturtz
et al., 2022b). Because these parameters are uncertain, it is unclear how widespread
cumulate formation will be among planetesimals and I have not included it in my

model.

2.6 Core solidification model

In order to calculate a full planetesimal thermal history, I had to balance detail
in my core solidification model with ease of implementation. Since there is such
large uncertainty in the mechanism of core solidification, I did not want to adopt
an unreasonable level of specificity in my core solidification model. I chose to focus
on two key changes to dynamo generation that will result from core solidification:
decrease in convective lengthscale; and change in density difference due to changing
composition of bulk liquid core during solidification. The assumptions within my core

solidification model are discussed below.
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2.6.1 Convective lengthscale

For a planetesimal core solidifying inwards, either a stably stratified, partially solid
layer may remain at shallow depths in the core, (e.g. iron snow Riickriemen et al.,
2015; Davies and Pommier, 2018) or a portion of material may delaminate and fall to
the centre of the planetesimal forming a passively growing inner core (e.g., Scheinberg
et al., 2016; Neufeld et al., 2019). The my,. parameter allows me to adjust my model
between these two endmembers: no passively growing inner core (mga.= 0); and all
material immediately falling to the centre to form an inner core (mg,.= 1). This
gives me a first estimate to the effect of core solidification for the most (mgac= 1)
and least (mga.= 0) rapid changes in geometric lengthscale. In reality, the convective
lengthscale is some fraction of the geometric lengthscale (Davidson, 2013; Aubert
et al., 2017), which could increase the magnetic field strength and decrease Re,
(Figure A.5). However, the value of this fraction for planetesimal cores is uncertain,
so I approximate the convective lengthscale as equal to the geometric lengthscale.
This may overestimate dynamo duration and underestimate magnetic field strength.
The endmember with the passively growing inner core was used in Figures 2.8 and
2.10, because this is the minimum estimate of geometric lengthscale and will give a
minimum estimate of Rey,. Core solidification with a passively growing inner core
has a slightly stronger magnetic field strength and lower Re,, than core solidification
where solid without an inner core (Figure 2.9). However, magnetic field strength and
Re,, both scale weakly with convective lengthscale (see Figure A.10), so these changes
are minimal.

For both scenarios, the amount of material solidified is parametrised by the inward
motion of a solidification frontat r;; the buoyancy flux is calculated at this position.
For mga..= 0, the radius of the base of the solidified outer layer, r; is equal to the
position of the solidification front (r; = r;). For mga.= 1, there is no outer shell
(r1 = r.) and all the material is at the centre. In this case, r; differs from r; by
a maximum of 6% (Figure A.11) before the core reaches the eutectic. Therefore,
evaluating the buoyancy flux at r; rather than r. for mga..= 1 introduces a minimal
effect.

2.6.2 Density difference

During core solidification, the density difference between the solidified, pure iron
phase and the Fe-FeS liquid drives convection. The density difference between the

solid and liquid varies as the core solidifies and the sulfur content of the liquid core
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increases. The adiabatic gradient in planetesimal cores is probably too shallow for
solidified iron to remelt as it falls towards the centre of the planetesimal (Dodds
et al., 2025). Therefore, I assume the bulk liquid core becomes more sulfur rich as
the core solidifies and the driving density difference is between solidified iron and the
bulk Fe-FeS liquid. Assuming perfect partitioning of sulfur into the liquid portion of
the core (Goldstein et al., 2009) may overestimate the density difference available to
drive the dynamo. I use the same density difference formalism in both solidification
endmembers, because this estimate is the correct order of magnitude for the density
difference even if it may differ between solidification modes.

My variable density difference is up to seven times larger than in previous models
(see Figure A.12) which assumed a constant fractional density difference (% of 5%
based on Earth values, eg. Nimmo, 2007; Bryson et al., 2015, 2019a; Nichols et al.,
2021). This previous value underestimated the density difference due to the higher
pressure and lower core sulfur content in the Earth’s core compared to planetesimal
cores. My variable density difference increases the density difference available to drive
a dynamo.

My model does not consider the density difference resulting from super-eutectic
(Xs0 > 33wt%) core solidification as a mechanism for driving the dynamo. This is
for two reasons. First, there is minimal evidence for super-eutectic planetesimal cores
in the meteorite record. For instance, there are no iron meteorites with super-eutectic
compositions (Hilton et al., 2022) and only parent bodies formed from CM chondrite
and CI chondrite compositions potentially could have formed super-eutectic cores
(Bercovici et al., 2022). Second, the density and liquidus of super-eutectic Fe-FeS is
very poorly constrained (Riickriemen et al., 2018). As a result, it is unclear whether

crystallisation of super-eutectic Fe-FeS can drive a compositional dynamo.

2.6.3 Comparison with iron snow

The mga.= 0 endmember is an approximation to iron snow solidification, and uses a
simplified description of the energetics and solid fraction in the snow zone. The full
energetics of the iron snow system is complex (Riickriemen et al., 2015; Davies and
Pommier, 2018) and the dynamics of iron snow solidification, including nucleation and
bursts of solidification (Huguet et al., 2023), are still poorly understood and difficult
to incorporate into a numerical model. My simplified model aims to capture the key
aspects of this complicated solidification mechanism for dynamo generation. Additon-
ally, my simplications enable easy transition between core solidification endmembers

using a single parameter, Mgac.
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One key approximation in my model compared to the iron snow system is the
treatment of the solid fraction in the snow layer. In a full iron snow model, stable
stratification is formed at the top of the core by a slurry layer, with a very low, almost
constant solid fraction (Davies and Pommier, 2018), whereas in my model this stable
stratification is formed by a layer of pure, solid iron. This solid iron layer still captures
the decrease in the lengthscale of convection with the downward growth of the snow
layer.

Another key approximation in my model is in the energetics; specifically, the treat-
ment of gravitational potential energy in the solid and the release of latent heat for
driving the dynamo. Since my snow layer is a pure solid, I neglect release of gravi-
tational potential energy in the snow zone and only consider release of gravitational
potential energy in the liquid portion of the core, when calculating the buoyancy flux
(Equation 2.36). Neglecting the gravitational potential energy release in the snow
region is reasonable, because gravitational potential energy release in the liquid dom-
inates (Davies and Pommier, 2018). Energetically, this is the same as the growth of
a solid inner core, but adapted for inward core solidification (Gubbins et al., 2003;
Nimmo, 2007). My model includes the release of latent heat due to core solidification,
but not absorption of latent heat by remelting of falling snow. In an iron snow system,
these two latent heat contributions almost balance (Davies and Pommier, 2018), so
could be neglected altogether. However, the adiabatic gradient in planetesimal cores
may not be steep enough for iron snow to remelt (Dodds et al., 2025). Therefore, I
have omitted latent heat absorption during remelting but included latent heat release
during solidification. This enables a single parameter, my.., to capture variation be-
tween core solidification endmembers. The contribution of latent heat release during
solidification is an order of magnitude smaller than the other contributions to core
energetics during solidification (Figure 2.7), so including it has a minimal effect on

core solidification.

2.7 Outlook

My model includes several physical and chemical features that have been neglected
or simplified in previous models. For instance, my planetesimal thermal evolution
model is the first to model sub-eutectic core solidification of a mantled planetesimal
that also includes mantle convection. Calculating a unified buoyancy flux also enables

me to use the same scaling laws for Re,, and magnetic field strength throughout the
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thermal evolution, and allows thermal and compositional convection to occur simul-
taneously. Additionally, radiogenic heating from °°Fe has been added to the core
thermal structure. I also chose to adjust the mantle convection parametrisation to
model the gradual cessation of convection and boundary-layer thicknesses applica-
ble to systems with surface cooling and internal heating. I have implemented more
physically realistic values in the mantle viscosity function and added extra pieces to
the viscosity function to capture the full range of viscosity behaviour as a function
of temperature. The stagnant lid scaling laws have also been implemented, such
that they respond to changes in mantle viscosity. This will enable future studies to
choose viscosity parameters that are most applicable for a planetesimal of a given
size and composition. The other parameters in the model are fully adjustable, which
enables future studies of the effects of a given parameter as well as application to spe-
cific meteorite parent bodies to enable interpretation of the meteorite paleomagnetic
record. In Chapter 3, I systematically vary mantle viscosity, primordial ®Fe/*0Fe,
initial core sulfur content and planetesimal size to gain a deeper understanding of
these parameters on dynamo generation and the implications of my model for the
meteorite paleomagnetic record.

There are two key refinements that could be made to the model. First, the mecha-
nism of planetesimal differentiation and initial core sulfur contents must be reconciled.
Whether planetesimal cores can either form with initially low sulfur contents or lose
their sulfur later and the consequences of these factors for the onset of core solidi-
fication and dynamo generation require further study. Second, possible mechanisms
of inward core solidification in mantled planetesimals and the implications of this on
dynamo generation should be explored in more detail. Additional improvements to

the model could be made by including partial differentiation and crust formation.

2.8 Conclusions

Planetesimals formed during the first few Ma after Solar System formation and many
were accreted into the terrestrial planets. Thermal evolution and dynamo generation
models can provide insight into the interior structures and thermal histories of these
planetesimals. However, previous models have focused on either early or late epochs of
dynamo generation, limiting their ability to predict a complete magnetic field history.
My model focuses on the description of mantle convection and the parametrisation
for sub-eutectic core solidification to provide a unified, more versatile model for plan-

etesimal thermal evolution and dynamo generation. Specific enhancements include:

63



e Radiogenic heating from %°Fe in the core.

e A mantle viscosity model that is self-consistent with the mantle convection

parametrisation and can be adjusted to investigate the effect of mantle viscosity.

e Stagnant lid and CMB boundary layer parametrisations consistent with bound-

ary heat fluxes and internal heating.

e Cessation of convection when the combined stagnant lid and CMB boundary

layer thickness is greater than the mantle thickness.

e A parametrised model for sub-eutectic core solidification with a unified thermal

and compositional buoyancy flux to drive magnetic field generation.
e Calculation of magnetic field strength during epochs of dynamo generation.

The key results of these changes implemented in my model are demonstrated
by an example of the magnetic history generated for a 500 km radius planetesimal.

Compared to previous models I find that:
e Core thermal stratification is eroded more rapidly.
e Mantle convection and the first epoch of dynamo generation lasts longer.

e Core solidification marginally increases dipole field strength, but exerts a much
stronger control on dynamo duration by providing an additional buoyancy

source after the cessation of mantle convection.
e The second epoch of dynamo generation is not triggered by core solidification.

My model can predict a complete magnetic field generation history for a planetes-
imal with magnetic field strengths for both compositional and thermal dynamos. It
therefore serves as a powerful tool for understanding the general controls on planetes-
imal dynamo generation (Chapters 3 and 4), as well as recovering constraints on the
properties of meteorite parent bodies from their paleomagnetic records (Chapter 5).
In the next chapter, I will use this model to investigate the effect of mantle viscos-
ity, core composition and planetesimal radius on dynamo generation and re-evaluate

previous interpretations of the meteorite paleomagnetic record.
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Chapter 3

Early and elongated epochs of
planetesimal dynamo generation

3.1 Introduction

The meteorite paleomagnetic record provides a unique insight into the evolution
of planetesimals and the protoplanetary disk. Meteorite magnetic remanences that
record dynamo fields indicate that some planetesimals met the criteria for dynamo
generation during their thermal history. Thermal evolution and dynamo generation
models can be used to constrain the properties of meteorite parent bodies from these
magnetisations (e.g., Nichols et al., 2021; Dodds et al., 2021; Maurel et al., 2021).
Meanwhile, magnetic records of the nebula field provide constraints on the lifetime
of the protoplanetary disk and movement of material within it (e.g., Borlina et al.,
2022; Bryson et al., 2020b). The sources of meteorite magnetisations must be cor-
rectly identified to obtain these insights, and for post-accretionary magnetic rema-
nences, this relies on results from thermal evolution and dynamo generation models
(e.g., Sterenborg and Crowley, 2012; Bryson et al., 2019a; Dodds et al., 2021). Re-
finements to these models presented in Chapter 2 allow the previous interpretations
of the meteorite paleomagnetic record to be re-evaluated here.

Previous thermal evolution models (e.g., Sterenborg and Crowley, 2012; Bryson
et al., 2019a; Dodds et al., 2021) that successfully generate dynamos predict several

events in the thermal evolution:

1. Following instantaneous accretion or during gradual accretion, planetesimals
are heated by 2°Al decay, causing the body to differentiate into a metallic core

and silicate mantle.
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2. Following differentiation, 26 Al partitions into the silicate mantle. After further
heating, the melt fraction in the mantle is high enough to initiate mantle con-
vection. The core is heated by the mantle from above and develops a stable

thermal stratification that prevents the onset of a dynamo.

3. Once the mantle cools below the temperature at the CMB, the core thermal
stratification is removed and the CMB heat flux becomes superadiabatic. Core

convection triggers the onset of thermal dynamo generation.

4. As the mantle cools, it becomes more viscous until mantle convection ceases.
The cessation of mantle convection leads to a sharp decrease in CMB heat flux

and core convection drops below the critical value, terminating the dynamo.

5. Eventually the core cools below its solidus temperature and begins to solidify,
which can lead to a compositional dynamo and a second epoch of dynamo

generation.
6. Once the core has fully solidified, dynamo generation is no longer possible.

These previous models predict two epochs of dynamo generation: an early ther-
mal dynamo with a delayed onset due to core thermal stratification, and a second
later compositional dynamo during core solidification. This has led to remanences
<5 Ma after CAI formation being interpreted as a record of a nebula field due to
the delay in start time of thermal dynamos (Bryson et al., 2019a, 2020a; Fu et al.,
2021). Meanwhile, remanences that were acquired after the dissipation of the nebula
field, ~4-5 Ma after CAI formation (Weiss et al., 2021), are thought to originate from
planetesimal dynamos. Paleomagnetic remanences 5-30 Ma after CAI formation have
been interpreted as thermal dynamos (Bryson et al., 2019a; Dodds et al., 2021), while
those >65Ma after CAI formation have been interpreted as evidence of a solidifying
core (Maurel et al., 2020, 2021). For meteorites with slow cooling rates without ra-
diometric ages for remanence acquisition, the onset of the second epoch of dynamo
generation due to core crystallisation was used to constrain meteorite depths, rema-
nence ages and parent body parameters (Tarduno et al., 2012; Bryson et al., 2015;
Nichols et al., 2016, 2021).

As discussed in Chapter 2, previous models made several assumptions that limited
their ability to predict the full magnetic history of a body. They neglected heating
from %Fe in the core; did not fully combine thermal and compositional dynamo gener-

ation, mantle convection, and sub-eutectic core solidification; and did not investigate
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the effect of mantle viscosity on dynamo generation. An example run from my model
that reassessed these assumptions has already demonstrated two key differences in dy-
namo generation compared to previous models (Section 2.3). Inclusion of “°Fe brings
forward the onset of thermal dynamo generation and a second epoch of dynamo gen-
eration can begin before the onset of core solidification. These differences could affect
previous interpretations of the meteorite record, but are currently based on a single
combination of planetesimal parameter values. In this chapter, I model dynamo his-
tories for a full range of realistic values for mantle viscosity, ®°Fe abundance, initial
core sulfur content and planetesimal size. This sheds light on the controls on planetes-
imal dynamo generation and enables re-interpretation of the meteorite paleomagnetic

record.

3.2 Methods

This chapter uses the 1D, spherically symmetric planetesimal thermal evolution and
dynamo generation model from Chapter 2 to predict the timings of dynamo generation
in planetesimals with a radius up to 500km. This model builds on the previous
planetesimal thermal evolution models of Sterenborg and Crowley (2012), Bryson
et al. (2019a) and Dodds et al. (2021) by including radiogenic heating from ®“Fe in
the core, an adjustable mantle viscosity law, and updated stagnant lid and CMB
boundary layer parametrisations that better reflect mantle conditions. The model
includes both convection and conduction in the mantle and models magnetic field

generation by sub-eutectic core solidification.

3.2.1 Thermal evolution model

All model runs begin at 0.8 Ma after CAI formation with instantaneous accretion
of the planetesimal at 200 K. The body heats up due to radiogenic heating of 26Al
and the Fe-FeS and silicate phases melt until the silicate reaches its critical melt
fraction, ¢¢. At this point, differentiation is assumed to take place instantaneously,
as the molten, dense Fe-FeS sinks through the rheologically weak silicates to the
centre. The model then consists of two coupled reservoirs: the Fe-FeS core and the
silicate mantle. Sulfur is the only light element considered in the core. The surface
temperature is held constant at 200 K throughout the simulation.

In the mantle, heat is transported either by conduction or convection. Mantle
convection is assumed to occur in the stagnant lid regime with an isothermal, convec-

tive layer between conductive boundary layers at the CMB and the surface. These
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boundary layers thicken as the mantle cools and convection ceases once the combined
CMB and surface boundary layer thicknesses reach the total mantle thickness. The
crust is part of the conductive boundary layer at the surface and is not modelled ex-
plicitly (Chapter 2). As a result, my model assumes crustal heat transport is purely
conductive and neglects advective heat transport, e.g. heat pipes (Moore and Webb,
2013). The temperature at the CMB is calculated by assuming continuity of heat
flux across the boundary.

The core also transports heat by conduction or convection. For the core to con-
vect, either the CMB heat flux, Foyg, must be superadiabatic or the core must be
undergoing sub-eutectic solidification. During inward core solidification, the density
difference between the more dense, solidified pure iron and the less dense Fe-FeS lig-
uid drives core convection, as the solidifed iron sinks to the centre of the core. When
the core is convecting, the combined thermal and compositional buoyancy flux can
be used to calculate a magnetic field strength (Chapter 2). Once the eutectic com-
position is reached, core solidification no longer generates a compositional buoyancy
flux. Combining buoyancy flux contributions enables the thermal and compositional
drivers of convection to be considered simultaneously. The model ends once the whole

core has solidified and dynamo generation is no longer possible.

3.2.1.1 Dynamo generation

The vigour of convection in the liquid part of the core is characterised by the magnetic
Reynolds number, Re,,, which must be supercritical for the core flow to be strong
enough to generate a magnetic field. The analytical estimate of the critical value is
10, while from empirical simulations this value ranges from 40-100 (Stevenson, 2003;
Aubert et al., 2009). I use a critical Re,, of 10 in line with previous work (Bryson
et al., 2019a; Dodds et al., 2021). However, the proportions of model runs with
10 < Rey < 40, 40 < Rey, < 100, and Re,,, > 100 are also investigated.

For compositional dynamo generation, I use the mg,. = 1 core solidification end-
member from Chapter 2, because this provides a lower estimate of Re,, and a more
conservative time for when the dynamo will be on. The maximum difference in Re,,
between endmembers for a given lengthscale is 16% (Chapter 2) so the choice of

endmember does not have a large effect on the trends observed in this chapter.

3.2.2 Parameter variation

Models were run for a range of mantle viscosities, planetesimal radii, initial core sulfur

contents, and ®°Fe/5Fe ratios in the accreted material (Table 3.1).
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Figure 3.1: Illustration of the parameters varied in the mantle viscosity model. Ref-
erence viscosity, 7p=10'"-10%* Pas, is the viscosity at the mantle solidus. Liquid vis-
cosity, m=1-100 Pas, is the viscosity when the mantle is fully molten. Critical melt
fraction, ¢ =0.2-0.5, is the melt fraction for which all crystals become surrounded
by melt, the material disaggregates and becomes rheologically weak. Arrhenius slope,
£=0.01-0.035 K™, determines the rate of decrease in viscosity with increasing tem-
perature. Melt weakening exponent, «a,=25-40, determines the additional rate of
decrease in viscosity with increasing temperature due to melting.

The temperature dependence of mantle viscosity is defined piece-wise (Figure
3.1) by five control parameters. Below the solidus, the viscosity has an Arrhenius
temperature dependence with slope 5, which is proportional to the activation energy
for viscous deformation. At the solidus, the mantle has a reference viscosity, 7.
Above the solidus, melt weakens the material and the viscosity decreases with a
steeper Arrhenius dependence, quantified by the melt weakening exponent, o, (Hirth
and Kohlstedt, 2003). At the critical melt fraction, ¢¢, there is enough melt to
completely surround any remaining solid phases and the material disaggregates with
a rapid drop in viscosity. Beyond ¢, the viscosity tends to a constant liquid viscosity,
n, following the Krieger-Dougherty relation (Sturtz et al., 2022b) as the melt fraction
tends to one.

Each parameter was varied independently while the others were held constant
at the median value of their range, except ¢c where the constant value was the
experimental upper bound. The justifications for each parameter range are detailed

in the following subsections.
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3.2.2.1 Reference viscosity, 7

The reference viscosity, 1o, ranges from 10°-10%* Pas. The lower bound is based on
experimental measurements extrapolated to a range of mantle grain sizes (Scott and
Kohlstedt, 2006), while the upper bound is set by extrapolating reference viscosities
used in models of Ganymede (Riickriemen et al., 2018) to planetesimal mid-mantle
pressures (see Appendix B.2.1). Due to the uncertainty in extrapolating from ex-
perimental to planetesimal conditions and the uncertainty in mantle grain sizes, the
lower range of values from 10'°-10'® Pas are less likely to occur in planetesimals, but

are included for completeness.

3.2.2.2 Critical melt fraction, ¢¢

Experiments suggest the critical melt fraction, ¢¢, is between 0.2-0.3 (Scott and
Kohlstedt, 2006). However thermal evolution models of planetesimals both for dy-
namo generation (Sterenborg and Crowley, 2012; Bryson et al., 2019a; Dodds et al.,
2021) and differentiation (e.g., Lichtenberg et al., 2019b; Monnereau et al., 2023) use
a value of ¢ = 0.5. Although it is unclear if ¢¢ = 0.5 is physically reasonable,
I adopted the range ¢ = 0.2-0.5 to enable comparison with previous models and

encapsulate experimental observations.

3.2.2.3 Arrhenius slope,

The Arrhenius slope in the viscosity law, [, is typically defined as R%Qf, where E
is the activation energy, R = 8.31Jmol ' K™! is the gas constant, and T is a

reference temperature — often taken to be the temperature at which the reference
viscosity is measured. Experimentally measured activation energies for a range of
silicate mantle compositions and strain rates range from 240-570kJmol™! (Karato
and Wu, 1993; Hirth and Kohlstedt, 2003). For a reference temperature of the mantle
solidus (1400 K), this corresponds to 8=0.015-0.035 K~!. Dodds et al. (2021) used
B = 0.01K™!, so to enable comparison with previous thermal evolution models, I
explore 3 = 0.01-0.035 K.

3.2.2.4 Melt weakening exponent, oy,

The melt weakening exponent, «,, depends on whether deformation occurs by dif-
fusion creep (a, = 25-30) or dislocation creep (o, = 30-45) (Hirth and Kohlstedt,

2003). To cover both deformation modes I consider values from 25-45.
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3.2.2.5 Liquid viscosity, n

The liquid viscosity, n, is determined by mantle composition and can range from 1-
100 Pas across the compositions of all volcanic rocks commonly encountered on Earth
(Giordano et al., 2008). Increasing silica content increases viscosity and increasing

volatile content decreases viscosity (Lesher and Spera, 2015).

3.2.2.6 Initial core sulfur content, Xg

The initial core sulfur content, Xg,, ranges from the minimum Fe-FeS sulfur content
for which the metal phase will be fully molten before differentiation to the eutectic
composition (33 wt% for Typ = 1260 K for R=300km). The Fe-FeS liquidus tem-
perature is pressure dependent so the minimum Fe-FeS changes with planetesimal

radius.

3.2.2.7 Primordial °Fe/*Fe

Estimates on the primordial ®*Fe/°°Fe vary by almost three orders of magnitude from
1079 (Fang et al., 2025) to 6 x 1077 (e.g., Cook et al., 2021, see Appendix B.1 for
more details). However, previous thermal evolution and dynamo models neglected the
presence of Fe in the core. Therefore, the model was run for five values of “°Fe/*0Fe
=[0,1x1072,1 x 10781 x 1077,6 x 1077] to cover the full range of possible values

and to compare with previous models.

3.2.2.8 Planetesimal radius, r

Models were run for planetesimal radii between 100-500 km. The lower limit is set
by previous estimates for the minimum radius for compositional dynamo generation
(Nimmo, 2009). The upper limit corresponds approximately to the radius of Ceres,

the largest known asteroid today.

3.3 Results

3.3.1 Constant radius

Firstly, I ran models with a constant radius of 300km to identify the impact of
other parameters on thermal evolution and dynamo generation. The lowest mantle
reference viscosity, 7y, and lowest initial core sulfur content, Xg, result in a single
epoch of dynamo generation, and a single value in each of 1y, ¢¢, and oy, result in three

epochs of dynamo generation (see Appendix B.2.3). Otherwise, all other parameter
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Figure 3.2: Dynamo timings for a 300 km radius planetesimal for a range of initial
80Fe /%5 Fe, mantle viscosities, and core compositions. Filled bars indicate periods when
a dynamo is active and the colour of the bar indicates dipole magnetic field strength
at the surface. The small, vertical, black line on each bar indicates the onset of core
solidification in each model run. Magnetic field strengths between the onset of core
solidification and the end of dynamo generation are averages for this time interval to
remove oscillations in field strength due to the discretisation of the model (Chapter 2).
The thin, vertical, white lines in some runs are < 0.5 Ma breaks in dynamo generation
due to a rapid increase in viscosity at ¢c. These lines are artefacts of my viscosity
and stagnant lid parametrisation and should not be interpreted. For each parameter,
the model was run across the range of values in Table 3.1, while all other parameters
are held at a constant median value (except ¢¢ where the constant value was the
experimental upper bound). The constant parameter values were: 7y = 10'° Pas,
B =0.0225K! a, = 30, ¢c = 0.3, ;m = 10 Pas, ®Fe/5Fe = 1078, X5 = 29.85 wt%.
See Figures 3.6-3.9 for identical figures for 100-500 km radius planetesimals.
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Figure 3.3: Magnetic Reynolds number (Re,,) as a function of time for a range of
initial %°Fe/5°Fe, mantle viscosities, core compositions, and planetesimal radii. Filled
bars indicate periods when the dynamo is on and the colour of the bars indicates the
magnetic Reynolds number. Subcritical values (< 10) are not shown. Supercritical
values are categorised according to the range of possible criticality limits: 10-40, 40—
100 and > 100 (Christensen and Aubert, 2006; Stevenson, 2003). The small, vertical,
black line on each bar indicates the onset of core solidification in each model run.
Magnetic Reynolds numbers between the onset of core solidification and the end of
dynamo generation are averages for this time interval to remove oscillations in Rey,
due to the discretisation of the model (Chapter 2). The thin, vertical, white lines in
some runs are < 0.5 Ma breaks in dynamo generation due to a rapid increase in viscos-
ity at ¢¢. These lines are artefacts of my viscosity and stagnant lid parametrisation
and should not be interpreted. For each parameter, the model was run across the
range of values in Table 3.1, while all other parameters were held at a constant median
value (except ¢ where the constant value was the experimental upper bound). The
range of values for radius are shown explicitly. The constant parameters values are:
r = 300km, ny = 1012 Pas, 8 = 0.0225 K™}, a,, = 30, ¢c = 0.3, m = 10 Pas, “Fe/*Fe
= 1078, X5 = 29.85 wt%.
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Symbol Meaning Range of values Constant value | Reference
Mo Reference viscosity 101°-10%* Pas 10 Pas a, b
oc Critical melt fraction 0.2-0.5 0.3 a, ¢
B Arrhenius slope 0.01-0.035 K~! 0.0225 K~! a,d, e
g Melt weakening exponent 25-45 30 f
m Liquid viscosity 1, 10, 100 Pas 10 Pas g

Xs,0 Initial core sulfur content 26.7-33 wt% 29.85 wt%
80Fe /%6Fe | 99Fe/%Fe in accreting material | 0, 107, 1078, 107, 6 x 107 1078 h, i, j, k
T Planetesimal radius 100-500 km 300 km ¢

Table 3.1: Values for variable and constant parameters in simulations as described
in Section 3.2.2. The upper five parameters occur in the viscosity law. The range
on Xgy is for a 300 km radius planetesimal. For [500, 400, 200, 100] km radius plan-
etesimals the minimum and median Xgo were [25.9, 26.3, 27.1, 27.1] wt% and [29.45,
29.65, 30.05, 30.05] wt% respectively. The constant values are median values in their
range, except ¢c where the constant value was the experimental upper bound. 7
and %°Fe/%Fe vary over several orders of magnitude, so the explored input values are
stated explicitly and the constant value was the median from this list of values. (a)
Scott and Kohlstedt (2006), (b) Riickriemen et al. (2018), (c) Bryson et al. (2019a),
(d) Karato and Wu (1993), (e) Dodds et al. (2021), (f) Hirth and Kohlstedt (2003),
(g) Giordano et al. (2008), (h) Tang and Dauphas (2012), (i) Cook et al. (2021), (j)
Kodolanyi et al. (2022a), (k) Kodolanyi et al. (2022b).

combinations produce two periods of dynamo generation (Figure 3.2). Across these
two dynamo generation periods, I observe two distinctive trends in magnetic field
strength: (i) the first dynamo generation period can have two peaks in magnetic
field strength (ii) in the second dynamo generation period, magnetic field strength
increases with time towards a peak value during core solidification. The first peak in
the first epoch of dynamo generation corresponds to the onset of dynamo generation
and the second peak occurs when the base of the mantle first cools below the critical
melt fraction (Chapter 2). The peak in field strength at the beginning of the first
epoch of dynamo generation is always the strongest because radiogenic heating by %“Fe
increases CMB heat flux (Foyg). For all runs with multiple field generation periods,
the final dynamo generation period begins before the onset of core solidification. This
is due to the delayed steepening of the mantle conductive gradient at the CMB after
the cessation of mantle convection, which increases Feyp (Chapter 2). Reference
viscosity has the strongest effect on the duration of the gap in dynamo generation
and 5°Fe/%Fe has the strongest influence on the resulting magnetic field strength.
Despite the range in dynamo durations and strengths, most Re,, values fall between
10-40 (Figure 3.3).
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3.3.1.1 Effect of Fe

Increasing °Fe/5Fe brings forward the onset of the dynamo to 1-2Ma after CAI
formation and increases peak field strength and Re,, in the first epoch of dynamo
generation. The onset of the dynamo is earlier for increased Fe because increased
heating either erodes core thermal stratification more rapidly or prevents its forma-
tion altogether, which brings forward the time that Fryp becomes superadiabatic.
Radiogenic heating by ®Fe also increases the temperature of the core and the tem-
perature difference relative to the mantle, which increases Foyp and the strength of
the dynamo. Model runs with ®°Fe/*Fe > 1077 had peak field strengths in the first
period of dynamo generation 2-3 times higher than runs with %°Fe/5¢Fe = 1078. This
extra heat is removed from the core by an elevated Fryp during the first period of
dynamo generation. As such, by the second epoch of dynamo generation the peak
field strengths, Re,,, and the onset of core solidification are similar across all values
of Fe/%Fe. There are similar onset times and field strengths for the first dynamo
generation period for %°Fe/5¢Fe =0 and ®Fe/Fe = 107°. This similarity suggests
that when ®Fe/Fe < 107 the effect of ®Fe can be neglected. The onset times
vary little across variations in other parameters indicating %°Fe/%Fe is the dominant

control on onset time for the first period of dynamo generation.

