
VU Research Portal

Mercury

Knibbe, Jurrien

2018

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Knibbe, J. (2018). Mercury. [PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].
http://dare.ubvu.vu.nl/handle/1871/55658

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/86063a9f-7083-4a9d-b5d7-21be50405d9c
http://dare.ubvu.vu.nl/handle/1871/55658


VRIJE UNIVERSITEIT

Mercury

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad Doctor
aan de Vrije Universiteit Amsterdam,

op gezag van de rector magnificus
prof.dr. V. Subramaniam,

in het openbaar te verdedigen
ten overstaan van de promotiecommissie
van de faculteit der Bètawetenschappen

op vrijdag 1 juni 2018 om 11.45 uur
in de aula van de universiteit,

De Boelelaan 1105

door
Jurriën Sebastiaan Knibbe

geboren te Amsterdam



2

promotor: prof.dr. W. van Westrenen
copromotor: dr. Y. Fei



3

Reading committee:

prof.dr. Gareth Davies (chairman)
prof.dr. Steven A. Hauck II
prof.dr. Tim Van Hoolst
prof.dr. Carsten Dominik
dr. Mark Wieczorek
dr. Johannes Benkhoff

This research was carried out at:

Vrije Universiteit Amsterdam
Faculty of Science
Amsterdam, the Netherlands;

Carnegie Institute for Science
Geophysical Laboratory
Washington DC, USA;

Max Planck Institute for Solar System Research
Göttingen, Germany;

HPCAT, sector 16 of the Advanced Photon Source (APS)
Argonne National Laboratory
Argonne, Illinois, USA

This work was financially supported by a Netherlands Space Office User Sup-
port Programme Space Research grant (ALW - GO/12-38) to Wim van Westrenen
and a Belgian Science Policy Office grant (Contract BR/143/A2/COME-IN) to
Tim Van Hoolst. HPCAT operations are supported by DOE-NNSA under Award
No. DE-NA0001974, with partial instrumentation funding by NSF. The Advanced
Photon Source is a U.S. Department of Energy (DOE) Office of Science User Fa-
cility operated for the DOE Office of Science by Argonne National Laboratory
under Contract No. DE-AC02-06CH11357.



4

ISBN: 978-90-9030967-5

Mercury (Dutch title: Mercurius)

PhD thesis - Vrije Universiteit Amsterdam

Authored by J. S. Knibbe
Cover designed by Adam van Tiel
Printed by AD Mercurius | kunstdrukkerij

Credits for the used topographic image of Mercury on the cover belong to NASA/Johns
Hopkins University Applied Physics Laboratory/Carnegie Institution Washing-
ton/USGS Astrogeology Science Center.



Contents

1 Introduction 11

I Historical Mercury science, up to the MESSENGER mis-
sion 13

2 Mercury’s orbit 15
2.1 Mercury’s Keplerian orbit . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Mercury’s Newtonian orbit . . . . . . . . . . . . . . . . . . . . . 18
2.3 Mercury’s relativistic orbit . . . . . . . . . . . . . . . . . . . . . 22
2.4 Measurements of the Astronomical Unit . . . . . . . . . . . . . . 23
2.5 Appendix 2A . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.6 Appendix 2B . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3 Mercury’s size, mass and gravity field 29
3.1 Mercury’s size . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 Mercury’s mass and density . . . . . . . . . . . . . . . . . . . . . 30
3.3 Mercury’s gravity field . . . . . . . . . . . . . . . . . . . . . . . 33

4 Mercury’s rotation 37
4.1 Detection of Mercury’s rotation . . . . . . . . . . . . . . . . . . . 37
4.2 Mercury’s rotational stability . . . . . . . . . . . . . . . . . . . . 39
4.3 Physical librations of Mercury . . . . . . . . . . . . . . . . . . . 42
4.4 Mercury’s rotational evolution . . . . . . . . . . . . . . . . . . . 44
4.5 Mercury’s Cassini state . . . . . . . . . . . . . . . . . . . . . . . 45

5 Mercury’s formation 49
5.1 Formation of the solar system . . . . . . . . . . . . . . . . . . . . 49
5.2 The composition of the solar nebula . . . . . . . . . . . . . . . . 50
5.3 Condensation, accretion and Mercury . . . . . . . . . . . . . . . 51
5.4 Theories for Mercury’s formation . . . . . . . . . . . . . . . . . 54
5.5 The composition of Mercury’s silicates . . . . . . . . . . . . . . . 55

5



6 CONTENTS

6 Mercury’s age, evolution and interior structure, pre-Mariner 10 57
6.1 The age of our solar system . . . . . . . . . . . . . . . . . . . . . 57
6.2 Mercury’s interior configuration and thermal evolution . . . . . . 58

7 Mercury’s surface and environment, pre-Mariner 10 61
7.1 Optical properties . . . . . . . . . . . . . . . . . . . . . . . . . . 61
7.2 Topography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
7.3 Atmosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
7.4 Surface temperature . . . . . . . . . . . . . . . . . . . . . . . . . 63
7.5 Subsurface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
7.6 Magnetic field . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