3.3.1.2 Effect of viscosity

The reference viscosity, 19, has the strongest effect on the duration of the first period
of dynamo generation and the following gap. Above 10?! Pas, the first period of
dynamo generation ends after 13-14 Ma and is followed by a gap of > 80 Ma in dynamo
generation. This results from the rapid thickening of the surface stagnant lid, which
shuts off convection earlier for the highest reference viscosities. In contrast, below
106 Pas, there is only one epoch of dynamo generation, because the mantle viscosity
is sufficiently low that mantle convection does not cease before core solidification. The
second peak in magnetic field strength in the first epoch of dynamo generation widens
and increases in strength with decreasing reference viscosity, because the thinner
boundary layer at the CMB raises Fryp. An elevated Foyg increases the rate at
which the core cools, which brings forward the onset of core solidification and the end
of dynamo generation.

The viscosity parameters have very little effect on the supercriticality of Re,.

Only the lowest 1y and highest values of ¢¢ increase Rey, in the first 12 Ma (Figure
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3.3). However, the highest value ¢ = 0.5 has been adopted in previous thermal evo-
lution models, despite not being supported by experimental data for basaltic melts
(Scott and Kohlstedt, 2006). The elevated Re,, for this value may have resulted in
overestimates of field strength and dynamo duration in previous work. The lowest
values of 19 (< 10 Pas) are less applicable, because of the uncertainty in extrapo-
lating from laboratory to planetesimal grain sizes (see Appendix B.2.1). As such, the
very rapid core cooling and elevated Re,, observed in models with 1y < 10 Pas is

unlikely to occur in planetesimals.

3.3.1.3 Effect of Xg

Intial core sulfur content, Xg g, has a strong effect on the timing of core solidification,
because increasing Xg o lowers the liquidus temperature of the core and more cooling
is required to reach this temperature. The lowest Xgo removes the gap in dynamo
generation, because the early onset of core solidification provides additional compo-

sitional buoyancy flux to drive the dynamo even when mantle convection ceases.

3.3.2 Variable radius

To identify the impact of planetesimal radius on thermal evolution and dynamo gen-
eration I ran models with varying radii and other variables held constant (Table 3.1).
Core radius was assumed to be half the planetesimal radius. Planetesimal radius has
the strongest effect on dynamo timing, duration, and width of the gap in dynamo
generation (Figure 3.4). Larger planetesimals cool more slowly so mantle convection
ceases later, which prolongs the first epoch of dynamo generation. Larger core size
increases the lengthscale of convection; this raises the Re,, value for a given Foyg,
which further prolongs dynamo generation. Larger core size also increases magnetic
field strengths (Figures 3.6-3.9). The increase in magnetic field strength is most pro-
nounced at the onset of the first epoch of dynamo generation when the highest values
of ®Fe/%Fe are considered. Bodies with radius of 100km only generate magnetic
fields after the onset of core solidification (Figure 3.6) except for the highest values
of ®Fe/*%Fe. Increasing planetesimal radius from 100 km to 500 km increases the end
time of dynamo generation from ~30 to ~600Ma (Figure 3.4, 3.6-3.9). The gap
in dynamo generation moves later (~20-200Ma) and increases in duration (~20-
270 Ma) for increasing planetesimal radius. For each body size, the timings of the
dynamo generation periods are consistent across variations in the other parameters

Figure 3.4). An exception is 1y (Figure 3.5), where values < 10'6 Pas do not produce
g n g
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Figure 3.4: Percentage of active dynamos across the range of possible values for initial
80Fe /56Fe, mantle viscosities, and core compositions for planetesimals ranging from
100-500 km in radius. In an individual panel, model runs are grouped in horizontal
blocks by parameter. Yellow indicates that all dynamos are on at a given time ir-
respective of the value of a parameter, dark blue indicates no dynamos are on at a
given time irrespective of the value of a parameter. Light blue to green regions indi-
cate a dynamo is on for a subset of values of that parameter. White space indicates
times after the last period of dynamo generation and the end of the simulation. The
constant parameters values are: 1y = 10* Pas, 8 = 0.0225K~!, ay, = 30, ¢¢ = 0.3,
m = 10 Pas, ®Fe/5°Fe = 107® and the range for each parameter is given in Table 3.1.
7o causes a wide variation in dynamo timings, so is shown separately in Figure 3.5.
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Figure 3.5: Percentage of active dynamos across the range of possible values for
reference viscosity, 79, for planetesimals ranging from 100-500 km in radius. Core
radius is half the planetesimal radius. Yellow indicates that all dynamos are on at
a given time irrespective of the value of 7y, dark blue indicates no dynamos are on
at a given time irrespective of the value of 7y. Light blue to green regions indicate
a dynamo is on for a subset of values of 79. White space indicates times after the
last period of dynamo generation and the end of the simulation. The vertical axis is
equivalent to one horizontal block in Figure 3.4 and has no physical meaning. The
constant parameter values are: 3 = 0.0225K™!, o, = 30, ¢c = 0.3, n = 10 Pas,
00Fe/5Fe = 1078, X =[29.45, 29.65, 29.85, 30.05, 30.05] wt% for [500, 400, 300,
200, 100] km radius planetesimals. The range for 7 is given in Table 3.1.
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Figure 3.6: Same as Figure 3.2 but for a 100 km radius planetesimal. The colour scale
is set based on the maximum and minimum field strengths across Figures 3.6-3.9.

a gap in dynamo generation. However, there is still a trend of increasing dynamo

duration with radius for 7.
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3.4 Discussion

3.4.1 Reevaluating the paleomagnetic record

The purpose of my model is to determine the origins (nebula field, thermal dynamo,
or compositional dynamo) of magnetisations in the meteorite paleomagnetic record.
Overall, my model results suggest two key interpretations of the paleomagnetic record
should be revisited. First, the earliest recorded magnetisations (<5 Ma after CAI for-
mation), previously attributed to the nebula field, could have been dynamo generated.
This is due to inclusion of ®Fe/*Fe > 10~® in my model bringing forward the onset of
thermal dynamos to 1-2 Ma after CAI formation, which allows for thermal dynamo
generation prior to the dissipation of the nebula field (Figure 3.10). Second, late
magnetic remanences, previously ascribed to the second epoch of dynamo generation
during core solidification, may not have been in the second epoch and do not require
core solidification, but could instead be produced by a thermal dynamo. My model
predicts an elongated first epoch of dynamo generation lasting until 20-200 Ma after
CAI formation (depending on radius) rather than until 9-34 Ma after CAI formation
as suggested by previous models (Dodds et al., 2021). Additionally, in my model,
the second epoch of dynamo generation begins before the onset of core solidification.
The meteorite paleomagnetic record in light of my new model results is reassessed in
detail below.

3.4.1.1 Paleomagnetic records of the nebula field

Unidirectional magnetisation within chondrules, but non-unidirectional magnetisa-
tion between chondrules in a meteorite is only possible if the chondrules acquired
their remanence prior to accretion onto the meteorite parent body. The nebula field
is the only source of a pre-accretionary magnetisation, therefore non-unidirectional
chondrule magnetisations provide conclusive evidence that a paleointensity can be
attributed to the nebula field. Non-unidirectional measurements of chondrules from
CO (Borlina et al., 2021), LL3 (Fu et al., 2014b) and CR chondrites (Fu et al., 2020)
are interpreted as evidence for the nebula field ~1.7-4 Ma after CAI formation with
paleointensities up to ~ 150 uT (Figure 3.10). Bulk meteorite magnetisations from
parent bodies that were too small to generate a dynamo can also be attributed to
the nebula field (e.g. Erg Chech 002; Neumann et al., 2023; Maurel and Gattacceca,
2024).

Null remanences could indicate the dissipation of the nebula field, but there are

two other possible interpretations, which must be excluded first. Firstly, a meteorite
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Figure 3.10: A summary of meteorite paleointensities for the first 12 Ma after CAI
formation. Meteorites for which the cause of magnetisation is interpreted as a nebula
field (or lack of) are plotted in blue. Meteorites for which the cause of magnetisation
has been interpreted as a dynamo field are plotted in black. Meteorites which could
have a nebula or dynamo origin are plotted in green for their possible nebula field
paleointensities. The dashed grey lines indicate the paleointensities of Winchcombe
(Bryson et al., 2023) and Allende (Fu et al., 2021) if the factor of two correction for
the nebula field is not applied. Faded grey points correspond to null or low paleoin-
tensities, which may be due to formation of magnetite by pseudomorphic replacement
which cannot record a chemical remanent magnetisation (CRM) (Bryson et al., 2023).
The blue circles indicate pre-accretionary remanences from chondrules. The IVA irons
have not been included, because they were generated by a solidifying, unmantled core
(Bryson et al., 2017). The R chondrites have too large an age uncertainty and the
CV chondrules are too altered to provide useful constraints, so neither are shown
(Cournede et al., 2020; Shah et al., 2017). Intensity bars with arrows indicate values
with a upper/lower limit (the cap) and for the CVgya the best guess is the inter-
section with the time error bar. My new model brings forward the onset of dynamo
generation (pink box) relative to previous models (blue box). The graduated shad-
ing in the blue and pink regions indicates the maximum paleointensity for a given
planetesimal radius (shown by ticks on the right hand vertical axis). The orange box
indicates the duration of the nebula field, which may be 1 Ma longer than shown here
if the angrite age is recalculated based on Piralla et al. (2023). This would further
increase the overlap between dynamo and nebula fields. Data and references for this
table are given in Tables B.2 and B.3.
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parent body may have formed in a distal part of the Solar System where the field
was weak (e.g., Tagish Lake; Bryson et al., 2020b). Secondly, the magnetic minerals
may not have formed in a way that allowed them to record a remanence. Many car-
bonaceous (CC) chondrites record magnetisation in magnetite, which formed during
aqueous alteration. If the magnetite formed by pseudomorphic replacement of FeNi
metal rather than precipitation, it may not have recorded a new remanence during
this process (Bryson et al., 2023). This could explain the null remanence in CV chon-
drite Kaba (Gattacceca et al., 2016) and the upper limit on paleointensity of 0.9 uT
from the matrix of CO chondrites (Borlina et al., 2022). For the volcanic angrites
both these interpretations can be excluded. They formed in the inner Solar System,
erupted ~3.8-3.9 Ma after CAI formation® and cooled quickly forming magnetite that
should have recorded any magnetic fields present (Wang et al., 2017). Therefore, a
null remanence in the angrites suggests the nebula field in the inner Solar System
dissipated 3.8-3.9 Ma after CAI formation (Wang et al., 2017). The recovered pale-
ointensity of < 0.6 T from ungrouped achondrite NWA 7325 at ~4-5 Ma after CAI
formation (Weiss et al., 2017) further supports the nebula field in the inner Solar
System having dissipated by this time.

3.4.1.2 Ambiguous paleomagnetic records: nebula or dynamo fields?

Interpretation of bulk chondrite paleomagnetic remanences (i.e. not individual chon-
drule measurements) from the first 5 Ma after CAI formation is complicated because
these meteorites could sample the outer layer of a partially differentiated planetesimal
(Carporzen et al., 2011; Elkins-Tanton et al., 2011; Weiss and Elkins-Tanton, 2013).
In this case, a chondritic meteorite could record a paleomagnetic remanence from a
dynamo generated in the core of their partially differentiated parent body rather than
the nebula field. The feasibility of this scenario rests on the timing of planetesimal
dynamos, evidence for partially differentiated meteorite parent bodies, and the value
of primordial %°Fe/*Fe. My model demonstrates that a parent body with %°Fe/*¢Fe
> 107® would have an early onset of a thermal dynamo before the dissipation of the
nebula field. Thermally metamorphosed chondritic meteorites could have been heated
purely radiogenically on a parent body that partially differentiated. The interpreta-
tion of bulk remanences in the CM and CV chondrites and WIS 91600 (green points
in Figure 3.10) is less clear than previously, in light of the possibility they record an
early dynamo. The ages of the R chondrites are too poorly constrained (0-20Ma

!These ages were originally reported as absolute Pb-Pb ages and may be shifted to 4.8-4.9 Ma
after CAI formation based on reevaluation of the anchor for Pb-Pb (Piralla et al., 2023).
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after CAI formation, Cournede et al., 2020) for the origin of their remanence to be
discussed.

The CM chondrites and WIS 91600 recorded a magnetic field 2-4 Ma after CAI
formation (Cournede et al., 2015; Bryson et al., 2023) and likely 3.6-5 Ma after CAI
formation (Bryson et al., 2020a), respectively. The timing of these remanences is
consistent with either a nebula field or dynamo origin. For example, a 500 km radius
planetesimal with ®Fe/Fe = 1-6x 1077 and other constant parameters from Table
3.1 produces intensities that match those recovered from Winchcombe (Figure B.6).
However, lack of evidence for prolonged thermal metamorphism in the CM chondrites
and WIS 91600 (Suttle et al., 2021; Bryson et al., 2020a) argues against partially
differentiated parent bodies for these meteorites; unless they sample the topmost,
coolest layer of such a body. Further numerical modelling of partially differentiated
bodies combining gradual accretion and ®°Fe are required to determine whether a
dynamo in a partially differentiated body or the nebula field is the source of these
remanences.

The CV chondrites are thermally metamorphosed (Carporzen et al., 2011; Elkins-
Tanton et al., 2011; Gattacceca et al., 2016) and have a complex paleomagnetic record.
CV chondrules have been modified by impacts, heating and aqueous alteration and
have a non-unidirectional magnetisation within an individual chondrule, so their re-
manence cannot be attributed to the nebula field (Fu et al., 2014a; Shah et al., 2017).
Allende records a magnetisation in the iron sulfides in the matrix from 2.5-3.5 Ma
after CAI formation (Fu et al., 2021), and has a bulk remanance dated to 5-40 Ma
after CAI formation (Carporzen et al., 2011; Elkins-Tanton et al., 2011). The CV
chondrite Kaba has a null remanence from aqueous alteration at 4-6 Ma after CAI
formation, but a ~3 uT remanence from prolonged metamorphism tens of Ma after
CAI formation (Gattacceca et al., 2016). The later (> 5Ma after CAI formation) CV
chondrite remanences, combined with evidence for thermal metamorphism, suggest
the CV chondrite parent body was partially differentiated and generated a dynamo
(Elkins-Tanton et al., 2011; Gattacceca et al., 2016). Previously, Kaba’s null rem-
anance, recorded during aqueous alteration, was used as evidence for the dissipation
of the nebula field before the onset of the dynamo on the CV chondrite parent body.
This supported a nebula origin for the earliest Allende remanence (2.5-3.5Ma after
CAI formation Fu et al., 2021). However, Kaba’s magnetite may have been unable to
acquire a remanance during formation (Bryson et al., 2023), so this null remanance
may not indicate an absence of a magnetic field on the CV parent body at 4-6 Ma

after CAI formation. Altogether, the altered interpretation of Kaba’s null remanence,
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thermal metamorphism of the CV chondrite parent body and the early dynamo onset
predicted by my models suggests the earliest remanence on Allende could be due to

the early onset of a thermal dynamo.

Intensity of remanence Next, I assess whether paleointensity can be used to de-
termine if a remanence has a dynamo or nebula field origin. As shown in Figure
3.10, the maximum nebula intensities inferred from paleomagnetic measurements are
stronger than the maximum intensities predicted by my dynamo model. However, the
nebula intensities estimated from Winchcombe (CM chondrite, Bryson et al., 2023)
and Allende (CV chondrite, Fu et al., 2021) were calculated from the paleointensi-
ties recorded by these meteorites by multiplying by a factor of two to account for
rotation of the parent body during prolonged remanence acquisition. If these pale-
ointensities were produced by dynamo fields this correction would not be required,
because the magnetic field is co-rotating with the planetesimal. Removing this cor-
rection decreases their paleointensities so they are within the range of field strengths
predicted by my dynamo models (dashed lines on Figure 3.10). My upper limits
on dynamo field strengths (> 30 uT) are for the largest planetesimals with highest
values of “Fe at early times (< 3Ma after CAI formation). Most parameter com-
binations predict weaker dynamo strengths < 3 Ma after CAI formation (10-30 uT,
Figure 3.2 and 3.6-3.9). A combination of approaches would be required to deter-
mine if measured paleointensities, even without the factor of two amplification, are
too strong to be dynamo generated. The uncertainty on the paleointensity measure-
ments could be reduced, and parent body size and ®*Fe/*Fe could be independently
constrained, e.g. by thermal models and isotopic measurements. Regardless of im-
proved measurements, the difficulty in converting from field strengths acquired by
thermal remanent magnetisation in the laboratory to those acquired by chemical re-
manent magnetisation on the parent body (factors of 2-5; Weiss and Tikoo, 2014;
Maurel and Gattacceca, 2023) and uncertainties in the ratio of dipole field at the
CMB to the internal dynamo field from dynamo scaling laws (0.06-0.1 for Earth;
Davies et al., 2022) may mean that the uncertainties of measured and predicted pa-
leointensities overlap. Overall, current recovered paleointensities and modelled field
intensities cannot be used to distinguish between a dynamo or nebula field.

The possibility of the earlier onset of a thermal dynamo due to %°Fe reduces the
number of meteorite paleomagnetic studies that provide compelling evidence for the
nebula field in the outer Solar System, because the bulk remanences in CM and CV

chondrites may not record nebula fields. This should be considered when using this
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data to discuss differences in field strength and protoplanetary disk dispersal time
between the inner and outer Solar System (Weiss et al., 2021; Borlina et al., 2022).
Paleomagnetic measurements of individual, pristine chondrules are vital to under-
stand the nebula field, because their non-unidirectionality can indicate conclusively

if a remanence is preaccretionary (Fu et al., 2014b, 2020; Borlina et al., 2021).

3.4.1.3 Paleomagnetic records of planetesimal core crystallisation

My results argue that late remanences (> 65Ma after CAI formation based on the
current meteorite record) do not require the presence of a solidifying core. The first
epoch of dynamo generation can last until 20-200 Ma after CAI formation (depending
on radius) rather than until 9-34 Ma after CAI formation suggested by previous mod-
els (Dodds et al., 2021). Additionally, my improved core solidification model reveals
the second epoch of dynamo generation can begin prior to the onset of core solidifica-
tion. As a result, the source of buoyancy to drive a dynamo cannot be assumed purely
based on timing of a magnetic remanence. For extremes of some parameter values
(low 1y and Xgy), onset of solidification is early and most of dynamo generation is
powered by a combination of thermal and compositional buoyancy. Previous studies
of the Main Group pallasites (Bryson et al., 2015; Nichols et al., 2021) and IIE irons
(Maurel et al., 2020) have used the onset of a late-stage dynamo as an indicator for
the start of core solidification. This assumption has been used to constrain planetes-
imal radius, core size, thermal history, and core composition. My model highlights
that the beginning of a second epoch of dynamo is unlikely to be coincident with the
beginning of core solidification for any initial core sulfur content, and therefore these
studies should be re-evaluated (Chapter 5).

3.4.1.4 Paleomagnetic constraints on primordial “°Fe/*Fe

The null paleointensities in the volcanic angrites and NWA 7325 at 3.8-5Ma after
CAI formation (Wang et al., 2017; Weiss et al., 2017) contradicts the early onset
of a dynamo in bodies with ®Fe/*Fe > 1078 predicted by this model. Magnetic
remanences in the plutonic angrite, Angra dos Reis at 11 Ma after CAI formation
(Wang et al., 2017), indicate the angrite parent body was differentiated and did
generate a dynamo later in its history. Explanations, such as parent body size, gradual
accretion, or ®Fe fractionation are unlikely to cause this delay in dynamo onset
(see Appendix B.3). Another explanation could be ®Fe/%Fe was < 107 in the
formation region of the angrites such that the time taken to erode core thermal

stratification led to a delay in dynamo generation (Bryson et al., 2019a; Dodds et al.,

88



2021). Tang and Dauphas (2012) measured values of ®Fe/Fe = 0.9 + 0.5 x 10~®
in the angrites. Additionally, values of %Fe/5°Fe from silicates in non-carbonaceous
(NC) chondrules are within error of zero (0.8 + 1.0 x 10~7; Kodolanyi et al., 2022a).
For a 300 km radius body accreted at 0.8 Ma after CAI formation, Fe/*Fe < 1.75 x
107 results in a dynamo onset time consistent with the angrite data (see Figure
3.11). This limit lies within the lower bounds of these NC ®Fe/*Fe values. Current
measurements from the CC IID and IVB irons (642 x 10~7; Cook et al., 2021) and CC
chondrule silicates (442 x 1077 Kodolényi et al., 2022a) have large uncertainties (see
Appendix B.1), but neither are within error of ®“Fe/*Fe < 1078. This suggests there
could be heterogeneity in ®°Fe/*Fe between the CC and NC reservoirs (Cook et al.,
2021; Kodolanyi et al., 2022a). Measurement of a paleomagnetic remanence in a CC
achondrite between the age of the volcanic and plutonic angrites could inform this
discussion. If such a CC achondrite has a null paleomagnetic remanence, this could
provide evidence for “°Fe /*°Fe < 1078 throughout the Solar System and constrain the
timing of the dissipation of the nebula field in the outer Solar System. If this CC
achondrite is found to have acquired a remanence at a similar time to null remanence
acquisition in the volcanic angrites (i.e., when the nebula field has dissipated), this
could provide evidence for early dynamo onset and heterogeneity in %°Fe/*Fe in the

early Solar System.

3.4.2 Viscosity parameters in future planetesimal thermal
evolution models

Mantle critical melt fraction, ¢¢, is a crucial parameter in thermal evolution models.
It determines planetesimal peak temperature and melt fraction (see Appendix B.2.2),
and defines the threshold for magma ocean formation and convection in some models
(e.g., Sturtz et al., 2022a; Neumann et al., 2023). A range of values of ¢¢, including
lower values in line with experimental data (Scott and Kohlstedt, 2006) should be
used in future models. For models of specific parent bodies, this will affect the extent
of the magma ocean and the inferred initial location of a meteorite (e.g. Erg Chech
002; Sturtz et al., 2022a). In two-phase flow models for planetesimal differentiation
(e.g., Lichtenberg et al., 2019b; Monnereau et al., 2023), reducing ¢¢ and planetesimal
peak temperature may alter the Fe-FeS compositions that can be molten, which will
affect initial core composition. Additionally, reducing the melt threshold for magma
ocean onset in differentiation models may decrease the time available for processes

such as differentiation via percolation.
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Figure 3.11: Primordial %°Fe/%Fe required to match the paleomagnetic record of the
angrites and NWA 7325. The light green box indicates the range %°Fe/*Fe for which
the angrite dynamo starts after the formation of the volcanic angrites and NWA
7325 (grey box), but before the formation of Angra dos Reis (pink box). For the
300 km radius body modelled here, ®Fe/*Fe < 1.75 x 107? is required to explain
these observations. This is a first estimate, which may change with accretion time,
body size, and differentiation processes. For ®Fe/*Fe < 107%, the time taken for
erosion of stratification increases linearly because heating to remove the stratification
is weaker. There is a lag between dynamo onset time and removal of stratification for
80Fe /5Fe < 1 x 1077, because the lack of heating increases the time taken to remove
stratification as well as reducing Foyg. Therefore, even once stratification is removed
Fevp may not be high enough to immediately start the dynamo.
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The value of mantle reference viscosity, 1y, has a strong effect on planetesimal
cooling rate. Future models should test multiple values in the extrapolated range
of ny when attempting to constrain a parent body thermal history from meteorite
isotope data (e.g., Bryson et al., 2019b; Neumann et al., 2023). Future models could
attempt to constrain values for planetesimal 77y (and other viscosity parameters) based
on parent body composition, water content, and observed gaps in the paleomagnetic

record.

3.4.3 Validity

This work only explored variations within one parameter at a time, while all other
parameters were held at their median values (except ¢c where the constant value was
the experimental upper bound). Using endmember values for multiple parameters si-
multaneously may result in an even wider range of dynamo generation times (explored
in Chapter 5). Varying a single parameter enables the effect of each parameter to be
understood and the dominant factors in dynamo generation timing to be isolated. As
demonstrated in Figure 3.4, even across variations in parameters other than radius,
there are large portions of time where the planetesimal dynamo is consistently active.
Therefore, even if multiple parameters are varied, the trends in timing with radius
predicted here are likely to hold true.

I used a critical magnetic Reynolds number (Rey,) of 10 to calculate the dynamo
timings in this chapter. This is the lowest possible critical value from stability anal-
ysis, but numerical simulations for the geodynamo find an empirical critical Re,, of
40-100 (Christensen and Aubert, 2006; Stevenson, 2003). The empirical critical Re,
depends on the simulation set-up, such as boundary conditions and inner to outer
core ratio, which will differ between planetesimals and the Earth. Figure 3.3 indicates
the times for which the Re,, is greater than each of these critical values. Very few
runs reach Re,, > 40 and only one run for the highest %°Fe/?Fe reaches Re,, > 100.
Furthermore, none of the runs achieve Re,, > 40 at 100-200 Ma after CAI formation,
where there is paleomagnetic evidence for dynamo generation. Since these higher
critical values predict planetesimal dynamo histories that are inconsistent with the
paleomagnetic record, I chose to apply Re, > 10 as the criterion for planetesimal
dynamo generation.

Also, I assumed that the core radius was half of the planetesimal radius. This
is the upper bound of predicted core sizes for cores formed from chondritic starting
material (30-50% Bercovici et al., 2022). However, this core fraction is smaller than

that predicted for planetesimals that had their mantles stripped by impacts (e.g. the
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IVA parent body, asteroid (16) Psyche; Yang et al., 2007; Elkins-Tanton et al., 2020).
I chose a 50% core radius fraction as a median of these two scenarios. The effect of

core radius on dynamo generation will be explored in Chapter 4.

3.5 Conclusions

Using the refined planetesimal thermal evolution model presented in Chapter 2, I
explored the effects of ®Fe, mantle viscosity, initial core sulfur content, and planetes-
imal radius on planetesimal dynamo generation. My results suggest there is a wider
range in dynamo timings and durations than previously predicted. The meteorite
paleomagnetic record therefore cannot be split into three distinct epochs of magnetic
field generation (nebula field, thermal dynamos, and compositional dynamos) and the

implications of some paleomagnetic remanences should be re-evaluated.

e Inclusion of ®Fe/%*Fe > 10® in the core can bring forward the onset of thermal
dynamos to 1-2 Ma after CAI formation, extending the time at which the first
planetesimal dynamos were possible. Therefore, some meteorite remanences
recorded prior to 5 Ma after CAI formation could have a thermal dynamo origin
rather than a nebula field origin. As a result, individual, pristine chondrules
are crucial to understand the nebula field, because their non-unidirectionality

can indicate conclusively that a remanence is preaccretionary.

e Null paleomagnetic remanences in the angrites contradict the early onset of
thermal dynamos caused by ®“Fe. This could provide evidence for heterogeneous
80Fe/Fe in the early Solar System. Paleomagnetic measurements of an old

(<10 Ma after CAI formation) carbonaceous achondrite could help inform this.

e Increasing planetesimal radius (from 100km to 500km) greatly increases the
start time of the gap in planetesimal dynamo generation (20 to 200 Ma after
CAI formation) and final end of dynamo duration (40 to 640 Ma after CAI

formation).

e The paleomagnetic record does not reflect early thermal dynamos and later com-
positional dynamos during core solidification, as previously interpreted. Vari-
ation in initial core sulfur content and mantle reference viscosity can produce
early thermo-compositional dynamos. For most parameter combinations, there

is a second thermal dynamo period prior to the onset of core solidification.
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e Late magnetic remanences (>65Ma post CAI formation based on the current
record) do not require a solidifying core. As a result, the planetesimal radii,
core sizes, thermal histories, and core compositions of the Main Group pallasites

and IIE irons will be re-evaluated in Chapter 5.

e A range of planetesinal radii, mantle reference viscosities, and initial %Fe/*Fe
ratios should be explored when attempting to constrain parent body properties

based on a meteorite paleomagnetic remanence.

This chapter has focused on interpreting the meteorite paleomagnetic record in
terms of magnetic field generation mechanisms. In the next chapter, I will shift to
interpreting the record in terms of planetesimal water content and oxidation state. I
will suggest priorities for future measurements that will enlarge this paleomagnetic
record and enable it to shed light on the differences between NC and CC differentiated

planetesimals.
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Chapter 4

Differences in thermal and
magnetic histories between NC and
CC differentiated planetesimals

4.1 Introduction

Planetesimals formed in two isotopically distinct reservoirs: non-carbonaceous (NC)
in the inner Solar System and carbonaceous (CC) in the outer Solar System (Warren,
2011; Bermingham et al., 2020; Kruijer et al., 2020). Whether there were other, non-
isotopic contrasts between differentiated planetesimals in these two reservoirs, for
example in their internal structures, water contents, and formation times, is an area
of active research (e.g., Newcombe et al., 2023; Grewal et al., 2024; Hellmann et al.,
2024; Spitzer et al., 2025). Possible differences between NC and CC differentiated
planetesimals are linked to local conditions in the protoplanetary disk during their
formation (Grewal et al., 2024). Therefore, determining the differences between NC
and CC differentiated planetesimals will improve our understanding of protoplanetary
disk evolution and planetesimal formation.

While CC planetesimals likely formed in the water-rich region beyond the water
condensation line (Drazkowska and Dullemond, 2018; Lichtenberg et al., 2021; Izidoro
et al., 2022; Morbidelli et al., 2022), there are two hypotheses for the formation condi-
tions of NC planetesimals. In the first hypothesis, NC and CC planetesimals formed
contemporaneously at different condensation lines with different water contents and
oxidation states (Izidoro et al., 2022; Morbidelli et al., 2022). NC planetesimals would
have formed dry and reduced just outside the silicate sublimation line, while CC plan-
etesimals would have formed wet and oxidised beyond the water condensation line. In

the second hypothesis, NC and CC planetesimals formed sequentially just outside the
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water condensation line with the same oxidation state and water content (Drazkowska
and Dullemond, 2018; Lichtenberg et al., 2021). In this scenario, NC planetesimals
formed early (0.2-0.5Ma after CAI formation), while the protoplanetary disk was
dominated by viscous heating and the water condensation line was migrating out-
wards to 15au (Lichtenberg et al., 2021). CC planetesimals formed later (0.7-4 Ma
after CAI formation), once the disk became dominated by stellar irradiation and the
water condensation line began migrating inwards to 3au (Lichtenberg et al., 2021).

Previous studies have tested these two hypotheses using planetesimal accretion
times (Spitzer et al., 2021; Hellmann et al., 2024; Spitzer et al., 2025), iron meteorite
oxidation states (Rubin, 2018; Hilton et al., 2022; Grewal et al., 2024), and mantle
water contents (Newcombe et al., 2023; Rider-Stokes et al., 2024). However, these
studies reach conflicting conclusions (e.g., Rubin, 2018; Grewal et al., 2024) or are
limited by instrument sensitivity (Newcombe et al., 2023). Meteorite paleomagnetism
combined with dynamo generation modelling could provide a new method to explore
the differences between the formation conditions of NC and CC planetesimals due to
the precise criteria for dynamo generation. To generate a magnetic field, a planetes-
imal must have a molten, metallic core in which sufficiently vigorous flow is being
driven. In planetesimals, this flow can be driven by thermal and/or compositional
convection. Thermal convection is driven by density differences induced by rapid
core cooling (superadiabatic core-mantle boundary heat fluxes). Compositional con-
vection is driven by density differences due to core solidification. Possible differences
in water content and oxidation state between NC and CC planetesimals could affect
dynamo generation in three key ways. Firstly, bodies with higher water contents will
be more oxidised and so will form smaller cores during differentiation (Spitzer et al.,
2021; Grewal et al., 2024; Spitzer et al., 2025). Secondly, more water-rich bodies will
have a lower mantle viscosity and mantle solidus (Hirth and Kohlstedt, 1996; Katz
et al., 2003; Keller et al., 2017), which will affect the mantle, and hence core, cooling
rate. Third, a higher fraction of water ice in the undifferentiated body could delay
differentiation by lowering the overall abundance of radiogenic 26Al within the body
(Spitzer et al., 2021) because 2°Al is only present in the silicate phase. In this chapter,
I will explore the effects of these differences on planetesimal thermal evolution and
dynamo generation. This will determine the extent to which meteorite paleomag-
netism and thermochronometers can shed light on differences in internal structure
and water content between NC and CC, differentiated planetesimals.

In contrast to the dry planetesimal evolution considered in previous chapters,

a water-rich planetesimal that fully differentiates will undergo the following addi-
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tional stages in its thermal evolution (Fu and Elkins-Tanton, 2014; Castillo-Rogez
and Young, 2017; Fu et al., 2017; Monteux et al., 2018; Lichtenberg et al., 2021;
Trinh et al., 2023):

1. At ~273K, ice melts and water-rock differentiation occurs. Water can react

with the rock and form hydrated silicates.

2. Melted water escapes by porous flow or through fracturing of silicate by pres-

surised super-heated water vapour.

3. At ~1200K, hydrated silicate phases break down and their water escapes.
A small amount of water could be retained in nominally anhydrous minerals

(NAMs).

4. At ~1260K, Fe-FeS begins to melt. Fe-FeS could begin to percolate down

towards the centre of the planetesimal to form a core.

5. At ~1200-1400 K, depending on silicate water content, silicates begin to melt

and at the silicate critical melt fraction, core formation occurs via rain-out.

Depending on its accretion time and resulting concentration of radiogenic 2°Al, a
planetesimal’s thermal evolution may stall at one of these stages and the body may
not fully differentiate. For example, chondrites only reached the first stage and re-
tain hydrated minerals formed during aqueous alteration (Monteux et al., 2018). The
deep interiors of icy bodies, such as Ceres (Castillo-Rogez and McCord, 2010) and
Europa (Trinh et al., 2023) may have reached the third stage, while their surfaces
remained cold enough to retain substantial amounts of ice. Thermal evolution models
of chondrites and icy bodies (Castillo-Rogez and McCord, 2010; Monteux et al., 2018;
Ma et al., 2022) include the thermal effects of ice melting and silicate (de)hydration,
because these are the dominant processes within their evolution. In contrast, stages
1-3 represent a small fraction of the total thermal evolution of metal-silicate differ-
entiated bodies. Therefore, modelling approaches for these bodies often neglect the
thermal effects of water and assume no water is retained on the planetesimal after
hydrated silicate phases break down (Lichtenberg et al., 2019a, 2021; Neumann et al.,
2024). Spitzer et al. (2021) did include the effect of water on 26 Al abundances prior to
planetesimal differentiation, but did not account for water loss during stages 1-3 as
the planetesimal heated up. In this study, I begin planetesimal thermal evolution at
the point of differentiation and do not explicitly model steps 1-3. Instead, I explore

the thermal effects of water on the delay between accretion and differentiation by
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varying the differentiation time (see Sections 4.2.1,4.3.1.3). Unlike previous studies,
I include the effect of water retained in NAMs on the thermal evolution (100-1000s
ppm; Fu et al., 2017). The effect of water in NAMs has not been considered in ther-
mal evolution models for planetesimals, but has been for planets (e.g. Mars; Sandu
and Kiefer, 2012).

I use a thermal evolution and dynamo generation model adapted from Chapter 2
to explore possible differences in thermal evolution and dynamo generation between
NC and CC differentiated planetesimals. In Section 4.2, I describe the modifications
to the model presented in Chapter 2 for variable water content and justify the range
input parameter values. In Section 4.3, I first explore the individual effects of core
size, water content and differentiation time on dynamo generation. I then compare
the thermal evolution and dynamo generation of two planetesimal endmembers: dry
and reduced; and wet and oxidised. I compare these endmembers to the meteorite
paleomagnetic record in Section 4.4 and discuss the implications for the formation
history of NC planetesimals. I also suggest future paleomagnetic studies that will
reveal differences between NC and CC planetesimals and their formation mechanisms.

I conclude in Section 4.5.

4.2 Methods

I used a modified version of the model outlined in Chapter 2 to explore the differences
in thermal and dynamo histories between two hypothetical planetesimal compositions:
‘wet” and ‘dry’. Dry planetesimals accreted without water ice in a reduced environ-
ment, while wet planetesimals accreted with water ice in a more oxidised environment.
These contrasting formation histories result in two key differences between planetes-
imals with these compositions: their core size, and mantle water content in NAMs.
These are incorporated into the model by varying the fractional core radius, mantle
solidus and liquidus, and mantle viscosity. I explored parameter space for 300 km
radius planetesimals where fractional core radius, water content, and differentiation
time were varied individually while other parameters were set to their dry values
(Table 4.1). I also ran endmember models for ‘wet” and ‘dry’ 100-500 km radius
planetesimals, where mantle water content, fractional core radius, and the slope of

the viscosity law were set to wet or dry values. (Table 4.2).

97



4.2.1 Accretion and differentiation

Unlike in Chapter 2, the model begins at the point of differentiation and neglects
water-rock interactions prior to metal-silicate differentiation, such as water-rock dif-
ferentiation and silicate (de)hydration (Fu and Elkins-Tanton, 2014; Castillo-Rogez
and Young, 2017; Trinh et al., 2023). These processes will affect the time between
accretion and differentiation, but the differentiation criteria (reaching the tempera-
ture of critical melt fraction) determines the conditions for the subsequent thermal
evolution and dynamo generation, which are of primary interest here. Additionally,
the time between accretion and differentiation is very short (0.5-4 Ma) in comparison
to the time between differentiation and complete core solidification (> 100 Ma) due
to the strength of radiogenic heating (Kruijer et al., 2020; Spitzer et al., 2021). This
approach is similar to Neumann et al. (2024), who neglect the thermal effect of water
prior to differentiation for planetesimals that form cores.

The mean '82Hf /182W differentiation age of the NC grouped irons (2.2 4 0.5 Ma
after CAI formation) is older than that of the CC grouped irons (3.0 + 0.4 Ma after
CAI formation; Hellmann et al., 2024). However, iron meteorites from both reservoirs
span a range of differentiation ages from 0.5-4.5Ma after CAI formation (Spitzer
et al., 2021; Hellmann et al., 2024; Spitzer et al., 2025). Therefore, I explored this
full range of differentiation times for both the wet and dry planetesimal endmembers.
This range of differentiation times also serves as a proxy for the unknown time delay

between accretion and differentiation.

4.2.2 Fractional core radius

Fractional core radius, ¢, decreases with increasing planetesimal oxidation state
(Hilton et al., 2022; Grewal et al., 2024). In the parameter space exploration of
e, I ran models for “¢=0.1-0.9 to investigate the widest possible range of fractional
core radii. For the endmember models, I used estimates for planetesimal fractional
core radii from measurements of highly siderophile element concentrations in iron me-
teorites (Hilton et al., 2022). The average core mass fraction and core sulfur contents
for NC (more reduced) and CC (more oxidised) iron meteorites from Hilton et al.
(2022) give fractional core radii of 0.4 and 0.5, respectively (Table C.1). These av-
erages neglect iron meteorites that experienced significant volatile loss (IITAB, IIIF,
IVA| IVB; Goldstein et al., 2009). The NC fractional core radius will be used in the
dry planetesimal endmember, while the CC value will be used for the wet endmem-
ber. I used the values from Hilton et al. (2022) rather than those from Grewal et al.
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(2024) that do not find a difference between CC and NC irons to test the influence

of core size on paleomagnetic and isotope thermochronometer observations.

4.2.3 Water content

Hydrated silicate minerals are unstable at the high temperatures (~1600 K) reached
by differentiated planetesimals (Lichtenberg et al., 2019a; Trinh et al., 2023) and
liquid water will have rapidly escaped as the planetesimal heated up (Fu and Elkins-
Tanton, 2014). Therefore, I assume the only water retained in the planetesimal is in
small quantities in NAMs. The quantity of this water, X,,, can be estimated from
measurements of water in NAMs in meteorites (Peterson et al., 2023; Newcombe et al.,
2023; Rider-Stokes et al., 2024; Harries et al., 2023). Petrological evidence suggests
that the meteorites in which NAMs have been measured crystallised from a melt
(Newcombe et al., 2023). Therefore, these measurements can be combined with the
degree of melting on the parent body and water solid-melt partition coefficients to
find the original water concentration in NAMs on the parent body (Newcombe et al.,
2023). Using this method, Rider-Stokes et al. (2024) find water concentrations of 519—
1089 ppm wt based on olivine partitioning or 85-110 ppm wt based on clinopyroxene
partitioning in the angrites. For five different meteorite parent bodies, Newcombe
et al. (2023) find a range of parent body water contents from 2.5-700 ppm wt, al-
though they note that these values are upper limits and the real values could be up
to two orders of magnitude lower, because the measurements were at the detection
limit. The assumed partition coefficients have a large impact on the results and it
is unclear for planetesimal pressures which values are most appropriate and in which
minerals water is most compatible (Newcombe et al., 2023; Rider-Stokes et al., 2024).
I adopted the 0-700 pm wt (X, =0-0.07 wt%) values from Newcombe et al. (2023),
because these values account for water partitioning into multiple minerals unlike the
values suggested by Rider-Stokes et al. (2024) who consider water partitioning entirely
into olivine or entirely into clinopyroxene. To contrast the most extreme possibilities
of water loss and retention, my endmember runs used the largest and smallest val-
ues in this range. The concentration of water in NAMs is assumed to be constant
throughout a model run, because the timescale for volatile loss through the plan-
etesimal surface after differentiation is long (10°-10'! years, see Section 4.4.3.2). I
explore whether paleomagnetism provides a complementary method for constraining
parent body water contents in the inner and outer Solar System by using a range of

planetesimal water contents.
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4.2.3.1 Effect on mantle solidus and liquidus

To capture the effect of water on mantle melting, I replaced the constant, dry solidus
and liquidus values in Chapter 2 with the parametrisation presented by Katz et al.
(2003) for the hydrated mantle solidus, T, s and liquidus, Ty, converted to K,

Ths = A1+ AP + AzP? — AT(Xy), (4.1)
and
Ty = Cy + CoP + C3P? — AT(X,,). (4.2)

P is the pressure in GPa, A; = 1358.7K, Ay, = 132.9 KGPa™!, A3 = —5.1 KGPa 2,
C) = 2053K, Cy = 45 KGPa™!, (5 = —2.0 KGPa™2. AT(X,,) is the temperature

reduction for a water fraction, X, in wt% in the melt,

AT(X,) = K < " Pfivlv - DW,K)) | (4.3)

where Dy, x = 0.01 is the bulk distribution coefficient of water between the solid and
melt for this solidus parametrisation, F' is the melt fraction, and K = 43K wt %7,
and v = 0.75 are constants (Katz et al., 2003). I assume the melt remains homoge-
neously mixed with the solid (Section 2.5.2) so the degree of melting and melt fraction

are equivalent (F' = 0 at the solidus and F' = 1 at the liquidus).

4.2.3.2 Effect on viscosity

The mantle viscosity is inversely proportional to the water content of the solid phase,
C3! (Hirth and Kohlstedt, 1996) and the constant prefactor in the viscosity law is an
order of magnitude higher than for dry silicate (Ag; Keller et al., 2017). Therefore, in

the wet planetesimals the first two pieces in the viscosity law (Equation 2.1a and 2.1b)
10

are multiplied by a factor of For a partially molten system, the water content of

cset:
the solid phase depends on the melt fraction, ¢, and the partition coefficient of water
between the solid and the melt, D, = CCTHC’)L
H
& ~1
ool — C’g’t (1 — ¢+ D—) . (44)

Ot =2 x 1O4XW%T“1‘?) is the total water content of the system in units of number of
2

H atoms per million Si atoms, X, is the water concentration in wt %, and M,,;, and

M, 0 are the molar mass of the chosen mineral and water, respectively. In this model,

I use the molar mass for KLB-1 peridotite (M, = 55.1), which is a close natural
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Figure 4.1: a) Viscosity profiles for a range of water contents assuming 1y g, =
10 Pas, Dy = 6 x 1072 and a KLB1 peridotite composition. Below the solidus, wet
materials have lower viscosities. At the solidus, wet materials have a slight increase
in viscosity, because the water begins to move into the melt and the viscosity of the
solid phase increases. The viscosity then decreases due to the increasing melt fraction
with increasing temperature. b) Mantle solidus, T, s, liquidus, Ty, ), and temperature
of the critical melt fraction, Ty, as a function of water content based on the solidus
and liquidus parametrisation from Katz et al. (2003). The critical melt fraction is
assumed to be 0.5. The core liquidus, 7¢), is for a 300 km radius planetesimal with
23 wt% sulfur in its core.
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analogue to upper mantle compositions (Davis et al., 2009) and matches the mantle
composition in Katz et al. (2003). I adopt the partition coefficient for peridotite at
1 GPa, Dy, = 0.006 from Hirschmann et al. (2009). Although this partition coefficient
is for pressures 2-3 times higher than in planetesimal mantles, the pressure dependence
of the partition coefficient is weak (Hirschmann et al., 2009). Note, the value of this
partition coefficient is different to the partition coefficient used to calculate the effect
of water on the mantle solidus and liquidus (D, x, Equation 4.3). For the mantle
solidus, I use the same value D,k = 0.01 as in Katz et al. (2003), because the
constants in Equations 4.1-4.3 have been calibrated against experimental data using
this value. Water reduces viscosity, so for any given temperature, the viscosity of

a wet planetesimal will be less than or equal to that of a dry planetesimal. For my

10
3l

contents > 0.0136 wt% (Appendix C.1). Therefore, I will explore water contents from

chosen constants, the modification to the viscosity law reduces viscosity for water

0.02-0.07 wt% and water contents below this will be considered effectively dry.
The Arrhenius slope, § = %
activation energy, F/, due to the addition of water. For pure olivine, the activation

is sensitive to changes in mantle solidus and

energy for dislocation creep rises from 440 # 10kJmol™! in anhydrous conditions to
506 £ 16 kJmol ™! in hydrous conditions (Zhao et al., 2009, 2018). Therefore, I assume
B = 0.029K! and 8 = 0.044K~! for the wet and dry planetesimal endmembers,
respectively. Although we assume the planetesimal has a peridotite composition,
flow laws and activation energies for pure olivine are a good approximation to olivine-
pyroxene aggregates (Bystricky et al., 2024). A parameter space exploration for [
was carried out in Chapter 3 so is not repeated here. My chosen Arrhenius slope is
slightly above the maximum value explored in Chapter 3, but given the value is the
same order of magnitude, the effect on dynamo generation does not differ qualitatively
from Chapter 3.

The other parameters in the viscosity law are minimally affected by water. There
is no difference within experimental error in the melt weakening exponent between
hydrous and anhydrous conditions (Mei et al., 2002), and liquid viscosity requires two
orders of magnitude more water for an appreciable change in viscosity (Lesher and
Spera, 2015). Therefore, I will use the constant values from Chapter 3 for both these

parameters in both the wet and dry planetesimals.

4.2.4 Initial core sulfur content

I chose my initial core sulfur contents based on the range of values I can model (Chap-

ter 2) and the sulfur contents of iron meteorites, which are fragments of planetesimal
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Parameter Symbol Range Notes
Fractional core radius e 0.1-0.9 Section 4.2.2
Water content in NAMs | X, 0.0.02-0.07wt% | Neweombe et al. (2023)
Section 4.2.3.2
. _ . 0.5-4.5 Ma
Differentiation time taise after CAT formation Hellmann et al. (2024)
Initial core sulfur content Xs0 23-33 wt% Section 4.2.4

Table 4.1: Range of values for parameter space exploration. Values without references
were chosen in this study.

cores. CC iron meteorites have lower sulfur contents (2-13 wt%) than NC iron mete-
orites (15-19 wt%; Hilton et al., 2022; Zhang et al., 2022, 2024), but the exact sulfur
content depends on assumptions about melt trapping during fractional crystallisation
(Hirschmann et al., 2021). These estimates suggest that more oxidising conditions
(CC reservoir) produce lower initial core sulfur contents. However, chemical models
for core formation from chondritic material suggests that the sulfur content of the
planetesimal prior to differentiation influences core sulfur content more than planetes-
imal’s oxidation state (Bercovici et al., 2022). Furthermore, sulfur degassing during
differentiation (Hirschmann et al., 2021) and immiscibility within planetesimal cores
(Hilton et al., 2019; Bercovici et al., 2022; Bromiley et al., 2024) can alter core sulfur
contents compared to the values expected from their bulk compositions. Due to the
complexity of relating initial core sulfur content to oxidation state, I treat the initial
core sulfur contents of the oxidised (wet) and reduced (dry) planetesimals as a free
parameter. In my model, the minimum initial core sulfur content is the lowest sulfur
content that can be molten at differentiation (Section 2.4.4.1). The differentiation
temperature is set by the temperature of the critical melt fraction. For a planetesimal
with a solidus (and hence critical melt fraction) lowered by the presence of 0.07 wt%
water, the lowest possible initial core sulfur content is 23 wt%, which is larger than
the estimated core composition from all iron meteorites. Therefore, I use this min-
imum value in both endmembers models to be as close to the meteorite values as
possible. Additionally, I run a separate set of endmember models for 300 km radius
planetesimal with a range of initial core sulfur contents from 23-33 wt% to determine
whether coupling a change in core sulfur content to oxidation state and water content
affects the dynamo. The effect of initial core sulfur content as a single parameter has

already been explored in Chapter 3.
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Parameter Symbol | Dry | Wet Reference
Water content in NAMs / wt% Xy 0 0.07 | Newcombe et al. (2023) |
Mantle solidus / K Tins 1361 | 1176 Katz et al. (2003)
Mantle liquidus / K T 2053 | 2048 Katz et al. (2003)
Core radius fraction e 0.5 0.4 Hilton et al. (2022)
Arrhenius slope / K71 I6] 0.029 | 0.044 %izg SJE Z}: gggg;

Table 4.2: Parameter values for wet and dry planetesimal endmembers. Values that
are the same between endmembers are given in Table 4.3. The mantle solidus and
liquidus are calculated using X, and Equations 4.1 and 4.2. Example values for a
300 km radius planetesimal are given here for illustration.

Parameter Symbol Value Notes
Initial core sulfur content Xso 23 wt% Value in modd range
’ closest to meteorite values
Differentiation tim o 2Maafter g ann et al. (2024)
erentiatio ¢ diff CALI formation cHinanh et at

Maximal to allow widest

Critical melt fraction [0%e, 0.5 range of Xsp, Chapter 2 |

Table 4.3: Constant parameters between simulations. Any parameters not stated
are the same as those in Table 2.1 and the constant values in Table 3.1 Values for

parameters that also appear in Table 4.1 indicate the values used in the endmember
runs.
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4.3 Results

4.3.1 Parameter space exploration

4.3.1.1 Fractional core radius

Magnetic field strength at the surface depends on the inverse cube of the distance from
the CMB. Therefore, a larger fractional core radius, =, strongly increases dynamo
strength as measured at the surface (Figure 4.2), because the distance from the CMB
to the surface is reduced. There is a non-monotonic trend in dynamo duration (Figure
4.2) due to the competing effects of increased core convective lengthscale and earlier
cessation of mantle convection with increasing “. At low values of "¢ (< 0.6 for
100 km radius, < 0.3 for 300 km radius, < 0.2 for 500 km radius), the small core size
limits dynamo duration. Smaller cores have smaller convective lengthscales (= r,
Section 2.6.1), which decreases the magnetic Reynolds number for a given heat flux
(Figure 4.3). This reduces the time for which the magnetic Reynolds number is
supercritical and a dynamo can be generated. As a result, planetesimals with the
smallest values of = do not generate a dynamo. The absolute size of the core also
contributes to this effect — for smaller planetesimals the minimum ¢ for a dynamo is
larger (> 0.5 for 100 km radius, Figure 4.2). For intermediate values of ¢ (=~ 0.4 for
300 km radius, 0.3-0.4 for 500 km radius) there is a gap in dynamo generation around
the cessation of mantle convection, when the CMB heat flux is reduced. For high
values of "¢ (> 0.5 for 300-500 km radius, > 0.7 for 100 km radius), dynamo duration
is limited by the mantle thickness rather than core convective lengthscale. Convection
ceases earlier in thinner mantles, because less cooling is required before the convective
boundary layer thickness is equal to the mantle thickness (Figure 4.3). Once mantle
convection ceases, the shorter distance for conduction between the CMB and the
surface in thinner mantles increases the rate of core cooling. This results in the core
reaching the eutectic composition earlier, shutting off compositional convection and

the dynamo (Figure 4.3).

4.3.1.2 Water content

Increasing water content delays the cessation of convection, brings forward the onset
of core solidification and decreases dynamo duration (Figure 4.4). Magnetic field
strength is very similar for all water contents. Mantle convection ceases later for
higher water contents because the mantle viscosity is lower at any given temperature,

so the stagnant lid thickens more slowly (Figure 4.5). Core solidification begins earlier
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Figure 4.2: Dynamo strength and duration as a function of fractional core radius,
e, for 100 km, 300 km and 500 km radius planetesimals. All other parameters match
the ‘dry’ column in Table 4.2. Filled bars indicate periods when a dynamo is active
and the colour of the bar indicates dipole magnetic field strength at the surface. The
black, vertical lines indicate the onset of core solidification (solid) and the cessation
of mantle convection (dashed).

for increased water contents because the planetesimal differentiation temperature (the
temperature of the critical melt fraction) is closer to the core liquidus (Figure 4.1b).
The mantle, and hence the core, cools more rapidly because the mantle effective
specific heat capacity (Equation 2.15) is lowered by the addition of water. Faster
core cooling truncates the dynamo because it increases the rate of core solidification
and brings forward the time when the core reaches the eutectic composition and

compositional convection ends.

4.3.1.3 Differentiation time

Differentiation time has minimal effect on dynamo generation (Figure 4.6). Post-
differentiation thermal evolution depends on the peak temperature of the mantle and
mantle cooling rate. The temperature of differentiation is determined by the tem-
perature of the critical melt fraction and so is independent of differentiation time.
Differentiation time alters the abundance of radiogenic 2°Al remaining after differ-
entiation and its possible heating effect. However, due to the short half-life of 26Al,
radiogenic heating cannot delay mantle cooling beyond ~5 Ma after CAI formation
(Figure 2.7, Chapter 2). Overall, planetesimal dynamo generation cannot be used
to infer differences in differentiation time (and by extension accretion time) resulting

from differing water contents and oxidation states.
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Figure 4.3: a) Total convective boundary layer thickness as a fraction of mantle thick-
ness, (0p+0;)/(r —r¢), b) CMB heat flux, Foump, ¢) magnetic Reynolds number, Re,,,
and d) core sulfur content, Xg, as a function of time for a 300 km radius planetesimal
with a range of fractional core radii, *=. Time evolution of each parameter in each
panel is truncated a) when mantle convection ceases, b) when the core completely
solidifies, ¢) and d) when the core reaches the eutectic composition. The time the
final core reaches the eutectic composition sets the upper limit on the horizontal axis
range.
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anhydrous minerals, X, for a 300 km radius planetesimal. All other parameters
match the ‘dry’ column in Table 4.2. The black, vertical lines indicate the onset of
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4.3.2 Wet vs dry planetesimals

Wet and dry planetesimals have contrasting paleomagnetic histories. Wet planetesi-
mals have shorter and weaker fields than dry ones (Figure 4.7). No wet planetesimal
generates a field more than ~200 Ma after CAI formation and none generate a field
intensity > 5 uT beyond 50 Ma after CAI formation. In contrast, when dry planetes-
imals dynamos are active the magnetic field strength is always > 5 u'T. The weaker

Tc

field strengths in wet planetesimals are due to the smaller ¢, resulting in a larger
distance from the core to the surface. Together, the smaller ¢ and increased wa-
ter content shorten the dynamo by increasing the flux required for a supercritical
magnetic Reynolds number and bringing forward when the core reaches the eutectic
composition, respectively.

Varying initial core sulfur content, Xgo, does not remove the contrast between
wet and dry planetesimals (Figure 4.8). Increasing Xgo from 23-31wt%, slightly
increases dynamo duration in wet planetesimals (Figure 4.8) because the size of the
liquid inner core decreases more slowly as the core cools (Equation 2.27), which results
in a more gradual reduction in the magnetic Reynolds number. When starting at
the eutectic composition (33 wt%), the lack of compositional convection shortens the
duration of the dynamo. Increasing Xg( in dry planetesimals can lead to a gap in
dynamo generation when mantle convection ceases because core solidification has not
yet begun and there is no compositional buoyancy to drive the dynamo. However,
regardless of Xgp, all wet, 500km radius planetesimal dynamos are weaker than
5uT beyond ~ 65Ma after CAI formation. In contrast, all active dry planetesimals
dynamos are stronger than 5 T beyond these times, irrespective of Xg .

Planetesimal size has a stronger effect on the time at which a thermochronometer
cools through its closure temperature than whether the planetesimal is wet or dry
(Figure 4.9) because the temperature ranges recorded by thermochronometers are
only reached in the conductive portion of the planetesimal (Figure 4.10; 350-1200 K;
Henke et al., 2012; Bryson et al., 2019b). The timescale for conductive cooling is
proportional to the square of the length over which heat is conducted and inversely
proportional to the thermal diffusivity. My model assumes the same thermal dif-
fusivity for wet and dry planetesimals. Therefore, mantle thickness, which depends
on planetesimal size, controls the cooling timescale and the age recorded by ther-
mochronometers. As a result, thermochronometers cannot be used to distinguish wet

and dry planetesimal histories.
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Figure 4.7: Dynamo strength and duration for wet and dry planetesimals with radii
from 100-500 km. Parameters which differ between the two panels are given in Table
4.2. In both panels, planetesimals differentiate at 2 Ma after CAI formation, have a
critical melt fraction of 0.5 and an initial core sulfur content of 23 wt%. The black,
vertical lines indicate the onset of core solidification (solid), when the core reaches
the eutectic composition (dotted), and the cessation of mantle convection (dashed).
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solidifies.

has a smaller temperature range, because the deeper mantle cools less before the core
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Figure 4.10: Interior temperature profiles for 500 km radius dry (left panel) and wet
(right panel) planetesimal. The region enclosed by the black dashed lines is con-
vecting. The temperature contours span the range of thermochronometer closure
temperatures in Figure 4.9 and are all located in the conductive portion of the plan-
etesimal. The horizontal axis limit is set by the solidification of the planetesimal core.
The right panel has a larger vertical axis range because the wet planetesimal has a
smaller core. This panel also has a smaller horizontal axis range because the mantle
cools more rapidly, so the core solidifies earlier.

4.4 Discussion

Wet and dry planetesimals have distinct magnetic histories. Wet planetesimals gen-
erate weak magnetic fields for a short period of time due to their smaller core radius
fractions and less viscous, more rapidly cooling mantles. In contrast, dry planetesi-
mals generate strong magnetic fields for long periods due to their large core radius
fractions and more viscous, slower cooling mantles. Isotopic thermochronometers
are not sensitive to the differences between wet and dry planetesimals but are key

indicators of planetesimal size.

4.4.1 Implications for differentiated NC planetesimals

Wet planetesimals do not produce dynamos with surface magnetic field strengths
> 5uT beyond ~50Ma after CAI formation, irrespective of size (Figure 4.7) and
initial core sulfur content (Figure 4.8). Therefore, paleointensity data from after
50 Ma after CAI formation is the best test for the water content and oxidation state
of planetesimals. Only paleointensity data from NC meteorites is available in this
time range (Figure 4.11). The H and L/LL chondrites are thought to originate from
outer, chondritic layers of partially differentiated planetesimals (Bryson et al., 2019b;
Shah et al., 2017), while the IIE irons and Main Group pallasites are both stony
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irons and formed at some depth within the mantle of their parent bodies (Maurel
et al., 2021; Nichols et al., 2021). Dry planetesimals of all sizes (Figure 4.11) produce
surface magnetic fields that match the paleointensities recorded by the H and L/LL
chondrites. In contrast, no wet planetesimals produce surface magnetic fields that
match the L/LL chondrite paleointensity and only overlap with the lower bound on
the H chondrite paleointensity. For dry planetesimals, formation at a 50% depth
or shallower on 300-500 km radius planetesimals can explain the IIE iron and Main
Group pallasite paleointensities. For wet planetesimals, no mantle depths < 50%
or planetesimal radii < 500km can reproduce the strongest Main Group pallasite
paleointensity and only 500 km radius planetesimals can generate fields that span the
same time period as the paleomagnetic data.

Overall, a very limited parameter space for wet planetesimals can only explain
a fraction of the paleointensity data for NC meteorites, while a wide range of dry
planetesimal parameters can explain all the paleointensity data for NC meteorites.
This suggests the dry planetesimal endmember is a closer representation of NC, dif-
ferentiated planetesimals. The core size of the dry endmember (¢ =0.5) is consistent
with estimates of core sizes and oxidation states for NC iron parent bodies (Table C.1;
Hilton et al., 2022; Grewal et al., 2024)). The water content of the dry endmember
indicates NC planetesimals either formed without water or their water was lost very
efficiently during differentiation. NC iron meteorites are more oxidised than nebula
gas suggesting water was present in the NC reservoir during their formation (Grewal
et al., 2024), supporting subsequent efficient water loss. The hypothesis of efficient
degassing aligns with previous studies (Newcombe et al., 2023; Grewal and Manilal,
2025). The low water contents required by the paleomagnetic data are incompatible
with the uppermost limits on NC achondrite water contents (Rider-Stokes et al., 2024;
Newcombe et al., 2023). This strengthens the argument that the partition coefficients
used to calculate parent body water contents might not apply in planetesimal condi-
tions or that the true NC achondrite water contents are below SIMS detection limits
(Newcombe et al., 2023). However, if the NC differentiated planetesimals accreted
with similar compositions to surviving NC chondrites, they may have accreted very
little water (< 3wt%) due to their low proportion of matrix (=~ 15vol.% Alexander,
2019b). In contrast, CC chondrites had higher matrix fraction (30-100vol.%) and

could have contained more water (~=3-30 wt% Alexander, 2019a).
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4.4.2 Key future paleomagnetic measurements

Wet and dry planetesimals have stark differences in vigour and duration of dynamo
generation, whereas isotope thermochronometers are dominated by differences in par-
ent body size. Therefore, meteorite paleomagnetic measurements could be key to
shed light on differences in water content and oxidation state between the NC and
CC reservoirs. Below, I discuss the key paleomagnetic measurements that should be

made to best utilise these possible differences in dynamo histories.

4.4.2.1 Carbonaceous achondrites

Carbonaceous planetesimals formed beyond the water condensation line, so originate
from a more oxidising environment and should have accreted some water (Alexander,
2019a; Spitzer et al., 2021). Therefore, comparison between CC achondrite paleomag-
netic measurements and the wet planetesimal models can reveal the extent of water
loss on differentiated planetesimals and variations in their oxidation state. There
is currently no paleointensity data for CC achondrites for discriminating between
wet and dry planetesimals (Chapter 3). However, recently discovered ungrouped
CC achondrites (Bogdanovski and Lugmair, 2004; Sanborn et al., 2019; Hyde et al.,
2022; Rider-Stokes et al., 2025) are promising targets for these measurements. If
paleomagnetic measurements of a magnetite-bearing, CC achondrite in the key time
range (> 50Ma after CAI formation) find a paleointensity > 5uT, this would in-
dicate the dry planetesimal endmember is also a good match for CC differentiated
bodies. This would imply CC planetesimals also degassed efficiently during differenti-
ation and their oxidation states were similar to NC planetesimals. If a paleointensity
< 5uT is measured and the parent body was large enough to generate a dynamo
(>200km), this would indicate the wet planetesimal endmember is a good match
for CC differentiated planetesimals. This would imply that planetesimals can retain
some water during differentiation and CC planetesimals formed smaller cores than
NC planetesimals. This would support the idea that there was more water in the
CC reservoir than in the NC reservoir. Overall, paleomagnetic measurements of a
magnetite-bearing CC achondrite from > 50 Ma after CAI formation could provide
a key piece of evidence for understanding the volatile content and oxidation state of

the NC and CC reservoirs.
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4.4.2.2 Paleointensity estimates

Meteorite paleointensity depends on proximity to the core, which is a function of
planetesimal radius, planetesimal core radius fraction and a meteorite’s depth within
the mantle. Different size planetesimals have similar magnitude field strengths for
the same core radius fraction (Figure 4.2). Therefore, if uncertainties on paleointen-
sity measurements could be reduced and meteorite depths within the mantle could
be constrained (see Chapter 5), paleointensity could be a signature of planetesimal
core fraction and hence oxidation state. In particular, an improved understanding of
how cloudy zones (the paleomagnetic recorders in the pallasites and IIE irons) acquire
their remanent magnetisations is key (Einsle et al., 2018; Maurel et al., 2019; Devienne
et al., 2024). Further magneto-hydrodynamic simulations with parameters appropri-
ate for planetesimal core soldification are also required to reduce uncertainties on the
paleointensities predicted by numerical models. These refinements to paleointensity
measurements could help us understand differences in oxidation state between the
NC and CC reservoirs and the difference in oxidation state between the NC reservoir
and nebula gas (Rider-Stokes et al., 2024; Grewal et al., 2024). This could reveal the
trigger for planetesimal formation in the two reservoirs and determine the quantity of
water-rich material which must have been present in the inner Solar System during

formation of the NC iron parent bodies.

4.4.3 Model assumptions

4.4.3.1 Initial core sulfur content

Initial core sulfur content, Xg, does not drive the main differences in dynamo gener-
ation between wet and dry planetesimals. Therefore, the unknown Xy, value of wet
and dry planetesimals (Section 4.2.4) does not preclude predictions of the dynamo
histories of these bodies. For dry planetesimals with Xg > 29 wt%, a gap in dynamo
generation (Figure 4.8) could lead to degeneracy in null measurements in this time
period between wet and dry planetesimals. Multiple magnetic measurements from
a single meteorite group where non-zero paleointensities follow null paleointensities,
like those for the Main Group pallasites (Nichols et al., 2021), could resolve this de-
generacy. Regardless, iron meteorite compositions suggest these high Xg values are
unlikely to occur in meteorite parent bodies (Section 4.2.4). Instead Xgp is likely
to be at the bottom of or below the range explored here, although how lower sulfur

content cores differentiate is uncertain (Section 2.4.4.1). These low sulfur contents

117



dry planetesimal, 500 km radius wet planetesimal, 500 km radius

1401 H chondrite
IIE iron
1204 MG pallasite
L/LL chondrite
E 100 A 50% mantle depth
2> 25% mantle depth
g 801 = surface
9]
o
£
o 601
Q
&
40 ™,
20} hatraga,.
dry planetesimal, 50% depth wet planetesimal, 50% mantle depth
140 radius / km
— 200
120+ — 300
- — 400
=100+ — 500
2
2 80
3
£
g 601
©
o
] _\‘“"“N
201 _M u
0

60 80 100 120 140 160 180 200 220 60 80 100 120 140 160 180 200 220

Time after CAl formation /Ma Time after CAl formation /Ma
Figure 4.11: Paleointensity data (coloured boxes) from 50-220 Ma after CAI forma-
tion (Shah et al., 2017; Bryson et al., 2019b; Nichols et al., 2021; Maurel et al., 2021)
overlaid by magnetic field strengths for a range of wet and dry planetesimal sizes and
depths (lines). In the upper panels, the data is overlaid by magnetic field strengths
for 500km radius dry (left) and wet (right) planetesimals. For each planetesimal
type, three traces are given corresponding to three possible formation depths of each
meteorite within the planetesimal mantle. In the lower panels, the data is overlaid
by magnetic field strengths at 50% mantle depth for 100-500 km radius dry (left)
and wet (right) planetesimals. Radii not shown in the lower panels do not generate
a magnetic field in this time interval. Each coloured box represents an individual
meteorite and the size of the box indicates the uncertainty on the paleointensity and
timing. Darker regions are where multiple measurements overlap. Only the non-null
paleointensity data from this time period is plotted. The uncertainty on the final two
MG pallasite data points (Imilac and Esquel) is large, because for these meteorites
the angle between the primordial field and remanent field is unknown (Nichols et al.,
2021). Additional uncertainties on MG pallasite, H chondrite and IIE iron data due
to magnetostatic interactions and induced fields are difficult to quantify (see Maurel
et al., 2021, for discussion) and have not been included. The uncertainties on these
measurements will be discussed further in Chapter 5.
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would not have a gap in dynamo generation preventing this possible degeneracy in

null measurements.

4.4.3.2 Progressive dehydration of nominally anhydrous minerals

I assume the water content in the planetesimal mantle remains constant during the
thermal evolution and that negligible water degasses to the surface. The validity of
this assumption depends on the timescale for water loss from the surface in comparison
to the time over which water will be transported within the planetesimal interior
(i.e. the duration of mantle convection). For bodies convecting in the stagnant-lid
regime, water enriched melt will rapidly be brought to the base of the stagnant lid
(O(10years); Miyazaki and Korenaga, 2022). However, for water to escape from the
planetesimal, this melt must be able to reach the surface. The concentrations of water
in NAMs are too low for volatile exsolution to drive eruption; instead melt transport
is driven by buoyancy of melt relative to the crust (Fu and Elkins-Tanton, 2014). Melt
density increases with oxidation state and melts with CM- and CV-like compositions
are more dense than their overlying crusts (Fu and Elkins-Tanton, 2014). This inhibits
melt migration through the crust and degassing from the surface. Therefore, melts
on our wet planetesimals are likely to be too dense to reach the surface.

In the scenario where the melt is buoyant (e.g. H- and LL-like compositions), the

time taken to remove all volatiles from the mantle can be estimated by

Xw Mmantle
. )

: (4.5)

Tdry =

where w is the rate of water loss from the surface, X, is the water concentration in
the mantle in ppm wt and M ane is the mantle mass. The rate of water loss depends
on the proportion of the planetesimal’s surface through which melt can escape, Xga,
the percolation velocity through the crust, upere, the melt density, pmert, and the water

content of the melt, Xy e,
W = 47TT2XSAUpercpmeltXw,melt- (46)

The percolation velocity can be calculated from Darcy’s law

K(¢)Apg

Tlmelt

Uperc =

(4.7)

where K (¢) is the permeability, Ap = perust — Pmelt, g 1 the gravitational field strength

at the surface, and 7y is the melt viscosity. The water content of the melt can be
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Parameter | Estimate Notes

K(9) 10~ m? Chapter 2
g 0.5ms 2 Chapter 2
Mmelt 100 Pas Chapter 3

Ap 500 kgm 3 | Fu and Elkins-Tanton (2014)

) 0.5 maximum melt fraction

Xsa 0.1 assumption
te 0.5 Chapter 2
r 200 km assumption

Table 4.4: Parameter values used to estimate timescale for volatile loss from plan-
etesimals.

related to that of the mantle using the partition coefficient Dy,. For a small partition
coefficient (D,, = 107?)
Xw = (wa,melt’ (48>

where ¢ is the melt fraction. Combining Equations 4.5-4.8, and assuming the melt
and the mantle have the same density, Equation 4.5 simplifies to

= e [1- (%)) (49)

XSAuperC r

For the values assumed in Table 4.4, water will be completely lost after 4 x 10® years,
which is longer than the duration of convection in any of our model runs. However,
this timescale estimate depends strongly on our assumed permeability and surface cov-
erage of volcanism. Estimates of planetesimal permeability vary from 1078 — 10~ 14m?
(Chapter 2), which leads to a range in 74,y of 10° — 10! years. Additionally, more
conservative estimates of surface volcanism could further increase these timescales by
one or two orders of magnitude. For the lower estimates of these timescales, plan-
etesimals may lose significant water during mantle convection. However, this could
still be inhibited by the melt density relative to the crust. Therefore, it is reasonable

to assume a constant water content in the mantle.

4.4.3.3 Solidus parametrisation

The dry solidus description from Katz et al. (2003) has a larger temperature difference
between the solidus and liquidus compared to Chapters 2 and 3. This larger difference
raises the temperature of the critical melt fraction and enables lower Xg, values
to be run in the model (4.44wt% compared to 22.63wt% for dry, 300km radius

planetesimals with critical melt fractions equal to 0.3). Other than the initial core
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Figure 4.12: Thermal evolution of two identical, 300 km radius, dry planetesimals
using a) the Katz et al. (2003) solidus and b) the Chapter 2 solidus. The peak
temperature is higher for the Katz et al. (2003) solidus, but otherwise the thermal
evolutions are very similar. ¢) magnetic field strength, B, as a function of time for the
Katz et al. (2003) solidus parametrisation (black trace) and the constant values used
in Chapter 2 (brown trace). The spike in the brown trace at early times comes from
the earlier onset of core solidification due to the lower differentiation temperature.
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sulfur content, the solidus parametrisation has minimal effect on the timing of thermal
evolution. Identical, 300 km radius, dry planetesimals with differing solidii have < 5%
difference in their times for the cessation of mantle convection, dynamo generation,
and core solidification. The magnetic field evolution for the two dry solidii are very
similar (Figure 4.12).

The iron concentration of silicate minerals strongly affects their solidii (Kiefer
et al., 2015). This results in a ~ 40 K difference in dry solidus temperature between
the parametrisation of Katz et al. (2003) for mantle peridotite (Mg#90; Davis et al.,
2009), and that of Chapter 2 based on CC chondrite Allende (Mg#69; Agee et al.,
1995). Iron contents in planetesimal mantles will be lower than those in chondrites
due to movement of iron to the core during differentiation. Therefore, the composition
assumed in Katz et al. (2003) is more appropriate for the iron content in differenti-
ated planetesimals. I neglect differences in dry solidus temperature between the wet
and dry planetesimal endmembers due to changing core fraction because addition of
0.07wt% water lowers the solidus more (185 K) than the addition of iron (< 40K
depending on composition).

Silicate mineralogy also affects the solidus, because different minerals have differ-
ent partition coefficients for water (Rider-Stokes et al., 2024). I adopt the parametri-
sation of Katz et al. (2003), because it enables easy quantification of the effect of
mantle water content on the solidus. While the trend in solidus depression with in-
creasing water content will be similar in planetesimal mantles, the exact temperature
differences may vary due to mineralogical differences between mantle peridotite and

planetesimal mantles, and mantle heterogeneity.

4.4.3.4 Other light elements in planetesimal cores

Other elements that could also be present in planetesimal cores include O, C, and
Si (Pommier et al., 2020; Bromiley, 2023). However, appropriate abundances for the
wet and dry endmembers are hard to constrain because oxygen fugacity, planetesimal
bulk composition, differentiation mechanism, and fluid immiscibility all affect core
light element composition (Poirier, 1994; Rubie et al., 2015; Bromiley, 2023; Bromi-
ley et al., 2024). Additionally, the thermal conductivity and density of iron alloys
containing multiple light elements is poorly constrained, particularly at planetesimal
core pressures (Pommier et al., 2020). Therefore, it would not be insightful to include
O, C, and Si in my thermal evolution and dynamo generation model due to the large

uncertainties in their abundance and effect on core properties.
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4.5 Conclusions

The early Solar System consisted of two distinct reservoirs of planetesimals: non-
carbonaceous (NC) planetesimals in the inner Solar System and carbonaceous (CC)
planetesimals in the outer Solar System. Although these reservoirs are isotopically
distinct, the differences in water content and oxidation state between differentiated
planetesimals in these two reservoirs are debated. I used the planetesimal thermal
evolution and dynamo generation model of Chapter 2 to determine whether meteorite
paleomagnetism or thermochronometry could reveal differences in water content and
oxidation state between NC and CC differentiated planetesimals. The model was
modified to include the effect of water content on the mantle viscosity and mantle
solidus. I ran models for a range of water contents and core sizes, as well as end-
member models to predict differences in dynamo histories between ‘wet’ and ‘dry’

planetesimals. The effects on thermal evolution and dynamo generation are:

e Increasing water content decreases the mantle solidus. This decreases the plan-
etesimal differentiation temperature, shortening the dynamo, because less cool-

ing is required to reach the core eutectic temperature.

e Increasing water content decreases mantle viscosity. This enhances mantle cool-
ing and delays the cessation of mantle convection. This cools the core more

rapidly, shortening the dynamo.

e Decreasing the fractional core radius results in weaker surface magnetic field
strengths because magnetic field strength follows an inverse cube law and the

distance from the CMB to the surface is larger.

e Dynamo duration has a non-monotonic dependence on fractional core radius.
The magnetic Reynolds number in the smallest cores is subcritical and there is
no dynamo generation. In contrast, in the largest cores the corresponding thin
mantles cool very rapidly reducing the time for which CMB heat flux is high

enough to drive a dynamo.

e Wet, more oxidised planetesimals generate shorter, weaker fields than dry, more
reduced planetesimals. No wet planetesimals generate fields > 5 T more than
~ 50 Ma after CAI formation, irrespective of size. In contrast, all dry planetes-
imals with radii > 200km generate fields > 5 uT beyond this time and up to
~ 600 Ma after CAI formation.
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e The closure temperatures for isotopic thermochronometers occur in the con-
ductive portion of the mantle, so are determined by the mantle thickness. As a
result, meteorite isotopic thermochronometer measurements cannot reveal plan-
etesimal water content. However, they are key to explore planetesimal radius,

which is challenging to glean from paleomagnetic measurements.

The stark differences between wet and dry planetesimal endmembers demonstrates
planetesimal dynamo generation can constrain the water content and core size of
planetesimals. NC paleomagnetic data is consistent with NC planetesimals with cores
e ~ (0.5 that formed either without water or degassed all their water rapidly dur-
ing differentiation. This supports previous arguments that measurements of water
in NC achondrites have been limited by the detection threshold of the equipment,
rather than reflecting actual meteorite water content. This conclusion will be tested
further in Chapter 5 using the time-resolved paleomagnetic histories of the parent
bodies of the Main Group pallasites and IIE iron meteorites. Paleomagnetic mea-
surements of CC achondrites dated to > 50 Ma after CAI formation are crucial
to reveal whether efficient degassing of differentiated planetesimals was prevalent
throughout the Solar System and how strongly planetesimal core sizes are affected
by their pre-differentiation water contents. Reducing errors on paleointensity mea-
surements, particularly from cloudy zones, will enable meteorite paleomagnetism to
shed light on planetesimal core sizes. These measurements will clarify differences be-
tween NC and CC differentiated planetesimals, enabling us to better understand the

evolution of the protoplanetary disk and the formation of planetesimals.
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Chapter 5

Refined internal structures of the
Main Group pallasite and IIE iron
meteorite parent bodies from
paleomagnetism

5.1 Introduction

The earliest accreting planetesimals contained sufficient 2°Al to melt and differen-
tiate, forming metallic cores and rocky mantles. However, some meteorites contain
both metal and silicate suggesting some planetesimals experienced either incomplete
differentiation or later mixing between core and mantle material. One example is
the ITE iron meteorites that contain both chondritic and achondritic silicate inclu-
sions, suggesting they originate from a partially differentiated parent body (Ruzicka,
2014). Another example is the pallasite meteorites that consist of achondritic sili-
cates surrounded by an Fe-Ni matrix (Wasson and Choi, 2003). Pallasites have been
proposed to form either at the core-mantle boundary (CMB, e.g. Scott, 1977a,b; Was-
son and Choi, 2003), or through impacts between differentiated planetesimals (e.g.,
Tarduno et al., 2012; Walte et al., 2020; Kruijer et al., 2022), or through eruption of
metallic material from the core into the mantle (Johnson et al., 2020a). Meteorite
paleomagnetism can help to reveal the properties of these meteorite parent bodies,
and shed light on their formation in several ways. Firstly, a non-zero paleomagnetic
remanence indicates the parent body had a core (e.g., Carporzen et al., 2011; Elkins-
Tanton et al., 2011; Weiss and Elkins-Tanton, 2013; Maurel et al., 2019). Secondly, a
non-zero remanance strong enough to be a dynamo also indicates a meteorite cooled
sufficiently to record a magnetic field while one was being generated. This precludes

the formation of a meteorite at the core-mantle boundary, where temperatures would
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have been far above the blocking temperature when the dynamo was being generated
(Tarduno et al., 2012). Thirdly, a time-resolved paleomagnetic record combined with
meteorite cooling rates can trace the thermal evolution of a planetesimal’s interior.
This can constrain the size of the parent body, its core size, and the timing of core
crystallisation (e.g., Bryson et al., 2015; Maurel et al., 2021; Nichols et al., 2021).

Paleomagnetic measurements have been performed on two carriers within these
meteorites: single crystal paleointensity analysis on olivine crystals containing taenite
inclusions in the Main Group pallasites (Tarduno et al., 2012; Nichols et al., 2021);
and X-ray photoemission electron microscopy (XPEEM) on cloudy zones within me-
teorite metal in both the Main Group pallasites and IIE irons (Bryson et al., 2015;
Nichols et al., 2016; Maurel et al., 2020; Nichols et al., 2021; Maurel et al., 2021).
Cloudy zones are Fe-Ni microstructures that form within meteorite metal by spin-
odal decomposition below 623 K in slow cooled meteorites (< 10,000 KMa~!; Maurel
et al., 2019). As the cloudy zone cools through 593 K (its blocking temperature),
it records a chemical transformation remanent magnetisation (CTRM) that is sta-
ble for billions of years (Einsle et al., 2018). A time-resolved paleomagnetic record
can be obtained by measuring several meteorites with different cooling rates from
a single parent body. The slower the cooling rate, the deeper within the body the
meteorite originated, and so the later it cooled through its blocking temperature and
acquired a remanence. Two cooling rates can be obtained from the metal alloys in
each meteorite. Firstly, cooling rates can be obtained between 875-975 K, when the
Widmanstétten pattern formed. Metallographic cooling rates can be calculated at
this temperature from the shape of the Ni composition profile across kamacite bands
(Yang et al., 2010). Alternatively, cooling rates can be calculated using empirical
correlations between cloudy zone island size and metallographic cooling rates (Yang
et al., 2010). Secondly, cooling rates can be determined at 623 K, when the cloudy
zone first formed, by combining the size of an island within the cloudy zone with
thermodynamic models of cloudy zone formation (Maurel et al., 2019).

Five Main Group pallasites, the predominant group of pallasites originating in the
inner Solar System from the same parent body (Greenwood et al., 2006), have been
paleomagnetically measured. Marjalahti and Brenham cooled through the cloudy
zone blocking temperature first and have null magnetic remanences consistent with
the absence of a dynamo field (Nichols et al., 2016; Maurel et al., 2019). Spring-
water (Nichols et al., 2021), Imilac and Esquel (Tarduno et al., 2012; Bryson et al.,
2015) acquired their remanences later and all record non-zero paleointensities, arguing

that a dynamo field was present at this time. Conductive cooling models have been
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used to estimate the depth and timing of remanence acquisition by finding depths
that matched metallographic cooling rates and calculating when these depths cooled
through their blocking temperature (Tarduno et al., 2012; Bryson et al., 2015; Nichols
et al., 2016; Murphy Quinlan et al., 2021). All these models assumed the magnetic
fields recorded in the meteorites were generated only by compositional convection
from core solidification. Once the core began to solidify, an outward solidification
model was used to estimate the duration of dynamo generation. Using a similar
model, Nichols et al. (2021) explored a wider range of planetesimal radii, core radius
fractions, and initial core sulfur contents for the Main Group pallasite parent body
and were the first to compare these model runs to all five meteorites. They also
included a maximum energy approach to estimate possible magnetic field strengths
during inward core solidification. They concluded that the Main Group pallasite par-
ent body had a large core and thin mantle (core radius g 70% of the total parent
body radius) and was 180-360 km in radius.

All three ITE irons that have been paleomagnetically measured record non-zero
paleointensities (Colomera, Techado and Miles; Maurel et al., 2020, 2021). Plan-
etesimal thermal evolution and dynamo generation models were used to determine
the depth of each meteorite in their parent body and possible planetesimal sizes and
core radius fractions. Unlike the models for the Main Group pallasites, these models
included mantle convection and conduction and considered the duration of eutectic
core solidification as a proxy for dynamo generation rather than explicitly modelling
dynamo generation during core solidification. These models suggest the IIE iron par-
ent body had a radius >220km and was partially differentiated with a core radius
fraction > 19%.

Previous models for the Main Group pallasites and IIE irons both assumed that
their meteorites record magnetic fields generated during core solidification. However,
in Chapter 3, I demonstrated that dynamos > 65 Ma after CAI formation may not re-
quire core solidification and instead could have been generated by thermal convection.
Additionally, variations in mantle viscosity parameters and planetesimal size can lead
to longer dynamo durations than previously thought. These conclusions result from
three key refinements in the planetesimal thermal evolution and dynamo generation
model presented in Chapter 2 compared to previous models. Firstly, this model in-
cludes both mantle convection and conduction. Secondly, this model describes inward
core solidification, which is more likely to occur in planetesimals than outward solid-
ification due to the low pressure at their CMB compared to planets (Williams, 2009;
Dodds et al., 2025). Thirdly, this model describes magnetic field generation using a
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combined thermal and compositional buoyancy flux, which means both thermal and
compositional convection can be considered simultaneously as possible drivers for the
dynamo. In this chapter, I will use this refined thermal evolution and dynamo gen-
eration model to explore possible thermal and dynamo histories of the Main Group
pallasites and IIE irons. I will compare my model outputs to metallographic cooling
rates and the paleomagnetic record to re-evaluate the depths and timings of rema-
nence acquisition. Additionally, I will determine the likely core and overall sizes of
these meteorite parent bodies, and the implications for the formation of these unusual
meteorites. Altogether, this study will determine the extent to which time-resolved

paleomagnetic observations can constrain the properties of meteorite parent bodies.

5.2 Methods

I calculated possible parent body thermal and magnetic histories using the thermal
evolution and dynamo generation model presented in Chapter 2. I also included the
amended mantle viscosity and mantle solidus from Chapter 4 that account for non-
zero mantle water contents in nominally anhydrous minerals. I explored planetesimal
parameter space in two stages: broad and sparse, to consider all possible combinations
of parameters; then, narrow and dense, to consider combinations of key parameters
(Section 5.2.4). I compared the planetesimal history for each parameter combination
with measured cooling rates and paleomagnetic remanences of meteorites from each
parent body to see if it was consistent with the meteorite record (see Sections 5.2.1
and 5.2.3). I collated planetesimal parameter combinations that produced histories
consistent with the meteorite record to determine the distribution of possible parent
body parameters. I also used the consistent model runs to predict the distribution
of possible meteorite depths within each parent body and the distribution of possible

remanence acquisition times in the Main Group pallasites.

5.2.1 IIE iron constraints

For the IIE irons, three meteorites (Colomera, Techado, Miles) have been measured
paleomagnetically (Maurel et al., 2020, 2021) and can be used to determine properties
of the ITE parent body. Three sets of experimental measurements on these meteorites
provide constraints on the history of the IIE parent body (Table 5.1). Firstly, all three
meteorites record a paleomagnetic remanence, indicating the planetesimal generated
a dynamo field as the cloudy zone in each meteorite cooled through 593 K (Maurel
et al., 2020, 2021). Secondly, the thermodynamics of cloudy zone formation provides
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an estimate of each meteorite’s cooling rate at 623 K (Maurel et al., 2019, 2020, 2021).
Finally, the closure temperature of ©°Ar/3°Ar system in 0.1-1 mm feldspars overlaps
with the cloudy zone blocking temperature (603 + 70 K Bogard et al., 2000; Cassata

et al., 2011), so “°Ar/3%Ar ages give the time of remanence acquisition. I compared

these constraints to thousands of planetesimal thermal and magnetic histories to

determine whether each one was consistent with the observed history of the IIE irons.

I also used these constraints to calculate possible depths of each meteorite within the

parent body. I applied these constraints in the following steps:

1.

Check that the dynamo is active for some fraction, or all, of the “°Ar/3°Ar age

range for each meteorite.

. Find the depth range on the 593 K contour (temperature of remanence acquisi-

tion) for each meteorite’s “°Ar/3%Ar age (Figure 5.1). The upper and lower age

limits correspond to upper and lower depth limits, respectively.

Find the cooling rate for the median of each meteorite depth range at 623 K

(the temperature of cloudy zone formation).

Check that the model cooling rate at 623 K lies within the uncertainty of the

experimental cooling rate.

Check the model relative paleointensity lies within the range of the measured
relative paleointensity. Calculation of the relative paleointensities is described

in Section 5.2.2 below.

All three meteorites must satisfy the criteria at every step for a parameter combination
to be a possible fit to the IIE parent body.

Techado | Colomera Miles

Ar/*Ar age' / Ma after CAI formation | 78 413 97 + 10 159+ 9

Cooling rate at 623 K*3 / KMa™! 46+19| 25+14 | 38+26
Paleointensity®3 / uT 36 +11 1545 33+9
Relative paleointensity 1.0+04 | 0.42+£0.18 | 0.92+0.38

Table 5.1: Experimental constraints on parent body histories for the IIE irons.
Bogard et al. (2000), 2Maurel et al. (2020),>Maurel et al. (2021). Calculation of
relative paleointensities is discussed in Section 5.2.2.

129



o
|

5 .
5 1600
g 10 A 1400 v
€ 151 1200 o
3
(7]
> 20 1000 ‘é
[e] (]
o 800 &
L 254 IS
S 600
§ 30
[a) 400
35 A
200
10!
e
x —
=~ I
(0] O
S =
£ X
) (0]
% 10° ®
- (@)
g =
p g
o) S
) . '
Convecting region
1071

50 75 100 125 150
Time / Ma after CAl formation

Figure 5.1: a) Example temperature and b) cooling rate profile used for comparison
with the thermal history of the IIE irons. temperature contours are shown on both
panels. From left to right the black points and error bars correspond to the radio-
metric ages and calculated depths for Techado, Colomera and Miles. The convecting
region has an isothermal interior and a vertically uniform cooling rate. The profile
shown is for a 500 km radius planetesimal with 250 km radius core and all other pa-
rameters are the modal ITE values in Table 5.4.
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5.2.2 Relative paleointensity values

Induced fields in kamacite and interactions between cloudy zones could amplify or
reduce, respectively, the recorded paleointensity compared to the primordial field
(Maurel et al., 2020, 2021). However, these effects are likely to be similar across
cloudy zones. Therefore, while the absolute paleointensity values from a meteorite
may not be accurate, the relative paleointensities of different meteorites from the
same body can provide insight into the change in magnetic field strength over time.
To utilise this information, I compared the relative paleointensities of each meteorite
with the relative paleointensities from the model at the time the meteorite recorded
the remanence. I calculated the relative paleointensity of a given meteorite, Bf;‘; by
dividing the measured paleointensity, B;, by the maximum of the measured mean

paleointensity values within a meteorite group, max(B;),
en

exp B 7

rel,i = maX(BZ) :
€en

(5.1)

Errors on experimental relative paleointensities were calculated by propagating the
errors on the measured paleointensities. The relative paleointensities for the model

outputs are calculated as follows:

1. Find the paleointensity at the upper time bound, B;***, and lower time bound,

B for a given meteorite.
2. Find the average of these pairs of values. B = (B™" 4+ Bmax) /2

3. Divide all average values by the maximum average value B4l = B /max(B2").
’ €N

Using relative paleointensities also accounts for uncertainties in the model paleointen-
sities due to choice of convective lengthscale in the dynamo scaling laws and the core
solidification parametrisation (Chapter 2). Both these uncertainties could lead to
over- or under-estimation of paleointensity by a constant multiplicative factor. Nor-
malising the paleointensities accounts for this factor and emphasises relative changes

in paleointensity with time rather than absolute values.

5.2.3 Main Group pallasite constraints

Paleointensity estimates have been recovered for five Main Group pallasites (Ma-
jalahti, Brenham, Springwater, Imilac and Esquel; Tarduno et al., 2012; Bryson et al.,
2015; Nichols et al., 2016, 2021). The paleomagnetic remanences recorded in the
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cloudy zone in Marjalahti and Brenham are consistent with zero, while Springwater,
Imilac, and Esquel have non-zero remanences (Maurel et al., 2019; Nichols et al.,
2021). Marjalahti and Brenham are older and originated from shallower depths on
the parent body than Springwater, Imilac and Esquel, because their cooling rates are
faster (Nichols et al., 2021). Therefore, the Main Group pallasite parent body must
have experienced an inactive dynamo followed by an active dynamo. Whether the
dynamo is active when the cloudy zone in each meteorite recorded its remanence pro-
vides one constraint on the dynamo generation history of the Main Group pallasites
(Nichols et al., 2021). Unlike the IIE irons, there are currently no radiometric ages
for remanence acquisition in the Main Group pallasites due to a lack of suitable min-
eralogy (e.g. feldspars). Instead, the time of remanence acquisition is inferred from
the time from thermal modelling at which a meteorite’s original depth on the parent
body cooled through the cloudy zone’s blocking temperature (593 K; Einsle et al.,
2018). The original depth of each meteorite is inferred from the cooling rate at the
kamacite nucleation temperature (875-975K, Yang et al., 2010, Table 5.2) and the
cooling rate at the onset of cloudy zone formation (623 K, Maurel et al., 2019, Table
5.2). The kamacite nucleation temperature depends on several factors including bulk
Ni content in the metal and nucleation mechanism (Yang and Goldstein, 2005), so I
use the middle value in the range of nucleation temperatures for the Main Group pall-
asites (925 K; Yang et al., 2010). The model depth must have cooling rates consistent
with the experimental measurements at both 925K and 623 K. If no depths are con-
sistent with both cooling rates or the planetesimal does not cool below the required
temperature before the end of core solidification, then a given parameter combination
cannot describe the Main Group pallasite parent body and thus is rejected.

I apply the above constraints to each planetesimal thermal and dynamo history
in the following steps to determine if a parameter combination is a possible fit to the

experimental observations for the Main Group pallasite parent body.

1. Check that a period of dynamo generation follows a period without dynamo
generation. In the models, this corresponds to a gap between two periods of

dynamo generation (Chapter 3).

2. Find the range of depths on the 925K contour which match the Yang et al.

(2010) cooling rates for each meteorite.

3. Check that some depths within each meteorite depth range also match the
cooling rates at 623 K from Maurel et al. (2019). Refine the depth range for
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each meteorite so both high and low temperature cooling rates lie within their

required range.

4. Check that the dynamo is active/inactive as required when each meteorite depth
range reaches 593 K. If the dynamo turns on or off within a depth range, reduce

the depth range to depths where the dynamo behaves as required.

The cooling rates and dynamo behaviour for all model meteorite depths must match
the observed cooling rates and paleomagnetic record to be consistent with that of the
Main Group pallasites. Unlike for ITE irons, I do not compare the relative paleointen-
sities between the model and experimental values, because there is large uncertainty
on the paleointensities of Imilac and Esquel. There is a large discrepancy between
single olivine crystal paleointensities (Tarduno et al., 2012) and cloudy zone paleoin-
tensities (Bryson et al., 2015; Nichols et al., 2021). Additionally, these meteorites’
paleomagnetic remanences were measured using a single XPEEM orientation. There-
fore, the angle between the primordial field and the recorded field is unknown. When
accounting for the uncertainty in field direction, the 95% confidence value is an order
of magnitude larger than the measured paleointensity (Nichols et al., 2021). Mar-
jalahti and Brenham were also measured using a single XPEEM orientation but their
measured values lie below the 95% confidence value for a null measurement based
on models of cloudy zone remanence acquisition (Maurel et al., 2019), and the 95%
confidence values based on uncertainties in orientation are too weak to be dynamo
generated (Nichols et al., 2021).

Marjalahti | Brenham | Springwater | Imilac Esquel
: 1
COOlmg/f{al\tf;tl IR 6406 | 62409 51407 | 4340333406
: 2
COOhng/Ir{al\tfaatl 0B3R5 99415 | 25414 | 17412 1240709405
Dynamo behaviour® Off Off On On On

Table 5.2: Experimental constraints on parent body histories for the Main Group
pallasites. !Yang et al. (2010), *Maurel et al. (2019),*Nichols et al. (2021). Dynamo
behaviour is limited to whether the dynamo is on or off due to the uncertainty in the
paleointensity measurements of Imilac and Esquel (Nichols et al., 2021).

5.2.4 Parameter variation

I explored possible parent body properties in two stages. In stage 1, I ran models

over all possible combinations of parameter values for a limited number of values of
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each parameter (90,000 model runs, Section 5.2.4.1). T used this to determine which
parameter values are most likely to produce planetesimal histories consistent with
that of a given meteorite group. In this stage, I also explored correlations between
parameters that produce consistent planetesimal histories. In the stage 2, I performed
a more detailed parameter space exploration for the parameters of the most interest
for understanding the IIE and Main Group pallasite parent bodies: radius, fractional
core radius, mantle water content, and initial core sulfur content (82 runs, Section

5.2.4.2).

5.2.4.1 Stage 1 — Broad parameter variation

Due to the large number of parameters, I used a limited range of values for each
parameter to enable the number of runs across all parameter combinations to be
computationally feasible (Table 5.3). T held radiogenic %°Fe abundance and differen-
tiation time constant, because they only affect the first 5Ma of dynamo generation
(Chapter 3 and 4) well before the IIE or Main Group pallasites could have recorded
a remanence. I held liquid viscosity constant, because it has no effect on the timing
of dynamo generation (Chapter 3). Small planetesimals (< 100 km radius) were not
considered, because they are too small to produce the long-lived dynamo generation
required (Chapter 3). The range in initial core sulfur contents was chosen to enable
a consistent range across all water contents, critical melt fractions and planetesimal
sizes. Due to the large change in the temperature of the critical melt fraction with
these three parameters, the resulting range of initial core sulfur contents is narrow
(28.7-32wt%). A wider range of sulfur contents was explored in the more detailed
parameter variation (stage 2, Table 5.4). The range of reference viscosities, critical
melt fractions, and melt-weakening exponents was taken from Chapter 3. The upper
limit on the Arrhenius slope was taken from Chapter 4 because this value exceeds the
maximum value in Chapter 3. The range of water contents in nominally anhydrous

minerals was also taken from Chapter 4.

5.2.4.2 Stage 2 — Key parameter variation

In this stage, I focussed on the key parameters for understanding the possible forma-
tion mechanism of the ITE irons and Main Group pallasites and the interior structures
of their parent bodies. I performed a more detailed parameter space exploration of
planetesimal radius, core radius fraction, mantle water content in nominally anhy-
drous minerals (NAMs), and initial core sulfur content. All other parameters were

held at their modal values from the broad parameter space exploration (Figures 5.2,
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Parameter Symbol Range of values
Radius /km r 200, 300, 400, 500
Core radius fraction e 0.1, 0.3, 0.5, 0.7, 0.9
Critical melt fraction Oc 0.3, 0.4, 0.5
Reference viscosity /Pas Mo 10*2, 10'7 |, 10%° | 102!, 10%
Arrhenius slope /K™! 6] 0.01, 0.02, 0.03, 0.04, 0.05
Melt weakening exponent Qn 25, 30, 35, 40, 45
Initial core sulfur content /wt% | Xgp 28.7, 30.35, 32
Water content in NAMs /wt% Xw 0,0.2,0.4,0.7

Table 5.3: Parameter values for exploration of all possible parameter combinations
explored in stage 1. Ranges on parameter values are from Chapter 3 and Chapter 4
or are described in the text. Liquid viscosity, “Fe/5Fe, and differentiation time were
held constant at 100 Pas, 1078 and 1 Ma after CAI formation, respectively. The X,
values are the same as in Chapter 4. NAMs = nominally anhydrous minerals.

5.3 and Table 5.4). Planetesimal radius and core radius fraction both influence mantle
thickness and therefore mantle cooling rate. This strongly influences whether a given
planetesimal history is consistent with the meteorite record. Therefore, these two
parameters were varied together over the ranges in Table 5.4. Mantle water content
in NAMs and core fractional radius could both reflect the formation conditions of
these meteorite parent bodies (Chapter 4). As a result, I varied these two parameters
together to determine whether each meteorite parent body was more consistent with
the wet or dry planetesimal endmembers discussed in Chapter 4. Finally, initial core
sulfur content will strongly affect the onset time of core solidification and whether
these meteorite paleomagnetic records are signatures of core solidification as previ-
ously suggested. To explore the range of possible initial core sulfur contents, I varied
initial core sulfur content while all other parameters were held constant at their modal

values.
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Constant parameters

Parameter Symbol ITE mode Pallasite mode
Radius /km r 500 400
Core radius fraction e 0.5 0.5
Initial core sulfur content /wt% | Xgo 28.7 32

Water content in NAMs /wt% Xw 0 0

Critical melt fraction Oc 0.4 0.3
Reference viscosity /Pas Mo 10% 10%
Arrhenius slope /K™! 6] 0.03 0.05
Melt weakening exponent Qi 25 45

Detailed parameter exploration

Range of values

Number of values

Radius /km
Core radius fraction

Initial core sulfur content /wt%

Water content in NAMs /wt%

r
Tc
r

Xso
Xw

300-500
0.3-0.7
ITE:11-33
PMG:24-33
0-0.07

5
5
IME:12
PMG:10
7 (exclude 0.01)

Table 5.4: Range of parameters explored in detail in stage 2. All parameter ranges
were evenly spaced and included the start and end values given in the table. A series
of runs were performed where radius and core radius fraction were varied together and
another series were performed where core radius fraction and mantle water content

were varied together. Liquid viscosity, “°Fe/*Fe, and differentiation time were held

constant at 100 Pas, 107® and 1 Ma after CAI formation, respectively. The range of
initial core sulfur contents for the Main Group pallasites (PMG) is narrower than for
the ITE irons, because of the lower modal critical melt fraction and resulting lower

differentiation temperature for the Main Group pallasites.
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5.3 Results

5.3.1 Broad parameter variation

5.3.1.1 Parent body properties

The constraints on the Main Group pallasite parent body properties are more refined
than for the IIE irons with 1% and 15% of parameter combinations being consistent
with each parent body history, respectively. This is because there are more paleomag-
netically measured Main Group pallasites than IIE irons. Additionally, the inactive
dynamo period followed by the active dynamo period observed in the Main Group
pallasites that requires models to have a gap in dynamo generation also tightens the
constraints on certain parameters, as discussed below.

For both meteorite parent bodies there is a strong preference for certain planetes-
imal radii (Figure 5.2a and 5.3a) and core radius fractions (Figure 5.2b and 5.3b).
The modal radius for the IIE irons is larger than for the Main Group pallasites and
the distribution of IIE core radius fractions is skewed to larger values. Overall, the
ITE irons have a wider range of possible radii and core radius fractions than for the
Main Group pallasites because the paleomagnetic constraint on their parent body
history is more relaxed. The IIE irons require a continuous record of dynamo gen-
eration from ~60-170 Ma after CAI formation, which could occur during the second
epoch of dynamo generation in a ~300km radius planetesimal or in the first epoch
of dynamo generation in a ~500km radius planetesimal (Chapter 3). In contrast,
the Main Group pallasites require models to have a gap in dynamo generation, which
requires a match to a specific set of cooling rates during the second epoch of dynamo
generation.

The constraints on the viscosity of both bodies are more relaxed. Both the critical
melt fraction, ¢¢, and the melt weakening exponent, «a,,, have slight peaks in their
distributions, but a narrow range of peak heights (Figure 5.2¢, 5.2f, 5.3c and 5.3f).
The Arrhenius slope, 3, has a very weak peak in the middle of the range for the ITE
irons, but is more pronounced and shifted towards the largest values for the Main
Group pallasites (Figure 5.2e and 5.3e). Increasing the Arrhenius slope widens the
gap in dynamo generation (Chapter 3), which is more favourable for the Main Group
pallasites, because it increases the range of times over which the null paleointensity
measurements could be matched. Out of the viscosity parameters the reference vis-
cosity, 1o, has the clearest trend (Figure 5.2d and 5.3d), because it has the strongest
effect on the timing of dynamo generation (Chapter 3). Higher reference viscosity

values > 10%! Pas are more likely in both bodies, because these values provide the
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Figure 5.2: Distributions of input parameter values that produce thermal and dy-
namo histories consistent with the IIE iron meteorite record. The input parameters
are planetesimal radius, r, core radius fraction, <, critical melt fraction, ¢¢, reference
viscosity, 19, Arrhenius slope, 3, melt weakening exponent, «,,, initial core sulfur con-
tent, Xg, and mantle water content in NAMs, X,,. Bars are discretised to the input
values in Table 5.3 and vertical dashed lines indicate the possible values of the input
parameters. Bars are missing at r = 200km and *¢ = 0.1, because these parameter
values did not produce results consistent with the meteorite record. The y-axis is the
ratio of the number runs with that parameter value that were consistent with the
meteorite record compared to the total number of explored parameter combinations.
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Figure 5.3: Distributions of input parameter values that produce thermal and dy-
namo histories consistent with the Main Group pallasite meteorite record. The input
parameters are planetesimal radius, r, core radius fraction, ¢, critical melt fraction,
¢c, reference viscosity, ng, Arrhenius slope, 8, melt weakening exponent, «,,, initial
core sulfur content, Xg o, and mantle water content in NAMs, X,,. Bars are discre-
tised to the input values in Table 5.3 and vertical dashed lines indicate the possible
values of the input parameters. Bars are missing at 7 = 200km, *= = 0.1,0.7,0.9 and
no = 10*° Pas because these parameter values did not produce results consistent with
the meteorite record. The y-axis is the ratio of the number runs with that parameter
value that were consistent with the meteorite record compared to the total number
of explored parameter combinations.
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sufficiently slow cooling required to sustain dynamo generation for 100s of Ma. In-
creasing the reference viscosity widens the gap in dynamo generation (Chapter 3), so
the largest reference viscosity values are favoured in the Main Group pallasites, while
a slightly lower value is favoured in the ITE irons to prevent this gap occurring between
~60-170 Ma after CAI formation when they acquired their positive remanences.

Constraints on parent body composition are weak. IIE irons slightly favour lower
sulfur contents (Figure 5.2g), because this promotes the earlier onset of core solidifi-
cation, which can prevent a gap in dynamo generation. In contrast, the Main Group
pallasite record favours a higher initial core sulfur content to delay core solidification
and ensure a gap in dynamo generation (Figure 5.3g). A wider range of initial core
sulfur contents is discussed in Section 5.3.2. Both parent bodies favour the absence
of water in the mantle (Figure 5.2h and Figure 5.3h), but the preference is stronger
in the Main Group pallasites because there must be a gap in dynamo generation,
which is more difficult to achieve in bodies with water in their mantles due to the
earlier onset of core solidification prior to the cessation of an early thermal dynamo
(Chapter 4). In the IIE irons, the long duration of dynamo generation favours the
low initial water contents.

For the IIE irons, there are no strong correlations between input parameters in
model runs consistent with the meteorite record (Figure 5.4). For the Main Group
pallasites, the correlations between fractional core radius, ¢, and planetesimal radius,
r, and between each of these parameters and reference viscosity, 7y, and Arrhenius
slope, (8, are slightly stronger. However, these are spurious correlations due to the
presence of only two possible values for each parameter, which inflates the influence of
the less frequent parameter value when calculating the correlation coefficient. Over-
all, the absence of strong correlations between parameters in both bodies mean it
is reasonable to vary one parameter at a time to understand possible parent body

properties in more detail (Section 5.2.4.2 and Section 5.3.2).

140



IIE irons Main Group pallasites

1.00
i-_o'os i-m

0.75
v _.0.03 -0.06 v _.0.07 -0.08
© < - 0.50
& --0.08 0.18 0.18 ©--0.28 0.35 0.02 | 025
@ - 0.05 0.09 -0.06 -0.13 @ --0.37 0.01 0.06 -0.00
$-0.03 001 -0.07 0.08 -0.06 $--0.11 0.17 0.01 0.03 -0.05 -—0.25
o o - —0.50
5-003 011 -0.02 0.01 -0.02 -0.01 5 --0.03 009 -0.03 -0.13 0.13 0.08

-0.75
-003 -0.15 0.03 032 002 000 002 ,5-0.16 -0.10 -0.03 0.36 0.06 -0.03 0.15

1 1 1 1 1 1 1 1 1 1 1 1 1 1 _1.00

r reh ¢ Mo B @ Xso r ree @c Mo B a  Xso

Figure 5.4: Spearman’s rank correlation coefficients between input parameters for
runs that produce planetesimal histories consistent with the ITE iron (left) and Main
Group pallasite (right) meteorite record. Input parameters are planetesimal radius, r,
core fractional radius, “¢, critical melt fraction, ¢¢, reference viscosity, 17y, Arrhenius
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Figure 5.5: Distribution of meteorite origin locations for the IIE irons displayed as
distance from the CMB (left) and distance from the surface (right). The average of
the upper and lower bounds on depth for each model run were used to construct the
distribution. Each row is for a different meteorite. The y-axis displays the relative
frequency. The mean and standard deviation for each depth and time distribution
is given in Table 5.5. The gaps in the middle of the distribution of distances from
the CMB are arbitrary and are due to the discretisation of planetesimal radius and
core radius fraction. Grey boxes indicate the depth range predicted by Maurel et al.
(2021), which was given for all three meteorites together rather than each individual
meteorite. The percentage of successful runs in which the core is solidifying is given
in the right column.

5.3.1.2 Timing and depth of remanence acquisition

Core solidification is no longer required to generate the paleomagnetic remanences
in the IIE irons and Main Group pallasites (Figures 5.5 and 5.6). For the IIE irons,
only Miles recorded in a remanence during core solidification in more than 50% of

model runs. For the Main Group pallasites, the the percentage of model runs for
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Figure 5.6: Distribution of meteorite origin locations (left two columns) and time
of remanence acquisition (right) for the Main Group pallasites. Origin locations are
displayed as distance from the CMB (left) and distance from the surface (middle).
The average of the upper and lower bounds on depth and time for each model run
were used to construct the distribution. Each row is for a different meteorite. The y-
axis displays the relative frequency. The grey boxes indicate the corresponding values
for meteorite depth and time of remanence acquisition for models using inward core
solidification from Nichols et al. (2021). The mean and standard deviation for each
depth and time distribution is given in Table 5.6. The percentage of successful runs
in which the core is solidifying is given in the top right corner.

which a remanence is generated by a solidifying core increases for younger meteorites.
This percentage of model runs increases from 1% for Marjalahti and Brenham to
96% for Esquel, so it is very likely core solidification began sometime between these
groups of meteorites recording their remanences (i.e. between ~170-270 Ma after CAI
formation). The absolute uncertainty on the model ages of remanence acquisition for
the Main Group pallasites (Table 5.6) is the same order of magnitude as for the
10Ar/39Ar ages of remanence acquisition in the IIE irons.

When meteorite cooling rates and paleomagnetic remanences are recorded, the
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: ) Fraction of sucessful runs
Distance from Distance from

Meteorite the surface /km | the CMB / km With remanen@ ?ecorc.led
during core solidification
Techado 22 + 3 170 £ 70 0.35
Colomera 26 + 3 160 £+ 70 0.39
Miles 40 £ 5 150 & 70 0.55

Table 5.5: Mean distance from the surface and distance from the CMB for the IIE
irons from the broad parameter space exploration (Figure 5.5). Errors are one stan-
dard deviation on the mean.

surrounding mantle is transferring heat by conduction due to the low, subsolidus
mantle temperatures at which these processes occur. As a result, the distribution of
distances of a meteorite from the surface is tightly clumped, because the cooling rate
is controlled by the conductive lengthscale (distance from the surface). In contrast,
there is large variability in the distance above the core-mantle boundary (CMB),
because the rate of heat transfer into the conductive lid from the convective interior
is independent of thickness of the convecting mantle after 2 Al has decayed (Chapter
2). Therefore, the distance from a meteorite to the CMB has little effect on its
measured cooling rate. The IIE irons have a wider range of possible distances from
the CMB compared to the Main Group pallasites because they have a wider range of
possible parent body radii and core radius fractions (Figure 5.2). Most Main Group
pallasite distances from the CMB are for the dominant radius (400km) and core
radius fraction ("¢ = 0.5). The small peak at ~ 300km from the CMB are for the
small number of runs at the smallest core radius fraction (*¢ = 0.3) and the largest
parent body sizes (r = 500km). Gaps in the distribution of possible distances from
the CMB in Figures 5.5 and 5.6 are due to the spacing of planetesimal radius and

core fractional radius values input into the model.

5.3.2 Key parameter variation

5.3.2.1 Possible interior structures

For the Main Group pallasites, for a given planetesimal radius the range of possible
fractional core sizes is very small (left panel, Figure 5.7). This small range of options
is in agreement with the narrow distribution of planetesimal radii and fractional
core sizes in Figure 5.3. This tight relationship between fractional core radius and
planetesimal radius is due to the requirement to have a gap in dynamo generation

and match required cooling rates at two temperatures. If the core radius fraction
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Fraction of
Distance Distance Time of remanence St cessful runs
Meteorite from the from the | acquisition / Ma after with remanence
surface /km | CMB / km CAI formation re?orded
during core
solidification
Marjalahti 38 + 2 180 £ 50 152 + 4 0.01
Brenham 42 + 2 180 + 50 172 £ 7 0.01
Springwater 51 £ 4 170 £ 50 230 £ 20 0.32
Imilac 60 £ 5 160 £ 50 280 + 30 0.62
Esquel 68 + 3 160 £ 50 330 £ 20 0.96

Table 5.6: Mean distance from the surface, distance from the CMB and time of
remanence acquisition for the Main Group pallasites from the broad parameter space
exploration (Figure 5.6). Errors are one standard deviation on the mean.

is too large, the mantle will cool very quickly, so there will not be a gap in dynamo
generation and the cooling rates will exceed those measured in meteorites. Conversely,
if the core radius fraction is too small, the core is too small for the second epoch of
dynamo generation to start before the onset of core solidification and the gap in
dynamo generation is too large to explain the meteorite record.

For the IIE irons, a broader range of planetesimal radii and fractional core radius
combinations can explain the parent body’s thermal and paleomagnetic history (right
panel, Figure 5.7). This is consistent with the wider ranges of these parameters
in the broad parameter investigation (Figure 5.2). The broader range of IIE iron
parameters is due to the smaller number of paleomagnetically measured IIE irons
and no requirement for a gap in dynamo generation.

The range of combinations in Figure 5.7 is not exhaustive. Some planetesimal
radii and core radius fractions present in the full parameter exploration (Figures
5.2 and 5.3) are absent in the more detailed parameter exploration (Figure 5.7).
This results from all other parameters being held at their modal values in the more
detailed parameter exploration, preventing changes in other parameters compensating
for changes in fractional core radius or planetesimal radius. Figure 5.7 only indicates
that combinations of fractional core radius and planetesimal radius are possible, not

that they are probable because variations in other parameters are not accounted for.

5.3.2.2 Parent body water content and oxidation state

There is no relation between water content in NAMs, X, and fractional core radius,

e, for either the ITE irons or the Main Group pallasites (Figure 5.8). All water
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Figure 5.7: Possible combinations of planetesimal radius and core radius fraction for
a) the Main Group pallasites and b) the IIE irons. All other parameters were held
constant at the modal values in Table 5.4. Green dots indicate planetesimal histories
consistent with the meteorite record while grey dots indicate histories inconsistent
with the model record. Parameter space was explored more sparsely on the edges of
the regime diagram in the initial broad, parameter sweep (Section 5.2.4.1), and was
explored in more detail in the second, narrower parameter sweep (Section 5.2.4.2).

contents in NAMs are possible, but as shown in Figures 5.2 and 5.6, the high water
contents are highly unlikely. The possible fractional core radii are the same as in
Figure 5.7 for each parent body. For the IIE irons, increasing the water content in
NAMs lowers the mantle viscosity; this extends the range of fractional core radii in two
ways. Firstly, lowering mantle viscosity increases the rate of mantle cooling, which
increases the CMB heat flux. This can drive a dynamo in smaller cores, which lowers
the possible fractional core radius to 0.3 for X,, > 0.04 wt%. Secondly, lower mantle
viscosity also delays the cessation of mantle convection, increasing the duration of
the first epoch of dynamo generation and enabling larger core sizes (X, = 0.07 wt%
and " = 0.9).

5.3.2.3 Initial core sulfur contents

The initial core sulfur content for the Main Group pallasites is restricted to 27-33 wt%,
because the Main Group pallasites require a gap in dynamo generation (Figure 5.9).
If the core has a sufficiently low initial core sulfur content, it will reach the liquidus
and begin solidifying before the end of the first epoch of dynamo generation. The
additional buoyancy from core solidification can sustain the dynamo after a decrease
in CMB heat flux following the cessation of mantle convection and prevent a gap
in dynamo generation (Chapter 2). The IIE irons can have lower initial core sulfur

contents (15-33 wt%), because they do not require a gap in dynamo generation. For

146



b) IIE irons

a) Main Group pallasites

°
©
o
©

o ©
~ @
° o
N o

°
o
o
o

valid

invalid

o
>
°
S

core radius fraction
o
wn

core radius fraction
o
«

o
w
o
w

0.2

o
o

0.1

o
-

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
water content in nominally anhydrous minerals wt% water content in nominally anhydrous minerals wt%

Figure 5.8: Possible combinations of mantle water content in nominally anhydrous
minerals (NAMs) and core radius fraction for a) the Main Group pallasites and b)
the IIE irons. All other parameters were held constant at the modal values in Table
5.4. Green dots indicate planetesimal histories consistent with the meteorite record
while grey dots indicate histories inconsistent with the model record. Parameter space
was explored more sparsely on the edges of the regime diagram in the initial broad,
parameter sweep (Section 5.2.4.1), and was explored in more detail in the second,
narrower parameter sweep (Section 5.2.4.2).

these meteorites, the mantle cooling rate criterion restricts the initial core sulfur
contents to > 15 wt%.
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Mean time of remanence acquisition for each meteorite from Table 5.6, error bars
correspond to one standard deviation. The horizontal axis limit is set by the latest
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5.4 Discussion

Unlike suggestions from previous models, I find that core solidification is not required
to generate the paleomagnetic remanences observed in the ITE irons and Main Group
pallasites. Both these meteorite parent bodies were likely large (400-500 km radius)
with intermediate core sizes (core radius 50% of total radius) and no water in their
mantles. Main Group pallasites need higher initial core sulfur contents (> 26 wt%)
than the IIE irons (> 15wt%), because they require models with a gap in dynamo

generation.

5.4.1 Constraints on planetesimal properties

The properties of the Main Group pallasites (< 1% of parameter combinations suc-
cessful) are more constrained than those of the IIE irons (15% of parameter combi-
nations successful), because there are more meteorites to compare against and their
paleomagnetic record has a period without dynamo generation (recorded by two me-
teorites) followed by a period with dynamo generation (recorded by three meteorites).
Models must have a pause in dynamo generation to recreate these paleomagnetic ob-
servations. The gap in dynamo generation is a key discriminant, because it requires a
precise set of mantle cooling conditions, core sizes, and core compositions for dynamo
generation to pause and then restart before the meteorites cool through their blocking
temperature. The Main Group pallasites and IIE irons have equal numbers of con-
ditions to apply to each meteorite. Remanence acquisition has been radiometrically
dated for the ITE irons, but not for the Main Group pallasites; while the cooling rates
at kamacite nucleation have been determined for the Main Group pallasites, but not
for the IIE irons. Therefore, knowing the time of remanence acquisition does not
provide tighter constraints on the IIE irons.

Together, meteorite paleomagnetism and cooling rates tightly constrain the depth
below the surface and the timing of remanence acquisition. The standard deviation
on these values is small (2-13%, Tables 5.5 and 5.6) despite the variation in input
parameters (Figures 5.2 and 5.3). The distance of each meteorite from the CMB
is only constrained to within an order of magnitude, because this distance does not
affect the meteorite cooling rate. However, an order of magnitude is still sufficient to
determine that meteorites originate from far closer to the surface than the CMB in
both parent bodies.

The possible combinations of core radius fraction and planetesimal radius are very

restricted for the Main Group pallasites (Figure 5.3 and Figure 5.7a). There are more
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possible combinations for the ITE irons (Figure 5.7b) but the relative frequency of core
radius fractions peaks at intermediate values and planetesimal radius peaks at the
largest values (Figure 5.2). Overall, paleomagnetism and meteorite cooling rates can
provide insight into the interior structures of these parent bodies, by narrowing the
range of possible interior structures to large bodies with similar thickness cores and
mantles. Paleomagnetic and cooling-rate measurements of more meteorites or finding
a gap in dynamo generation in the IIE irons would help narrow these constraints
further (see Section 5.4.6).

Planetesimal viscosity parameters are poorly constrained apart from reference
viscosity, which is likely to be high (> 10%! Pas). This is consistent with the weak
effect of all viscosity parameters apart from reference viscosity on dynamo genera-
tion (Chapter 3). For the Main Group pallasites, lower bounds on initial core sulfur
content can be constrained by the requirement for a gap in dynamo generation. Dif-
ferent initial core sulfur contents could also affect planetesimal magnetic histories by
increasing magnetic field strength after the onset of core solidification (Figure 2.10).
But if all meteorite remanences are recorded after the onset of core solidification,
this increase will not be visible in the relative paleointensity values. The uncertainty
on experimental relative paleointensity values may also be larger than a change in
model relative paleointensities due to the onset of core solidification. A planetesimal’s
thermal history is not sensitive to initial core sulfur content because it has a limited
effect on mantle cooling rates. This reduces the number of constraints on initial core

sulfur content.

5.4.2 Water content of differentiated inner Solar System plan-
etesimals

Both the Main Group pallasites and IIE irons are isotopically non-carbonaceous (NC),
meaning they originated in the inner Solar System (Warren, 2011; Rubin, 2018).
Therefore, their mantle water contents and fractional core sizes could provide in-
sight into the amount of water present in the NC reservoir when these planetesimals
formed and how much water is retained in the mantle during differentiation. I ex-
plored differences in the magnetic histories of hypothetical, wet, oxidised and dry,
reduced planetesimal endmembers in Chapter 4. In this chapter, I investigated likely
water contents and core sizes for two specific meteorite parent bodies while allowing
variation in all other input parameters. All mantle water contents are possible for
the IIE irons and Main Group pallasites and there is no link between fractional core

radius, a measure of oxidation state, and water content (Figure 5.8). However, this
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narrow parameter exploration only demonstrates possible water content and core size
combinations rather than their likelihood. It is most likely that both parent bodies
contained no water in their mantles (Figures 5.2 and 5.3). 56% and 29% of successful
runs for the Main Group pallasites and IIE irons, respectively, are for planetesimals
with completely dry mantles. The predominance of dry mantles is lower for the ITE
irons compared to the Main Group pallasites, because of the lack of a gap in dynamo
generation. For both bodies the most likely core radius is 50% of the planetesimal
radius. This core radius fraction agrees with estimates of core sizes of NC iron mete-
orite parent bodies (Hilton et al., 2022; Grewal et al., 2024). The likely combination
of dry mantles and core radius fraction equal to 0.5 is consistent with the dry plan-
etesimal endmember in Chapter 4. These core sizes suggest some water must have
been present in the inner Solar System when these planetesimals accreted, in order
to increase their oxidation state relative to nebula gas and form these intermediate
size cores (Grewal et al., 2024). The combination of these intermediate core sizes
and dry mantles suggests that any water in these planetesimals was degassed very
efficiently during differentiation. This agrees with the conclusions in Chapter 4 and
with previous measurements of water in nominally anhydrous minerals in meteorites
(Newcombe et al., 2023). The agreement between the likely water contents and core
sizes of NC planetesimals inferred from these thermal and dynamo generation models
and experimental measurements of these properties demonstrates meteorite paleo-
magnetism is an alternative technique for constraining these properties of meteorite

parent bodies.

5.4.3 Comparison with previous studies

The main difference compared to previous studies is that compositional convection
from core solidification is no longer required to generate the paleomagnetic rema-
nences in Main Group pallasites and IIE irons. This difference was expected based
on the start of the second epoch of dynamo generation prior to the onset of core solid-
ification in Chapter 3. In this detailed study, I have quantified the fraction of model
runs for which compositional convection generates the observed remanences. For the
IIE irons, 33%, 39% and 55% of successful model runs find that compositional convec-
tion contributes to the dynamo during remanence acquisition for Techado, Colomera
and Miles, respectively. For the Main Group pallasites, the percentage of sucessful
model runs for which a meteorite’s remanence records a dynamo contributed to by
compositional convection rises from 32% for Springwater to 62% for Imilac and up to

96% for Esquel. For both parent bodies, the range of possible radii and core radius
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fractions has changed compared to previous studies (Sections 5.4.3.1 and 5.4.3.2).
These differences arise both from relaxing the requirement on core solidification and

explicitly modelling thermal and compositional dynamo generation.

5.4.3.1 IIE irons

Two studies previously explored properties of the IIE iron parent body using a thermal
model with two-stage accretion, mantle conduction and mantle convection (Maurel
et al., 2020, 2021). Their model used the timing of core solidification as a proxy for
compositional convection and dynamo generation. For a model run to be success-
ful, core solidification had to be ongoing at the *°Ar/3?Ar ages of each meteorite.
Therefore, the minimum core radius fraction and minimum planetesimal radius were
set by the size above which a core would be partially molten at these times, rather
than whether these cores were able to generate a dynamo. As a result, their mini-
mum values of core radius fraction (13% for 450 km radius, 19% for 250 km radius)
and planetesimal radius (220 km) were lower than in this chapter because these small
planetesimals and cores are partially molten but unable to generate a dynamo at the
required time.

Based on the mixture of chondritic and achondritic silicate inclusions within the
ITE irons, these meteorites are thought to originate from a partially differentiated
parent body (Maurel et al., 2020). Therefore, Maurel et al. (2021) imposed an upper
limit on core radius fraction of 0.43, based on the metal content of the H chondrites,
which are isotopically similar to the chondritic inclusions in the IIE irons. This limit
is lower than the modal (0.5) and maximum (0.9) core radius fractions consistent with
the meteorite paleomagnetic record. A core radius fraction closer to the modal value
could be achieved if the parent body’s initial composition was slightly more metal-
rich than H chondrites and the body almost completely differentiated. Depending on
initial and final accretion time, it is possible for 80-90% of a partially differentiated
planetesimal’s radius to be fully differentiated (Dodds et al., 2021). To achieve core
radius fractions larger than 0.5 requires a fraction of the mantle to be removed by
impacts (Asphaug and Reufer, 2014), which is unlikely given the evidence for a chon-
dritic layer at the surface of the IIE parent body. Therefore, core radius fractions
of > 0.5 are very unlikely for the ITE parent body despite being consistent with the

paleomagnetic record.
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5.4.3.2 Main Group pallasites

Nichols et al. (2021) performed the most recent and broadest exploration of possi-
ble parent body properties for the Main Group pallasites and was the first study to
include paleomagnetic constraints from all five measured meteorites. Nichols et al.
(2021) used a thermal evolution and dynamo generation model that included mantle
conduction and dynamo generation by core solidification. For outward core solidifica-
tion, compositional convection was modelled explicitly, while for inward solidification
the duration of core solidification was taken as a proxy for dynamo generation. Dy-
namo generation by thermal convection was not included in the model.

My upper limit on planetesimal radius is larger than Nichols et al. (2021) (<
500 km compared to <360 km, respectively). In Nichols et al. (2021) the upper limit
was determined by the maximum radius for which core solidification would begin
before Springwater acquired its paleomagnetic remanence. In my model, Spring-
water’s paleomagnetic remanance could record thermal dynamo generation, which
allows parent body radii as large as 500 km. Similar to the IIE irons, the lower limit
on planetesimal size is larger than previous studies (300 km rather than 200 km; Tar-
duno et al., 2012; Bryson et al., 2015; Nichols et al., 2021), because these bodies
are too small to generate a dynamo when the Main Group pallasites acquired their
remanence (Chapter 3).

I demonstrate the Main Group pallasite parent body was likely large (400km
radius) with approximately equal core and mantle thicknesses. In contrast, Nichols
et al. (2021) suggested the parent body had a large core (> 200km radius) and a
thin mantle (< 70km) to produce the strong single crystal olivine paleointensities
measured by Tarduno et al. (2012). At a minimum, this corresponds to a core radius
fraction of 74%, which exceeds the upper limit on core radius fraction that produces
planetesimal histories consistent with the paleomagnetic record in this chapter. These
thin-mantled bodies have cooling rates that are too fast and have gaps in dynamo
generation that are too wide for the time predicted by the model between Brenham
and Springwater acquiring their remanences. The larger mantles (larger parent body
radii and smaller core radius fractions) predicted in this chapter increase the depths
of the Main Group pallasites and their time of remanence acquisition (Figure 5.6).
These larger mantles cool more slowly and so for a given temperature the same cooling
rates are reached at deeper mantle depths at later times.

The lower limit on initial core sulfur contents is higher in this paper compared to
Nichols et al. (2021), because my model includes the initial epoch of thermal dynamo

generation and convective cooling. If the initial core sulfur content is too low, core
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solidification begins before the cessation of the first epoch of dynamo generation and
prevents the gap in dynamo generation required to explain the Main Group pallasite

paleomagnetic record.

5.4.4 Formation of the Main Group pallasites

There are two dominant hypotheses for the formation of the Main Group pallasites:
ferrovolcanism (Johnson et al., 2020a), and injection of one planetesimal core into
another’s mantle during an impact (e.g., Yang et al., 2010; Tarduno et al., 2012;
Walte et al., 2020; Kruijer et al., 2022). In ferrovolcanism, pockets of sulfur-rich
melt within the core become pressurised during core solidification and erupt into the
overlying mantle (Johnson et al., 2020a). There are two reasons this is an unlikely
formation mechanism for the Main Group pallasites based on the results in this chap-
ter. Firstly, only 1% of successful model runs predicted that core solidification had
begun by the time Marjalahti and Brenham cooled through their blocking tempera-
ture, which means these pallasites had to form prior to core solidification and possible
ferrovolcanism (Table 5.6). Secondly, pallasites formed > 100 km from the core man-
tle boundary. This exceeds the maximum height of a ferrovolcanic intrusion on a
planetesimal with modal properties of the Main Group pallasite parent body by over
a factor of two (Appendix D.1).

Instead, the paleomagnetic record supports an impact origin for the Main Group
pallasites, based on the proximity of the meteorites to the surface (<80km depth).
This aligns with multiple strands of evidence that support an impact origin for the
Main Group pallasites: isotope disequilibrium between metal and olivine (Windmill
et al., 2022; Bennett et al., 2022); comparison between high strain rate deforma-
tion experiments and textures within the meteorites (Walte et al., 2020; Walte and
Golabek, 2022; Walte et al., 2023); similarities in %2W and Mo isotopes between
Main Group pallasites and IITAB irons suggesting metal was injected from the IITAB
iron parent body (Kruijer et al., 2022); and agreement between thermal modelling
of small impact intrusions into the mantle and the observed range of cooling rates
(Murphy Quinlan et al., 2023).

Previously, it has been suggested that the Main Group pallasite parent body could
be similar to asteroid (16) Psyche (Elkins-Tanton et al., 2020; Johnson et al., 2020a;
Walte et al., 2020; Nichols et al., 2021). For initial core sulfur contents consistent
with the Main Group pallasite paleomagnetic record (> 26 wt%), Psyche’s core radius
fraction would have to be > 0.9 to be consistent with Psyche’s bulk density (Courville

et al., 2025). This is much larger than the upper limit on core radius fraction for the
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Main Group pallasites suggesting the interior structure of the Main Group pallasite

parent body is different to asteroid (16) Psyche.

5.4.5 Limitations

My thermal evolution and dynamo generation model does not include impacts, grad-
ual accretion, or partial differentiation. Impacts probably played significant roles in
the formation of the IIE irons (Ruzicka, 2014; Maurel et al., 2020) and Main Group
pallasites (e.g., Walte et al., 2020; Kruijer et al., 2022; Murphy Quinlan et al., 2023)
and could have affected the post-impact thermal evolution by excavating material
from the mantle or depositing regolith on the surface (e.g., Bryson et al., 2015; Walte
et al., 2020). However, recent modelling of metal-olivine intrusions within a silicate
mantle suggests the range of cooling rates in the Main Group pallasites can be ex-
plained by impacts intruding small amounts of material locally without disrupting
the mantle’s overall thermal structure (Murphy Quinlan et al., 2023). Therefore, it
is not necessary to include the thermal effects of impacts when modelling the entire
mantle’s evolution. Gradual accretion and partial differentiation likely also played
a role in the evolution of the IIE irons parent body due to the presence of achon-
dritic and chondritic silicate inclusions within these meteorites (Maurel et al., 2020).
These processes also have been suggested to occur in the Main Group pallasite parent
body (Walte et al., 2023). As discussed in Chapter 2, neglecting porous, undifferen-
tiated material close to the surface could slightly overestimate surface cooling rates,
but should not change the large-scale dynamo behaviour. Partial differentiation can
lead to smaller cores, which I have accounted for by exploring a range of core radius
fractions.

The range of initial core sulfur contents in the broad parameter space exploration
was very narrow (28.7-32wt%), because the lowest value must be compatible with a
broad range of planetesimal sizes, core radius fractions, and water contents in NAMs.
This modelling constraint limits our understanding of the relationship between initial
core sulfur content and other planetesimal parameters when predicting a consistent
planetesimal history for a given meteorite group. In future, an intermediate parameter
space exploration could be performed for a smaller range of plantesimal sizes (r >
300km), core radius fractions (“= =0.4-0.6) and water contents (X, <0.02wt%) but

a wider range of initial core sulfur contents.
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5.4.6 Future work

For the Main Group pallasites, the key missing experimental constraint is ther-
mochronology. There is no feldspar in the Main Group pallasites (Wasson and Choi,
2003). Therefore, the feldspar “°Ar/3°Ar system used to date remanence acquisition
in the IIE irons (Bogard et al., 2000) cannot be applied to the Main Group pallasites.
3Mn/*3Cr dating has been performed on minor chromite phases (closure temperature
~1300 K) for Brenham but not the other meteorites that have been paleomagnetically
measured (Windmill et al., 2022). Relative paleointensity could be another additional
constraint for the Main Group pallasites. Improving XPEEM measurements on Mar-
jalahti, Brenham, Imilac, and Esquel from one to three rotations would remove the
uncertainty on the direction between the primordial field and the recorded field, re-
ducing the uncertainty on paleointensity and enabling relative paleointensity to be
used as a constraint. Paleomagnetic measurements of the Glorieta Mountain and Fin-
marken meteorites would provide additional time points in the Main Group pallasites
paleomagnetic history. Glorieta Mountain has a slower cooling rate (2.5 + 0.3 K/Ma
at 925 K; Yang et al., 2010) and hence deeper formation depth and later remanence
acquisition time than Esquel. Therefore, this meteorite could record the end of the
dynamo, which would constrain the parent body size. Finmarken has a much faster
cooling rate (18.7+£1.2 K/Ma at 925 K; Yang et al., 2010), shallower formation depth,
and earlier time of remanence acquisition than Marjalahti. As a result, this mete-
orite could record the first epoch of dynamo generation on the parent body and help
determine the width of the gap in dynamo generation. As well as measuring these
meteorites paleomagnetically, their cooling rates at 623 K could be calculated using
the cloudy zone formation model of Maurel et al. (2019) and their published cloudy
zone island sizes (Yang et al., 2010).

For the IIE irons, measuring Ni concentration profiles across kamacite lamellae
to calculate cooling rates at kamacite nucleation (925K) would give another exper-
imental constraint on each meteorite. Unfortunately, there are currently no good
candidates for additional paleomagnetic measurements. Out of the IIE irons with
measured CAr/3?Ar ages, Weekeroo Station formed at the same time as Techado, so
would not provide additional information; while the ages of Watson and Netschaévo
were reset by an event > 800 Ma after CAI formation (Bogard et al., 2000). There-
fore, the first step should be to measure °Ar/3°Ar ages for more IIE irons. Once
these ages are obtained, any meteorites younger than Miles should be the first target

for paleomagnetic analysis to try find the cessation of dynamo generation.
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As well as narrowing constraints on these individual parent bodies, paleomagnetic
measurements should be carried out on similar meteorites from different parent bod-
ies. Measurements of the Eagle Station pallasites, which originated from the outer
Solar System (Clayton and Mayeda, 1996; Greenwood et al., 2017), could reveal dif-
ferences in dynamo generation between the inner and outer Solar System. The Som-
brerete meteorite formed in a similar way to the IIE irons, but on a different parent
body (Bogard et al., 2000). This meteorite cooled through its blocking temperature
at 26 Ma after CAI formation, so is likely to record a dynamo if its parent body was
large enough to generate one. A paleomagnetic remanence in this meteorite would
strengthen the evidence for ITE-like parent bodies having substantial cores. Cloudy
zones in two IAB iron meteorites, Toluca and Odessa, have null paleomagnetic re-
manences (Nichols et al., 2018). Paleomagnetic measurements of two faster cooled
IAB irons, Pitts and Carlton (Goldstein et al., 2014), could reveal an earlier period
of dynamo generation or confirm that this parent body was too small to generate a

dynamo as suggested by Nichols et al. (2018).

5.5 Conclusions

Meteorite paleomagnetism has been used to determine the parent body properties
and formation histories of the IIE irons and Main Group pallasites. Previously, these
measurements have demonstrated the presence of a core on the ITE parent body and
help disprove a possible core-mantle boundary origin of the Main Group pallasites.
Combined with cooling rate measurements, paleomagnetic measurements have also
been used to constrain the parent body radii, core sizes, and timing of core crystalli-
sation. However, these parent body properties had previously been constrained by
assuming the magnetic fields recorded by these meteorites were generated by core
solidification. In Chapter 3, I demonstrated that these remanences could record a
second epoch of thermal dynamo generation prior to the onset of core solidification.
In this chapter, I explored the consequences of this result for the formation histories
and parent body properties of the IIE irons and Main Group pallasites.

I used the planetesimal thermal evolution and dynamo generation model of Chap-
ter 2 to calculate planetesimal thermal and dynamo histories over a wide range of
input parameters. Then, I compared model outputs to paleomagnetic data, metal-
lographic cooling rates and radiometric ages to determine possible values of parent
body properties, including planetesimal size, core radius, and mantle viscosity. I also

estimated each meteorite’s formation depth (and timing of remanence acquisition for
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the Main Group pallasites). This has revealed the following insights about these two

parent bodies:

e Core solidification is no longer a requirement for producing any of the observed
paleomagnetic remanences. The percentage of successful model runs which
predicted that an individual meteorite recorded a remanence generated by core
solidification varies between 35-55% and 32-96% for the IIE irons and Main

Group pallasites, respectively.

e The Main Group pallasite and IIE iron parent bodies were likely large (>400 km

radius) with approximately equal core and mantle thicknesses.

e The Main Group pallasite parent body had a high initial core sulfur content
(>26 wt%) in order to produce a gap in dynamo generation, whereas for the I1E

iron parent body initial core sulfur contents could have been as low as 15 wt%.

e The possible combinations of planetesimal radius and core radius fraction are
very limited for the Main Group pallasites because of the gap in dynamo gen-

eration in their paleomagnetic record.

e The Main Group pallasites formed < 80km below the surface and Z150km
from the CMB. This suggests these meteorites formed by impacts rather than

ferrovolcanism.

e The paleomagnetic records of the Main Group pallasites and the ITE irons sup-
port efficient degassing of water during planetesimal differentiation and are

consistent with their formation in the NC reservoir.

Despite removing the requirement for core crystallisation, meteorite paleomag-
netism can shed light on the parent body properties of both these meteorite groups.
Both meteorite parent bodies were large, with roughly equal core and mantle thick-
nesses, long-lived dynamo generation, and extended core crystallisation. Overall,
combining meteorite paleomagnetism with thermal evolution and dynamo generation
models can provide valuable insights into the long-term evolution of differentiated

planetesimals and metal-silicate mixing on these bodies.
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Chapter 6

Conclusions

I have developed a refined planetesimal thermal evolution and dynamo generation
model that includes: a new description of core solidification; a more realistic descrip-
tion of mantle viscosity and mantle convection; and a unified description of dynamo
generation by thermal and compositional convection (Chapter 2). My model can
predict a complete magnetic field generation history for a planetesimal for a wide
range of planetesimal parameters. In the subsequent chapters, I utilised this model

to answer the four questions outlined in Chapter 1, and described below.

6.1 Key questions

What are the effects of mantle heat transfer and core composition on
planetesimal dynamo generation? In Chapter 3, I explored the effect of mantle
viscosity, core ®*Fe abundance, initial core sulfur content, and planetesimal size on
dynamo generation. Variations in the mantle viscosity law, particularly changes in
reference viscosity, lead to a wide range in dynamo generation timings. If the man-
tle has a low viscosity, mantle convection is very vigorous and the transition from
mantle convection to mantle conduction is delayed. Vigorous and prolonged mantle
convection rapidly cools the core, bringing forward the onset of core solidification and
shortening the duration of the dynamo. In contrast, if the mantle is very viscous,
the mantle transitions from convection to conduction earlier. This brings forward the
temporary decrease in CMB heat flux caused by the cessation of mantle convection,
widening the gap between the two epochs of dynamo generation. Increasing core
%0Fe abundance brings forward the onset of thermal dynamo generation, because it
provides a heat source in the core to erode core thermal stratification. Decreasing
initial core sulfur content raises the core liquidus and brings forward the onset of core

solidification. This can prevent a gap in dynamo generation.
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Are previous interpretations of the meteorite paleomagnetic record still
valid when mantle viscosity, core composition and compositional dynamo
generation are properly accounted for? The thermal evolution and dynamo
generation model developed in Chapter 2 and the parameter space exploration pre-
sented in Chapter 3 reveal three key changes in behaviour that affect the interpre-
tations of the meteorite record presented in current literature. Firstly, inclusion of
%Fe in the core brings forward the onset of thermal dynamo generation, such that
dynamo-generated fields overlap with the existence of the nebula field. The early
onset of thermal dynamos casts doubt on the origin of bulk remanences <5 Ma after
CAI formation and means that non-unidirectional remanences in pristine chondrules
are the most reliable recorders of the nebula field. Secondly, variations in planetes-
imal radius and mantle viscosity increase the duration of the first epoch of dynamo
generation compared to previous models. Thirdly, the second epoch of dynamo gen-
eration can begin before the onset of core solidification. Altogether, there is a wider
range in dynamo timings and durations than previously predicted and the meteorite
paleomagnetic record therefore cannot be split into three distinct epochs of magnetic
field generation (i.e., nebula field, thermal dynamos, and compositional dynamos).
The change in timing of thermal and compositional dynamo generation mean that
paleomagnetic remanences >65Ma after CAI formation are not necessarily signa-
tures of solidifying planetesimal cores and the properties of parent bodies based on

this assumption need to be re-evaluated (see Chapter 5).

Could meteorite paleomagnetism reveal differences in water content and
oxidation state between NC and CC planetesimals? Depending on the distri-
bution of water in the early Solar System and the trigger for planetesimal formation,
NC and CC differentiated planetesimals could have formed with different mantle wa-
ter contents and core sizes. In Chapter 4, I explored differences in dynamo generation
arising from differences in formation conditions using two endmembers: wet and oxi-
dised (possibly CC-like), and dry and reduced (possibly NC-like). I found that wet,
oxidised planetesimals generate shorter and weaker fields than dry, reduced planetes-
imals due to their lower mantle solidii and smaller core sizes. So, the NC and CC
paleomagnetic records could differ considerably if NC and CC planetesimals formed
in different conditions and retained different amounts of water during differentiation.
The starkest contrast in dynamo behaviour between endmembers, regardless of size,

occurs >50 Ma after CAI formation. Therefore, paleomagnetic remanences from this
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time period would provide the most insight about differences between these planetes-
imal populations. Only measurements from NC meteorites have been made in this
time window, but these results demonstrate that measurements of relatively young
CC achondrites should be a priority. Existing NC paleomagnetic remanences >50 Ma
after CAI formation are consistent with the magnetic field histories of the dry, re-
duced endmember. This suggests NC planetesimals degassed water efficiently during

differentiation and have reasonably large cores.

What can a time-resolved paleomagnetic record tell us about the size,
structure, and composition of a meteorite parent body? In Chapter 5, I
demonstrated that time-resolved paleomagnetic records can shed light on the internal
structures of meteorite parent bodies and the formation of stony-iron meteorites. The
meteorite paleomagnetic remanences and metallographic cooling rates recovered for
the Main Group pallasites and IIE irons can constrain properties of their parent
bodies. For both meteorite groups, their time-resolved records tell us these parent
bodies were likely large planetesimals (400-500km in radius) with approximately
equal mantle and cores thicknesses. These records also suggest both parent bodies
retained very little water after differentiation based on their ability to generate a
long-lived dynamo. These meteorites are predicted to form at shallow depths, far
from the CMB, on both parent bodies. As a result, these meteorites more likely
originate from impacts rather than ferrovolcanism. Comparison between the Main
Group pallasite and IIE iron records indicate that a gap in dynamo generation is key

for tightly constraining the mantle viscosity and initial core sulfur content.

6.2 Future Work

6.2.1 Suggested meteorite paleomagnetic measurements

The conclusions of my thesis allow me to suggest targets for future paleomagnetic

measurements that could deepen our understanding of the following topics:

e Heterogeneity of ““Fe/*Fe in the early Solar System. The delayed dy-
namo onset in the angrite paleomagnetic record suggests low abundances of “°Fe
(°Fe/*Fe < 107Y) in the NC reservoir. Measurement of CC achondrites that
could have recorded a remanence 5-10 Ma after CAI formation (e.g., NWA 2976
and NWA 6704; Bouvier et al., 2011; Sanborn et al., 2019) could test whether

the abundance of ®“Fe was similar in the CC reservoir. If these ancient CC
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achondrites were from parent bodies large enough to generate a dynamo but
are unmagnetised, then this would argue for homogenous °Fe/5°Fe throughout
the Solar System. If these ancient CC achondrites do record a paleomagnetic
remanence, then this would imply the abundance of %°Fe in the CC reservoir

was higher than in the NC reservoir.

Differences between NC and CC differentiated planetesimals. There
are currently no paleomagnetic measurements on young (>50Ma after CAI
formation) CC achondrites to compare to the endmember models in Chapter 4.
Work is ongoing to measure the Eagle Station pallasites (Fish pers. comm.).
These meteorites are the CC analogues of the Main Group pallasites, and would
enable direct comparison between similar NC and CC planetesimals. There are
no grouped CC rocky achondrites (Krot et al., 2014), but the large number of
ungrouped CC rocky achondrites provides an opportunity to survey a wide range
of meteorite parent bodies (Spitzer et al., 2025). If these meteorites have strong
paleointensities, this would suggest that CC differentiated planetesimals formed
in similar conditions to NC differentiated planetesimals, resulting in similar
size cores, and that all differentiated planetesimals retained little water in their
mantles. If these meteorites have weak paleointensities, then it would imply that
CC planetesimals formed in more oxidising conditions than NC planetesimals,

resulting in smaller cores, and retained more water during differentiation.

Properties of the Main Group pallasite parent body There are two
promising meteorites for further improving our constraints on the Main Group
pallasite parent body. Finmarken is a very rapidly cooled Main Group pallasite
and could record the first epoch of dynamo generation. Determining the dura-
tion of the gap in dynamo generation would improve our estimates of mantle
viscosity, which could be applied in all thermal evolution models for planetesi-
mals. Glorieta Mountain is a very slowly cooled Main Group pallasite and could
record the end of the dynamo. Knowing the dynamo end time would narrow

the range of possible parent body sizes.

6.2.2 Further improvements to thermal evolution and dy-

namo generation models

The model developed in this thesis focussed on refining the description of mantle con-

vection and compositional dynamo generation. Therefore, the descriptions of gradual

accretion and partial differentiation included in previous models were omitted (see
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discussion in Chapter 2). In the future, this model could be extended to include
these processes, which would enable more accurate modelling of partially differen-
tiated planetesimals. This would be useful for applying the refined descriptions of
mantle convection and dynamo generation to the paleomagnetic histories of the H
and L/LL chondrites (Shah et al., 2017; Bryson et al., 2019b). Additionally, it would
allow dynamo generation on partially differentiated parent bodies to be explored as
a source of bulk chondritic remanences from < 5Ma after CAI formation that are
no longer guaranteed to record the nebula field (e.g., CM chondrites Cournede et al.,
2015; Bryson et al., 2023).

No thermal evolution and dynamo generation models have included the effects
of impacts, despite their likely influence on the histories of dynamo generating bod-
ies (Elkins-Tanton et al., 2011; Sterenborg and Crowley, 2012; Bryson et al., 2019a;
Dodds et al., 2021). Instead, separate impact modelling has been done alongside ther-
mal evolution models (Maurel et al., 2020; Murphy Quinlan et al., 2023; Cambioni
et al., 2024). However, thermal disturbances from impacts could directly influence
dynamo generation. Impacts could strip the outer layers of a planetesimal and en-
hance mantle cooling, or could inject material into the mantle and add a heat source.
It would be instructive to implement simple descriptions of these processes within a
thermal evolution model to explore their effects on dynamo generation. Results from
hydrodynamic impact simulations could be used to estimate the initial conditions to

input into these models.

6.2.3 Poorly understood processes in planetesimal evolution

Planetesimal core solidification and differentiation are challenging processes to un-
derstand and have big implications for planetesimal thermal evolution and dynamo
generation. The direction and mechanism of planetesimal core solidification deter-
mines whether compositional dynamo generation is possible (Scheinberg et al., 2016;
Dodds et al., 2025). The direction of planetesimal core solidification depends strongly
on the core’s thermal expansivity and the pressure dependence of the liquidus, both
of which are poorly constrained (Dodds et al., 2025; Williams, 2025). Therefore, more
research into the properties of metal alloys at pressures and temperatures appropriate
for planetesimals is needed. In this thesis, I developed a general parametrisation for
core solidification, because the exact solidification mechanism is unknown. Analogue
tank experiments could shed light on possible solidification mechanisms (e.g., Dodds,

2022). Mathematical descriptions of fluid behaviour observed in these experiments
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could be incorporated into thermal evolution models to explore its ability to drive a
dynamo.

Planetesimal differentiation creates a planetesimal’s core and sets the conditions
for subsequent thermal evolution. It is currently unclear how differentiation affects
initial core composition. In the differentiation via rain-out model adopted in this
thesis, the sulfur contents of metal alloys that can be melted during differentiation
are higher than the sulfur contents of iron meteorites. This results from the onset of
convection limiting planetesimal peak temperatures (Section 2.4.4.1). Extremal plan-
etesimal mantle parameters (a high critical melt fraction and a low mantle solidus)
must be assumed to differentiate Fe-FeS compositions that match the most sulfur-poor
iron meteorites (Section 4.4.3.3). Models for differentiation via percolation (Neumann
et al., 2012; Lichtenberg et al., 2019b; Monnereau et al., 2023) are not limited in their
initial core sulfur contents because they neglect convection below the critical melt
fraction, so can reach higher temperatures. More research is needed to clarify the
significance of convection during differentiation and whether it truly limits planetes-
imal peak temperatures and initial core sulfur contents. For example, models for
differentiation via percolation could be adapted to allow for the onset of convection
at lower melt fractions. Other differentiation mechanisms, such as differentiation via
compaction (Néri et al., 2021), could also be explored. Better constraining initial core
sulfur contents will improve our understanding of the timing of core solidification and
compositional dynamo generation.

It is also uncertain whether material be removed from the core after differen-
tiation, altering core composition. Both fluid immiscibility (Bercovici et al., 2022;
Bromiley et al., 2024) and eruptions of core material into the mantle due to ex-
cess pressure during core solidification (ferrovolcanism; Abrahams and Nimmo, 2019;
Johnson et al., 2020b; Courville et al., 2025) have been hypothesised to remove light
elements from planetesimal cores. Depending on the volume of material removed,
both processes could rapidly lower the core sulfur content, accelerating core solidifi-
cation and shortening the duration of a compositional dynamo. Two-phase dynamical
models of these processes could be developed and combined with existing geochemical
models (e.g., Chabot and Drake, 2000; Corgne et al., 2008; Bromiley et al., 2024) to
quantify the rate at which material is removed from the core. Upcoming observa-
tions of the metal-rich asteroid (16) Psyche could also enhance our understanding of
ferrovolcanism (Elkins-Tanton et al., 2020; Dibb et al., 2024). Psyche’s high density
suggests it could be a differentiated body with a large core radius fraction and there

appear to be iron sulfide patches on Psyche’s surface. Spacecraft observations will
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help determine whether these patches originated in the core, possibly providing the

first planetesimal-scale evidence for ferrovolcanism.

6.3 Summary

Studies of magnetic fields provide unique insights into the thermal history and com-
position of rocky bodies in the Solar System. In this thesis, I wrote and employed
a refined thermal evolution and dynamo generation model to re-interpret the mete-
orite paleomagnetic record and shed light on the interior structures and evolution
of differentiated planetesimals, and the composition of the protoplanetary disk. The
combination of numerical modelling and meteorite paleomagnetic and thermal his-
tory measurements can provide a wealth of information about large-scale Solar System
processes and individual meteorite parent bodies. Current measurements constrain
the duration of the nebula field and the formation mechanisms of stony-iron mete-
orites, while future measurements could shed light on differences in water content and
%Fe abundance between the inner and outer Solar System. Overall, this thesis has
deepened our understanding of the evolution of planetary building blocks and demon-
strated the potential of meteorite paleomagnetism combined with thermal modelling

to reveal further insights about the protoplanetary disk in which they formed.
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Appendix A

Supplementary Information for
Chapter 2

A.1 Mantle boundary layer parametrisations

The boundary layer thicknesses in my model were chosen to ensure they are self
consistent with the mode of mantle heating (conduction vs convection), the chosen
rheology, and adjust as the constants in the viscosity law change. In order to ful-
fil these requirements, the scaling laws I use have been derived from 2D and 3D
simulations (Thiriet et al., 2019; Deschamps and Vilella, 2021).

A.1.1 Theoretical background

A stagnant lid system occurs where there is a viscosity contrast > 10* between the
surface and the convecting interior (Solomatov, 1995; Deschamps and Vilella, 2021).
In this system, there is a fully convective, isothermal interior with temperature T;,,
surface temperature T, and an approximately linear temperature gradient across a
stagnant lid, dg, with temperature difference AT = T,, — Ty (Figure A.1). The lid
is so thick and the viscosity contrast is so large that only the layer at the base of
the lid, with thickness d.g, is mobile with an effective temperature difference across
this layer of AT, (assuming a linear temperature profile through the lid). The lid is
assumed to become too viscous to participate in convection after a factor of e increase
in viscosity, which sets the ratios of lengthscales of the mobile and stagnant layers
(Solomatov, 1995).

b _ 1 0(Tw) (A1)

6o fm  (dn/dT)(Tn)AT
where 7 is the viscosity. 1/f,, parametrises the proportion of AT which controls
convection (ATeg = %; Michaut and Neufeld, 2022).
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Tm d=R-r,

TCMB

Figure A.1: Schematic of a stagnant lid convecting system. The blue line indicates
the temperature profile in the interior and temperature increases to the right. dg and
0; are the stagnant lid and CMB boundary layer thicknesses, respectively. dq¢ is the
mobile portion of the stagnant lid.

Analytical derivations of stagnant lid thickness are based on the stability of the
boundary layer (Howard, 1966). They calculate d.g¢ for which the mobile layer’s
Rayleigh number becomes supercritical and the mobile layer becomes convectively
unstable. This is then related to dy using Equation A.1. The thickness of the overall
stagnant lid is directly related to the change in viscosity with temperature and choice
of constants in the viscosity law (Equation 2.1). The stagnant lid parametrisation
must be consistent with choice of viscosity law and adjust to changes in viscosity
parameters. Additionally, scaling laws based on this analysis must be appropriate for

the relevant heating modes and boundary conditions.

A.1.2 Stagnant lid thickness

Stagnant lid scaling laws can be obtained analytically using the approach outlined
above (e.g., Solomatov, 1995) or empirically from 2D or 3D numerical models (e.g.,
Deschamps and Vilella, 2021). The chosen scaling law should match the boundary
conditions (heat flux and tractions on the top and bottom boundaries), rheology
(e.g. isoviscous, exponential viscosity), and presence/absence of internal heating.
Parametrisations for systems with purely internal heating, or purely basal heating

are well established (Ferrick and Korenaga, 2023). However, planetesimals have in-
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ternal heating (from radioactive decay), variable heat flux on the top (surface) and
bottom (CMB) boundaries, and temperature dependent viscosity, which is more com-
plicated to parametrise (Ferrick and Korenaga, 2023). Previous planetesimal models
have employed variations of the stagnant lid scaling from Solomatov (1995) for a
system with fixed top and bottom boundary temperatures, Newtonian viscosity, and
no internal heating. Here, I have chosen to use the empirical stagnant lid scaling
from Deschamps and Vilella (2021) because it has been derived for mixed heating
(basal and surface heat fluxes and internal heating) and a temperature dependent
viscosity, and is therefore closer to the mantle convection conditions in planetesi-
mals. The functional form from Deschamps and Vilella (2021), which is expressed
as 0p o< df1** Ra=2" is similar to the analytical boundary layer form &y oc dfr%hRa_%,
but with slight adjustments to the exponents and derivation of constants of propor-
tionality from numerical simulations.

Recently, Ferrick and Korenaga (2023) have developed an analytical scaling law
for mixed heating systems with constants determined from numerical simulations.
Their new, more complicated scaling laws agree well with numerical simulations and
previous scaling laws based on boundary layer stability analysis. Since they conclude
previous boundary layer stability scaling laws for convection with mixed heating are
valid, I have chosen to utilise the approach of Deschamps and Vilella (2021) because

it is simpler to implement.

A.1.2.1 Location of the mobile boundary layer

The formalism described above is one of two methods for describing stagnant lid
growth. The first, adopted in my model, describes the growth of the entire lid using
a scaling law and the mobile boundary layer at the base of the lid is included in the
lid thickness. Models which use this approach include Solomatov (1995); Nimmo and
Stevenson (2000); Deschamps and Vilella (2021) and Dodds et al. (2021). The second
approach is to use a scaling law to determine the mobile boundary layer thickness and
energy conservation at the base of the lithosphere to determine overall lid thickness
(e.g., Spohn, 1991; Grott and Breuer, 2008; Michaut and Neufeld, 2022). The second
approach allows for processes in the lid, such as crust production to be resolved (e.g.,
Morschhauser et al., 2011). However, crustal processes are below the resolution of
my model so for simplicity I adopt the first formalism. In both formalisms, the heat
flux out of the convecting region is determined by the temperature gradient at the
boundary between the convecting interior and conductive boundary layer (full lid or

mobile boundary layer). Therefore, for stagnant lids of similar thicknesses, the two
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formalisms should give similar results. Differences in overall lid thickness at a given
time for the same initial conditions for the two formalisms has not been studied but

could be explored in future work.

A.1.3 Nusselt number and cessation criterion

An additional justification for my convection cessation criterion comes from consider-
ing the Nusselt number, Nu, which is the ratio of convective to conductive heat flux
out of a convecting system. These heat fluxes can be approximated using the tem-
perature difference across the mantle and the lengthscale for the temperature change

in the two scenarios to give the following expression
kmAT
Fconv ~ 0;+do R — Te

~ TmAT :
Fcond R—re 5l + 50

Nu =

(A.2)

When the combined CMB boundary layer thickness and stagnant lid thickness, §;+dy,
is equal to the mantle thickness, R — r., then Nu = 1. The Nusselt number can also
be written in terms of the Rayleigh number Nu ~ (%)n where n is a constant.
Therefore, Nu = 1 implies Ra = Ra. and the system is marginally stable. Using
boundary layer thicknesses gives a different time for cessation of convection than the

criterion Ra < Ra. because Equation A.2 is an approximation.

A.2 Increase in ?°Al in the mantle during differen-
tiation

Upon differentiation, all the iron in the planetesimal is assumed to go into the core
and all the aluminium is assumed to stay in the mantle. The asteroid’s initial sulfur
content is assumed to partition between the core and mantle to give the desired core
sulfur content, Xg, but the initial sulfur content of the body is not prescribed and
the sulfur content of the mantle and undifferentiated body are not tracked. These
assumptions can then be used to calculate the new iron and aluminium abundances
of the core and mantle, respectively. The core is assumed to be purely iron and sulfur,

so the abundance of iron in the core in wt % is given by
Xpec = 100 — Xy, (A.3)

where Xg is the core sulfur content in wt %, which is specified at the beginning of the

model. All aluminium is assumed to remain in the mantle, so by mass conservation
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the abundance of aluminium in the mantle is given by

pchv pchR3
X m — ch =— — X c
A Vi T g (RE = 3) AN

(A.4)

A.3 Core

A.3.1 Derivation of core buoyancy flux equation

From equations A8 and A14 in Buffett et al. (1996), an approximation for the dissi-

pation in the core is

P = %[w(rc) _ QZ] + 4777“,2 d?"i (Ap n Oécchc> [1/_) . 77Z)(Tz)]’ (A5)

i
Cp,c dt CP7C

where Q¢yp = QovB — Qaa is the difference between the total CMB heat flux and
adiabatic flux; 1 is the gravitational potential evaluated at the CMB or solidification
front, r = r;; and ) is the mass-averaged gravitational potential in the liquid portion
of the core. During core solidification, the region above the solidification front is solid
and does not contribute entropy to drive the dynamo. Therefore, I calculate the first
term in Equation A.5 at the top of the liquid inner core (dynamo region), r = r;.
Before core solidification, r; = r.. This simplifies the change in gravitational potential

and the dissipation in the core becomes

acQ:i _47T7,2dri <Ap+ M)} (w(rz) - 1;)7 (A6>

i
Cp.c dt Cp,e

® = (Fr+ F,) A =

where Q). = Q,, — Qaq is the superadiabatic heat flux at the boundary between the
solid outer and liquid inner core and Fr and F. are the thermal and compositional
buoyancy fluxes, respectively (Riickriemen et al., 2015). The combined buoyancy flux,
Qv = Fr + F. is inside Equation A.6. Using Q;. = 4mr(F,, — Fu) = (k55| —

N Cdrlr;
—O‘C‘i i”c) <T'(r;)) gives

Or = dmr? [ozck:c (_dT

Cpe dr

_ O‘Cg(Ti)T(n)> - (M +A,0) dri] . (A7)

ri Cpc Cp,c de

Equation A.5 neglects compositional diffusion and assumes compositional fluxes
are mixed evenly into the liquid portion of the core rather than assuming the com-
bination of compositional fluxes and entropy are evenly mixed (Lister, 2003). This
well-mixed approximation means the latent heat released at the upper boundary of

the dynamo generation region during core solidification can contribute entropy to
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drive the dynamo. This introduces the same amount of error as the Boussinesq ap-
proximation (Lister, 2003), so for my model this approximation is acceptable.

For a constant density core and a solidified outer layer only (mga.= 0), the flux-
based Rayleigh number approximation to the convective power used by my model is
equivalent to calculating the convective power directly. The convective power, p, is
related to the Ohmic dissipation, ®, by

)
s — A8
LR EIEIT (A.8)
where V' is the volume of the convecting region (Aubert et al., 2009). For a constant
density core ¥(r;) = % and ) = ?%'Ogi (denoting the outer convecting boundary by

r; rather than r, and setting the radius of the inner convecting boundary to 0 in
Equation 16 in Aubert et al., 2009). Combining the expressions for ¥(r;) and v with
Equation A.6,

o — Q"gig". (A.9)
Substituting Equation A.9, the volume of the convecting core and r; = [ into Equation
A .8 gives
p= giriQyp
= = T
it (A.10)
_3 9@ o
Banp3id @

which is equivalent to Equation 2.36.

A.3.2 GPE release during core solidification

During core solidification, the heat across the CMB, Qcup, is balanced by radiogenic
heating, (Jr, secular cooling, (Jg, latent heat release, (1,, and release of gravitational

potential energy, Qg,
Qcvs = Qr + Qs + Qr + Q. (A.11)

Substituting for each term following Nimmo (2007)

ch d’f’i 8 dTZ'
FevsAcvms = Mo H — McCp,c% - 47”’1-2/)11—/% + §W2GPCAPT?E
drriLl. 32 , Aprl| dT.

a7, =T a7, J
Cd_Pl 15 ng_Pl dt

(A.12)

= M.H+ | =M., +

where M, is the mass of the core; H is the radiogenic heating from ®Fe; ¢, . is the

core specific heat capacity; r; is the boundary between the solid outer and liquid inner

171



Non logarithmic vertical axis

504 = CMB heat flow, Qcus
— - radiogenic heat, Qg
40 — =~ secular cooling, Qs
latent heat, Q.
= 301 - gravitational energy,Qg
Q
5 20
2
o
o 10
0
_10 4
10?2
101_
=
S . =2
5 100 N I
2 1 ] . 1
S —— CMB heat flow, Qcus H :
= radiogenic heat, Qr 1 '\ 1
107" 3 —~ absolute value of secular cooling, |Qs| : \ !
latent heat, Q, 1 '\
- gravitational energy,Qg 1 ;
1024, = = A - :
10° 10! 10? 10°

Time /Ma after CAl formation

Figure A.2: Power sources in the core for a 500 km radius planetesimal, with a 250 km
radius core, accreted at 0.8 Ma after CAI formation with ®Fe/5Fe =107% and Xg,
=29.85wt%. The lower panel shows the same sources as the upper panel, but with
a logarithmic vertical axis so that the gravitational contribution, ()¢, can be seen.
The absolute value of the secular cooling is plotted on the logarithmic axis to enable
the values to be log-scaled. Due to the discrete nature of the model, ¢, Q1. and Qg
oscillate during core solidification and are plotted as a rolling average over 200 output
steps (20 Ma). The small gap between the purely thermally driven dynamo and the
average values for the thermo-compositional dynamo is due to the lag in the rolling
average. The power contribution of gravitational energy release during solidification
is two orders of magnitude smaller than other contributions and can be neglected in
the thermal evolution of the core.

core; L. is the core’s latent heat; g. is the gravitational field strength at the CMB;

pe is the core density; % is the pressure derivative of the Fe-FeS liquidus; Ap is the
density difference between solidified iron and the liquid inner core; and T is the core

dT.

temperature. This can then be rearranged to give an expression for <

dT.  Qows — Qr
dt Qst + Qur + Qar’

where Qg1 etc. denotes the relevant heat terms divided by

(A.13)

dTc
dr -

the expression for core cooling during core solidification does not change the core

Including Q¢ in

solidification time within the resolution of the model.
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A.3.3 Core density

The central pressure in a planetesimal is low enough (2 MPa to 50 MPa) that there is
little difference in density compared to ambient pressure (Fig. 10 from Morard et al.,

2018), so no correction was made for the pressure difference.

A.3.4 Core liquidus — rebuttal to Williams (2025)

3 | — Buono & walker2011 =
o Williams 2025
E 30 A
X< 281
26 _ I - I ! ! T 1
o 10— —
53
SO
ol
— 0 0.5
o =
S8
5o
£E 007
0 50 100 150 200 250

Time / Ma after CAIl formation

Figure A.3: Core sulfur content and fractional liquid inner core radius as a function of
time for two 300 km radius planetesimals with liquidii from either Buono and Walker
(2011) or Williams (2025). All other planetesimal parameters are the same as for the
example run in Chapter 2.

Williams (2025) focuses on inconsistencies between the slope of the Buono and
Walker (2011) liquidus and experimental data for pure iron across a range of pressures.
However, my model focusses on cores that contain sulfur. For core sulfur contents
> 5 wt%, planetesimal cores solidify top-down for both the Buono and Walker (2011)
liquidus and the liquidus slope interpolated from the data in Williams (2025) (Dodds,
2024). Therefore, my assumption of inward solidification is still valid. Using the
liquidus interpolated from Williams (2025) (Dodds, pers. comm.) rather than the

Buono and Walker (2011) liquidus makes minimal difference to the duration and rate
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of core solidification (Figure A.3), and the duration of the dynamo. For a 300km
radius planetesimal with all other parameters identical to the example run in Chapter
2, the dynamo ends 2.3% (5Ma) earlier for the Williams (2025) liquidus and the core
solidifies 1.7% earlier (5 Ma).

A.4 Magnetic field generation

Dimensionless number Symbol Force Equation Farth | Planetesimal
balance value value
Ekman number E F,/Fc @ 10~1° 10~
Rossby number Ro Fr/Fc & 1076 1076
Buoyancy number Bu Fp/Fc %éﬂgc 1071 1073
Dynamic Elsasser number Ay Fr/Fc ﬁ 1072 | 1072 =103
Elsasser number Ao | FLfFe | Py 10 1-10

Table A.1: Dimensionless numbers and their values for Earth (Schwaiger et al., 2021)
and planetesimals arranged in order of size in planetesimals from smallest to largest.
Planetesimal scaling assumes a rotational period of 10 hrs, a core size of 250 km (half
the radius of a 500 km planetesimal) and a field strength 0.1-1 times the strength of
the Earth. All other quantities are assumed to be the same order of magnitude as
Earth. v is the kinematic viscosity, U is the convective speed, AT’ is a temperature
perturbation and all other symbols are defined in Chapter 2. The Elsasser number
assumes the current density, J, is given by J = ocUB and the dynamic Elsasser
number assumes J = VMLOB and is thought to be a better estimate of the strength of the
Lorentz force (Aurnou and King, 2017; Schwaiger et al., 2021). The table indicates
that inertial, F7, and viscous, F), forces are negligible. The Coriolis force, F, is
slightly larger than the buoyancy force, Fg, and the Lorentz force, Fy. Therefore, a
MAC balance is the next most important force balance after the quasi-geostrophic
(QG) force balance that dominates in planetary cores (Schwaiger et al., 2021)

A.4.1 Regime 2

When the mantle is convecting Feyp = _ka' When T' < Ty, (ie. T <
1520K) there is a jump in lid thickness. This results in a shallower temperature gra-
dient at the CMB (9.59 Ma vs 11.09 Ma, Figure A.4), because the same temperature
difference is accommodated across a larger boundary layer. This decreases Fryg.
As the mantle continues to cool, the temperature at the top of the thermal bound-

ary layer drops. This increases the temperature difference across the boundary layer
(12.59 to 14.09 Ma, Figure A.4) and increases Foyg.
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Figure A.4: Temperature profile across the CMB boundary layer, ¢; before (9.59 Ma)
and after (11.09 Ma) the basal mantle temperature drops below the temperature of
the critical melt fraction. The profiles here are for a 500 km radius planetesimal, with
a 250km core radius accreted at 0.8 Ma after CAI formation with %Fe/*Fe =108
and Xs o =29.85 wt%.

A.4.2 Convective lengthscale

A possible way to calculate the ratio of the convective lengthscale, l.ony, to the ge-
ometric lengthscale of the convecting region in the core, lgeom, is to use the Rossby
number (Davidson, 2013; Aubert et al., 2017)

Ll

lCOn
Y ~ Ro1.
geom

(A.14)

o~

The Rossby number quantifies the ratio between inertial and Coriolis force in the core
and is ~ 1075 in planetesimal cores (Table A.1). Therefore, loony ~ 0.03lgeom- Using
this expression for [y, in the equations for buoyancy flux, Re,,, and magnetic field
strength can lead to elevated magnetic field strengths and smaller Re,, (Figure A.5).
Smaller Re,, leads to shorter epochs of dynamo generation, but the second epoch of

dynamo generation still starts before the onset of core solidification.
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Figure A.5: Magnetic field strength and Re,, with time for 500 km planetesimals with
250 km radius cores, “°Fe/*°Fe =108, Xs,0=29.85 wt%, assuming either lony = lgeom
Or leony = 0.03lgeom. Due to the discrete nature of the model, the magnetic field
strength and Re,, oscillate during core solidification. This oscillating output is shown
by the faded traces and the rolling average over 200 output steps (20 Ma) is shown in
bold. The spikes in Fryp prior to 13 Ma are due to the discretisation of the stagnant
lid. Using a smaller convective lengthscale increases the magnetic field strength, but
decreases Rey,, which leads to shorter epochs of dynamo generation.
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A.5 Timescales for differentiation

Here I estimate the timescales for percolation and rain out via Stokes settling. Dif-
ferentiation via sinking of large iron diapirs (Samuel and Tackley, 2008) has not been
included because the timescales are similar to Stokes settling (Neumann et al., 2014).
Additionally, diapirism is more pertinent to terrestrial planets, which have rheological
boundaries where metal material can accumulate (Samuel and Tackley, 2008). Due
to uncertainties in the percolation timescale and the complexity of the percolation
mechanism, this work focuses on differentiation via Stokes’ settling at ¢ = ¢¢, which

is much more rapid.

A.5.1 Differentiation via percolation

The percolation velocity from Darcy’s law is given by

_ K(¢)Apg

;50 (UCK(eb) ) - (A.15)

10—8m?2

where Ap ~ 3000kgm 2 is the density difference between molten Fe-FeS and silicate
material, g ~ 0.5ms~? is the gravitational field at the surface of a 500 km planetes-
imal, n. = 0.01 Pas is the viscosity of molten iron, and K(¢) is the permeability
of the planetesimal matrix, for which model values vary by six orders of magnitude

from 107®m? (Fu and Elkins-Tanton, 2014) to 10~'* m? (Neumann et al., 2012). An

upper estimate for the timescale for differentiation can be obtained using tgg = %

and the upper limit on planetesimal radius, 500 km. This gives tgg = 10 (1(};;?;2>

years and differentiation times of 107°~1 Ma over my permeability range. The litera-

ture bounds on differentiation time via percolation are similarly wide from 0.001 Ma
(Sahijpal et al., 2007) to 1 Ma (Neumann et al., 2012).

A.5.2 Differentiation via rain-out

The Stokes settling velocity is given by

dr 2Apga®
— 2= Al
V= - (A.16)

where a is the radius of the sinking metal droplet and 7, ~ 10 Pas is the viscosity
of the body above ¢¢c. Integrating with respect to time gives a settling time of
102 (L)_2 yr for the droplet to fall to 1% of its initial radius (rgna = 0.017nitia1)-

10=3m
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The radius of the metal droplets has been estimated as 1 mm based on the size of
metal grains in element maps of metal rich chondrites in Krot et al. (2014), but
coalescence during melting may be required for metal grains to reach large enough
sizes to fall rapidly during rain-out (Néri et al., 2021). Once ¢¢ is reached and the
silicate phase is rheologically weak, the molten metal will fall rapidly to the centre of

the planetesimal and this process can be approximated as instantaneous.

A.6 Numerical Implementation

[ use a forward in time, centered in space (FTCS) stencil to calculate the temperature
change in the conductive portion of the planetesimal. For a given step the temperature

change is calculated by
T = T+ MT dt (A.17)

where M is the FTCS matrix, T is a vector of temperatures with radius in the
planetesimal, and ? indicates the 7*" timestep. For an undifferentiated planetesimal,

the whole body has the same thermal diffusivity and M and T are given by

—1 1 TT’:O
_ % -2 1+ % Tr:dr
M = Kech : : f = TT=2dr . (A.18)

-4 2 144 :
0 1,

For the differentiated body, conduction in the core and mantle are calculated sepa-

rately using M, and fcme in the core

-1 1
1 — dr -2 14+ % 71:7’:0
M. = k. ’ iore = T-:dr (Alg)
dr dr :
£ 2 1+<<
0 Toms
and M,, and fmantle in the mantle
- ) -
1- 2 14+& ITFMB
Mm = Rm ’ 7_%‘mantle = TC.erT . <A20)
1- 2 14& :
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The last entry in M, is 0 alongside the first and last entry in M,, because the CMB
temperature is calculated separately by balancing the core and mantle heat fluxes
and the surface temperature is fixed to 200 K. The boundary condition at the top
of the core is a fixed temperature boundary condition using the CMB temperature
from the previous timestep. This CMB temperature is then updated by balancing the
heat fluxes across the CMB. The small timestep (0.0757cond core) €nSUres consistency
between the flux condition and the fixed temperature boundary condition for an

individual timestep.

A.6.1 Timestep and gridsize testing

To test the gridsize and timestep, four simulations were run for a 300km body: one
using the model gridsize and timestep; one for half the gridsize; one for two thirds
the timestep; and one for one third the timestep. Changing the timestep and gridsize
results in <1% variation in model outputs, except for the time for beginning of the
erosion of core thermal stratification. There is a 0.1 Ma (one output step) difference
in the time for beginning of the erosion of core thermal stratification. Core strat-
ification begins to be eroded very early in the thermal evolution (1.6-1.7 Ma after
CALI formation). Therefore, this one output step time difference manifests as a large
percentage variation, but in absolute terms is not significant. The small variation in
model outputs indicates my choice of timestep and gridsize is small enough to not

influence my model results.
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Figure A.6: Variation in temperatures and times of key points in thermal evolution
and dynamo generation for changes in gridsize. For each output value, the range
in output divided by the mean output value is plotted. Changing the timestep and
gridsize results in < 1% variation in model outputs, except for the time for beginning
of the erosion of core thermal stratification. The percentage range in the time for
beginning of the erosion of core thermal stratification is larger, because variation by
0.1 Ma (one output step) is a large percentage of the time of this process (1.6-1.7 Ma
after CAI formation).
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Figure A.7: CMB boundary layer thickness, d;, and temperature difference between
convective mantle and CMB for the first 40 Ma of the planetesimal thermal evolution.
Results are for a 500 km planetesimal, accreted 0.8 Ma after CAI formation with
00Fe/5¢Fe =10% (same example run as Figure 6 in Chapter 2). The background
colourmap indicates the melt fraction 0-5km above the CMB (left hand axis). All
melt fractions at or above the rheologically critical melt fraction, ¢ =0.3, are shown
in yellow. There is a jump in CMB boundary layer thickness when the melt fraction
first drops below the critical melt fraction and the viscosity increases rapidly. This
increases the temperature difference between the convecting mantle and CMB.
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Figure A.8: Planetesimal temperature profiles and temperature gradients following
the cessation of convection. The profiles here are for a 500 km radius planetesimal,
with a 250km core radius, accreted at 0.8 Ma after CAI formation with %°Fe/*°Fe
=10"% and Xg =29.85 wt%. The grey, dashed line indicates the postion of the CMB.
Immediately following the cessation of convection, a small portion of the mantle is
isothermal and there is a shallow temperature gradient across the CMB boundary
layer. As the mantle cools, a temperature gradient is established throughout the
entire mantle and the temperature gradient at the CMB increases.
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Figure A.9: Comparison between the linear liquidus approximation and the liquidus
from Buono and Walker (2011). This liquidus is a function of pressure so liquidi for
the range of planetesimal radii appropriate for this model are shown. The liquidus
temperatures for core sulfur contents > 10 wt% are higher than temperatures for the
linear liquidus approximation. The liquidus gradient is shallow from 10-25wt% at
just above 1600 K. This limits the range of planetesimal initial core sulfur contents to
high values > 25 wt% (for a 1400 K mantle solidus), because the maximum possible

planetesimal temperatures in my model are ~1600 K for a critical melt fraction of
0.5.
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Figure A.10: Ratios of magnetic field strength and Re,, for the two endmember models
as a function of the ratio of convective lengthscales. Subscripts 0 and 1 indicate the
values for the mg.. = 0 and mg.. = 1 endmembers, respectively. The model output
(solid lines) follows the scaling predicted by combining the Equations 2.32, 2.33 and
2.35 for magnetic Reynolds number, convective velocity, and buoyancy flux (dashed
lines). Staircasing in the output is due to the discrete nature of my model. The runs
shown here are for the same parameters as the example run in Chapter 2. Magnetic
field strength and Re,, depend weakly on convective lengthscale. B oc [7%%* and
Re,, oc 1932,
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Figure A.11: Convective lengthscale as a function of time for the two endmember so-
lidifcation geometries (dark blue lines). Convective lengthscale decreases more rapidly
for mgae = 1. The pink lines indicate the ratio of the radius of the base of the solid
outer core, rq, to the solidification front, r;. For mg.. = 1, the maximum deviation
between these positions is less than 6%. The runs shown here are for the same param-
eters as the example run in Chapter 2, but for Xg, =26.7 wt% in order to investigate
the maximum possible change in lengthscale as lower Xg( take longer to reach the
eutectic composition.
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Figure A.12: Density difference driving buoyancy flux in the compositional dynamo.
The density difference between solid iron and a liquid inner core increases with in-
creasing sulfur content. The density difference is higher than the previously assumed

value of 0.05p, for all core sulfur contents.
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Figure A.13: Viscosity in the isothermal, convecting mantle interior as a function of
time for a 500 km planetesimal accreted at 0.8 Ma after CAT formation with ®Fe/*Fe
=10"%, X5o =29.85wt%, ny = 10" Pas, ¢ = 0.3, f = 0.0225K™!, o, = 30, and
m = 10 Pas.
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Figure A.14: Chondritic (pre-differentiation) and silicate (post-differentiation) effec-
tive specific heat capacity as a function of temperature for Xg o = 29.85 wt%. Prior to
differentiation, there are two periods of increased specific heat capacity as the Fe-FeS
and silicate phases melt. After differentiation, there is one period of increased specific
heat capacity when the silicate melts. The post-differentiation increase in effective
specific heat capacity is higher, because the material is entirely silicate and does not
contain any Fe-FeS volume fraction.
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Appendix B

Supplementary Information for
Chapter 3

B.1 Range of primordial “’Fe/*Fe

There are several reasons for the range in the primordial %°Fe/%°Fe ratio. Firstly,
there is up to two orders of magnitude difference in the values of primordial %Fe/*Fe
between bulk analyses and in-situ studies of individual minerals (Kodolanyi et al.,
2022a,b). Secondly, different meteorite groups or minerals produce different values
(e.g. 8.845.2 x 107 in angrites vs 7.9 4£ 3.7 x 1077 in IID irons; Tang and Dauphas,
2012; Cook et al., 2021). Thirdly, biases in error analysis (Telus et al., 2012) and use
of an incorrect reference value for calculating the ®*Ni deficit (Kodoldnyi et al., 2022a)
can render measurements inaccurate. Fourthly, measured systems may not be closed
(Cook et al., 2021). Finally, uncertainty in the formation time of a sample increases
uncertainty when extrapolating back to the %°Fe/*Fe value at CAI formation (e.g.
0Fe/Fe = 4 x 1078-1.5 x 1077 for a 5Ma range in ages for troilite formation;
Kodolanyi et al., 2022b).

B.2 Additional viscosity information

B.2.1 Extrapolation of reference viscosities

Viscosity is temperature, pressure, and grain size dependent. Planetesimal mid-
mantle pressures lie above that of lab experiments and below that of planets, therefore
extrapolation is required when estimating planetesimal reference viscosities. Labora-
tory experiments are also on shorter timescales and smaller grain sizes compared to
planetary conditions. Therefore, geophysical observations, such as postglacial uplift

(Karato and Wu, 1993) are often used to constrain mantle viscosity on Earth. For
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this reason, the upper range of 7y in this chapter was extrapolated from planetary

values using an Arrhenius law

— rex FE +pV _ E +prefv (B 1)
77 - 770 p RT RTref *
and the Frank-Kamenetskii approximation (Noack and Breuer, 2013)
E + pretV \%4
= Tt — T — Dref) | - B.2
0= mexp (ER B =)+ = (0= ) (B.2)

In these equations, £ and V' are the activation energy and volume, p.s and Ty are
the reference pressures and temperatures, R is the gas constant, and p and T are the
temperatures and pressures being extrapolated to. To estimate planetesimal mid-
mantle viscosities (see Table B.1), extrapolations using both laws were performed on
reference viscosity values for Ganymede (Riickriemen et al., 2018) using a range in
activation volumes from 2x107%-2x107° m*mol™! (Hirth and Kohlstedt, 2003) and
activation energies from 240-570 kJmol~! (Karato and Wu, 1993; Hirth and Kohlst-
edt, 2003). Assuming constant density core and mantle, planetesimal mid-mantle

pressures range from 2 MPa to 50 MPa for 100-500 km bodies. These extrapolations

no /Pas | pret/MPa | Tror /K | Extrapolated ng /Pas
1019-10% 960 1600 1019-10%

Table B.1: Reference parameters for viscosity extrapolations for Ganymede
(Riickriemen et al., 2018). Reference pressure is calculated in the mid-mantle us-

ing average values for the Ganymede interior structure model in Riickriemen et al.
(2018).

give a wide range of possible 7y from 10*°-10%* Pas due to the large uncertainties in
activation volume and activation energy. Equation B.1 and B.2 give values within
the same order of magnitude.

Viscosity has a power law dependence on grain size

=72 <ﬂ>m7 (B.3)

ag

where a is the grain size and m a constant exponent (2 for dislocation creep, 3
for diffusion creep; Scott and Kohlstedt, 2006). Grain sizes in planetesimals are
likely to be between 10~-10~3m, based on observations from achondrites (Hutchison,
2004; Lichtenberg et al., 2019b) and grain growth models (Monnereau et al., 2023).

Extrapolating to these grain sizes from an experimental value of 1, = 102 Pas for
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Figure B.1: Peak mantle temperature as a function of critical melt fraction, ¢¢.

az = 107°m in the diffusion creep regime (Scott and Kohlstedt, 2006) gives 7; =
101°-10'® Pas. For an experimental value of 1, = 10'° Pas for a; = 5 x 10™°m in
the dislocation creep regime (Scott and Kohlstedt, 2006) gives 1; = 10*-10'7 Pas.
Therefore, 1y =10'® Pas will be used as the minimum value in this work. However,
due to the uncertainties in grain size, and differences in lengthscale and stress between
experiments and planetesimal interiors, these low 7y values (< 10'® Pas) are less likely

to occur in planetesimals.

B.2.2 Effect of ¢c on peak temperatures

As shown in Figure B.1, peak mantle temperature is close to that of ¢c, due to the
negative feedback loop between mantle temperature and stagnant lid thickness. At
¢, an increase in temperature leads to a rapid drop in viscosity and thinning of the
stagnant lid. This increases surface heat flux, which reduces mantle temperature,
increases the viscosity and thickens the stagnant lid. This means the choice of ¢¢ has

direct control on the maximum mantle temperature of a planetesimal.

B.2.3 Effect of viscosity on dynamo timing

This section provides further detail on the runs with three epochs of dynamo gener-

ation.
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B.2.3.1 Critical melt fraction, ¢¢

Increasing ¢¢ lowers the mantle viscosity at peak temperature, which results in a
thinner stagnant lid and longer time before the cessation of convection. In all runs,
there is a jump in boundary layer thickness and temporary drop in CMB heat flux
when the base of the mantle first cools below the critical melt fraction (Figure B.2).
The following increase in CMB heat flux is responsible for the second increase in
magnetic field strength (Chapter 2).

This jump in CMB boundary layer thickness results in two periods of dynamo
generation before the cessation of convection for ¢c =0.26 and 17y =10?° Pas. In these
cases, this jump decreases Rey, enough to temporarily switch off the dynamo (Figure
B.3 and B.4), but the dynamo restarts after a short period of core cooling. For a

more detailed description of CMB boundary layer thickness with time see Chapter 2.

B.2.3.2 Reference viscosity, 7

For the lowest reference viscosities, 1), there is no gap in dynamo generation. This
is because heat is removed from the core so rapidly, and the mantle has such low
viscosity that the core solidifies before the cessation of mantle convection (ny =10
10 Pas on Figure B.5).

B.2.3.3 Liquid viscosity, 7

1 has no effect on dynamo timing. This is because the mantle temperature never gets
far beyond the critical melt fraction and never reaches the fully liquid viscosity due to
efficient feedback between stagnant lid thickness and mantle temperature (Chapter
2).
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Figure B.2: Stagnant lid thickness, dy, (solid) and CMB boundary layer thickness, d;,
(dashed) as a function of ¢¢. To the right of the vertical dotted lines indicate when
the temperature of the convecting mantle drops below the temperature of ¢¢. This
coincides with the uptick in boundary layer thickness as viscosity rapidly increases.
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Figure B.3: Magnetic Reynolds number, Re,,, as a function of critical melt fraction,
¢c. The grey, horizontal, dashed line indicates the critical magnetic Reynolds number.
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Figure B.4: Magnetic Reynolds number, Re,,, for reference viscosities, 1y, an order
of magnitude above and below 10%° Pas. The grey, dashed line indicates the critical
magnetic Reynolds number.
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Figure B.5: Change in stagnant lid (solid) and CMB boundary layer (dashed) thick-
ness for changes in reference viscosity, 79, prior to the cessation of mantle convection.
The vertical dotted grey lines on 1y =10,10'° Pas indicate the end of core solidi-
fication. Mantle convection ceases when the the stagnant lid and CMB boundary
layer meet. Increasing 7, increases the rate at which the stagnant lid thickens, ending
mantle convection earlier.
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B.3 Angrite paleomagnetism

There are multiple possibilities for the delay in onset of the angrite parent body dy-
namo relative to our model predictions. From these, a lower ““Fe/*Fe in the formation
region of the angrites seems the most likely. Firstly, the angrite parent body may have
been very large (up to Moon-size; Tissot et al., 2022), such that our assumptions to
neglect the heat of accretion or mantle adiabat may be invalid. Secondly, '82Hf/1¥2W
measurements suggest angrite core formation occurred in multiple stages, not instan-
taneous as modelled in Chapter 3 (Kleine et al., 2012). However, gradual addition of
material to the core reduces the degree of thermal stratification and enables earlier
onset of a dynamo (Dodds et al., 2021). Additionally, heating by ®Fe will rapidly
remove thermal gradients from gradual accretion. Angrite core formation was com-
plete ~ 2Ma after CAI formation (Kleine et al., 2012), so late addition of material
is unlikely to affect the dynamo a further ~1.8 Ma after core formation (the time at
which the volcanic angrites erupted; Wang et al., 2017). Thirdly, fractionation of iron
isotopes during angrite core formation could have altered the proportion of ®Fe in
the core, but this is negligible due to the low pressures in planetesimal size bodies (Ni
et al., 2022). Finally, as discussed in Chapter 3, ®*Fe/?Fe may have been lower in the
formation region of the angrites. Figure 3.11 displays the range of ®*Fe/*°Fe values

which are consistent with the volcanic and plutonic angrite paleomagnetic record.
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Figure B.6: Two example magnetic field histories, which match the intensity (without
the factor of two correction) and timing of the paleomagnetic remanance recorded by
the Winchcombe meteorite. Both runs are for a 500 km radius planetesimal, “*Fe/*0Fe
= 107" or 6 x 1077 and all other parameters have the constant values in Table 1. Many
other parameter combinations may fit the data, this plot aims to illustrate that it
is feasible to generate a planetesimal at the correct time and strength to match the

data.
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Appendix C

Supplementary Information for
Chapter 4

C.1 Minimum water content for a wet planetesi-
mal

For my modification to the prefactor in the viscosity law (Section 4.2.3.2) to reduce

the viscosity of the wet planetesimals requires

1> 20

(C.1)

After substituting for C5?! in terms of C%* and C¥%* in terms of Xy, this becomes

N 10(1 — ¢ + 75-)

T 2x 104XW%
2

(C.2)

For ¢ = 0.5, Dy, = 0.006, and KL.B-1 peridotite mineralogy (M, = 55.1), X, must
exceed 0.0136 wt%. Water contents below this value are so low they do not affect the

viscosity and the dry viscosity law should be used.
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Group Volatile | log(fO2)" | dlog(r0,)" %C Uﬁc Xs O X5 e | gn
loss® JAIW JAIW /% /% Jwt% | Jwt% | T v
NC
1C No -2.0 0.2 21 1 16.0 3.0 0.50 | 0.01
IIAB No -3.2 0.3 22 13 11.5 9.9 0.50 | 0.06
1ITAB Yes -1.8 0.2 21 3 7.0 5.0 ]0.48 | 0.01
IVA Yes -2.1 0.2 19 4 4.7 4.3 0.46 | 0.02
Mean No -2.6 0.2 21.5 6.5 13.8 3.1 ] 0.50 | 0.03
CC
11C No -1.2 0.1 18 5 6.0 2.0 0.45 | 0.02
1ID No -1.5 0.1 14 1 6.0 6.0 0.41 | 0.01
IIF No -1.2 0.1 14 2 8.9 4.5 0.42 | 0.01
SBT No -1.2 0.1 7 1 8.0 2.0 10.33|0.01
IIIF Yes -2.2 0.2 18 2 3.5 1.5 0.45 | 0.01
IVB Yes -2.0 0.2 4 2 0.5 0.5 0.26 | 0.02
Mean No -1.3 0.1 13 1 7.1 2.0 04 | 0.01

Table C.1: Parent body oxidation state, core mass fraction, and core radius fraction of
iron meteorites. “Goldstein et al. (2009), *Grewal et al. (2024), “Hilton et al. (2022).
Volatile loss was inferred from depletion of Ge relative to Ni (Goldstein et al., 2009).
e was calculated in this work for a mantle density of 3000 kegm—3 and core density
that depends on sulfur content (Equation 2.37). Core sulfur contents for a range of
fractional crystallisation models were collated from Hilton et al. (2022), Zhang et al.
(2024) and Hirschmann et al. (2021). The maximum and minimum values from this
data was used to calculate Xg = (Xg max + Xsmin)/2 and oxq = (Xsmax — XS min)/2
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Appendix D

Supplementary Information for
Chapter 5

D.1 Maximum height of a ferrovolcanic intrusion

Ferrovolcanism occurs when pockets of less dense, Fe-FeS melt become trapped within
the more dense, solid iron at the top of the core and the excess pressure forces Fe-FeS
melt into the mantle. Unlike silicate volcanism where melt is buoyant, the Fe-FeS melt
is more dense than surrounding mantle and its upwards motion is driven purely by
the excess pressure within the core. Therefore, the maximum height of a ferrovolcanic
intrusion within the mantle, h, is governed by the depth of the melt pocket within
the core, D, and the relative densities of the melt, p¢, solid iron, ps, and mantle, py,,
(Johnson et al., 2020a; Courville et al., 2025)

_ (ps — pr)
h = D—(pf o)’ (D.1)

The maximum depth of a melt pocket within the core is determined by the fraction
of the core that has solidified at a given time. An expression for this depth can be
derived by combining Equations 2.23 and 2.27 and assuming all solidified material
remains at the CMB (mgae = 0),

Do 1. ( _ @)j | 02)

7. is the core radius, Xg is the initial core sulfur content and Xg is the current core
sulfur content, which increases during core crystallisation. Together, Equations D.1

and D.2 can be combined to give the maximum height of a ferrovolcanic intrusion for

= o XS,O % ()Os_pf)
"= C(l (Xs) )(pf—pm)' (B-3)

a given sulfur content
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Figure D.1: Maximum distance of a ferrovolcanic intrusion above the CMB for the
modal parameters of the Main Group pallasite parent body (r = 400 km, ™ = 0.5).
The initial core sulfur content is the minimum value consistent with the Main Group
pallasite paleomagnetic record (27 wt%).

For the modal parameters of the Main Group pallasite parent body, the maximum
value of h is 56 km (Figure D.1).
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Appendix E

Code availability

The thermal evolution and dynamo generation model presented in this thesis is pub-
licly available on the Hannah-RS/planetesimal-magnetic-history GitHub repository
indexed by Zenodo (Sanderson, 2024). The parameter files for the runs presented in
Chapter 2 and 3 are also available on this repository.

Code development and data analysis was undertaken using the following packages:
Numpy (Harris et al., 2020), Scipy (Virtanen et al., 2020), and pandas (McKinney,
2010). Figures were made using Matplotlib (Hunter, 2007), seaborn (Waskom, 2021)

and Crameri colormaps (Crameri, 2023).
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