8 Mercury’s surface and environment, post-Mariner 10 69
8.1 Planning the Mariner 10 mission . . . . . . . . . . . . . . . . . . 69
8.2 Surface: Topography and geological evolution . . . . . . . . . . . 70
8.3 Surface: Optical characteristics . . . . . . . . . . . . . . . . . . . 73
8.4 Surface: Temperature and subsurface . . . . . . . . . . . . . . . . 74
8.5 Atmosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
8.6 Magnetic field: measurements and geometry . . . . . . . . . . . . 77
8.7 Magnetic field: origin . . . . . . . . . . . . . . . . . . . . . . . . 78

9 Mercury’s age, evolution and interior structure, after Mariner 10 81
9.1 Mercury’s evolution . . . . . . . . . . . . . . . . . . . . . . . . . 81
9.2 Mercury’s interior configuration . . . . . . . . . . . . . . . . . . 82

II Recent Mercury science, since the MESSENGER mis-
sion 85

10 Preparing the MESSENGER mission 87
10.1 Planning the MESSENGER mission . . . . . . . . . . . . . . . . 87
10.2 MESSENGER objectives . . . . . . . . . . . . . . . . . . . . . . 88

11 On Mercury’s past rotation, in light of its large craters 91
11.1 introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
11.2 The Distributions of Large Craters, Impact Fluxes, and D > 100

km Cratering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
11.2.1 The Spatial Distribution of Large Craters . . . . . . . . . 94
11.2.2 The Geometry of Spin-Orbit Resonances . . . . . . . . . 96
11.2.3 In-Orbit Variations in the Global Impact Flux . . . . . . . 97
11.2.4 The Population of Mercury Crossing Objects . . . . . . . 102
11.2.5 Impact Dynamics on Mercury . . . . . . . . . . . . . . . 102
11.2.6 Crater Scaling . . . . . . . . . . . . . . . . . . . . . . . . 107
11.2.7 Cratering Simulations . . . . . . . . . . . . . . . . . . . 109



CONTENTS 7

11.2.8 Statistical Tests . . . . . . . . . . . . . . . . . . . . . . . 111
11.3 Mercury’s Rotational Dynamics . . . . . . . . . . . . . . . . . . 114

11.3.1 Efroimsky’s Torque . . . . . . . . . . . . . . . . . . . . . 114
11.3.2 Capture Probabilities near Spin-Orbit Resonances . . . . . 116
11.3.3 Spin-Orbit Resonance Transitions due to Large Impacts . 118

11.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
11.4.1 Uncertainties in Observations and Simulations . . . . . . 121
11.4.2 Comparison with Observations . . . . . . . . . . . . . . . 123
11.4.3 Capture Probabilities and Spin-Orbit Resonance Transitions124
11.4.4 General Discussion . . . . . . . . . . . . . . . . . . . . . 124

11.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

12 The interior configuration of planet Mercury, constrained by moment
of inertia and planetary contraction 127
12.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
12.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

12.2.1 The interior configuration models . . . . . . . . . . . . . 132
12.2.2 EOS parameters . . . . . . . . . . . . . . . . . . . . . . 134
12.2.3 Generation of density profiles . . . . . . . . . . . . . . . 137
12.2.4 Planetary contraction . . . . . . . . . . . . . . . . . . . . 139

12.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
12.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

12.4.1 Error propagation . . . . . . . . . . . . . . . . . . . . . . 146
12.4.2 Comparison with previous studies . . . . . . . . . . . . . 148
12.4.3 The evolution of a solid FeS layer . . . . . . . . . . . . . 149

12.5 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . 151

13 The thermal evolution of Mercury’s Fe-Si core 153
13.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
13.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

13.2.1 The thermal evolution model . . . . . . . . . . . . . . . . 156
13.2.2 The evolution of mantle and crust . . . . . . . . . . . . . 158
13.2.3 The core evolution . . . . . . . . . . . . . . . . . . . . . 159
13.2.4 Magnetic field scaling . . . . . . . . . . . . . . . . . . . 161
13.2.5 Parameters . . . . . . . . . . . . . . . . . . . . . . . . . 162

13.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
13.3.1 A representative scenario . . . . . . . . . . . . . . . . . . 163
13.3.2 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . 167

13.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
13.4.1 Core evolution and magnetic field . . . . . . . . . . . . . 171
13.4.2 Mantle and crust . . . . . . . . . . . . . . . . . . . . . . 172
13.4.3 The composition of Mercury and its core . . . . . . . . . 173
13.4.4 Implications for planetary thermal evolution models . . . 173

13.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174



8 CONTENTS

13.6 Appendix 13A, the melting model . . . . . . . . . . . . . . . . . 175
13.7 Appendix 13B, Radiogenic heating . . . . . . . . . . . . . . . . . 176
13.8 Appendix 13C, Mantle configuration . . . . . . . . . . . . . . . . 177
13.9 Appendix 13D, Magnetic field scaling . . . . . . . . . . . . . . . 178

14 Dynamo simulations for generating Mercury’s magnetic field 181
14.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
14.2 Dynamo simulation . . . . . . . . . . . . . . . . . . . . . . . . . 185
14.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
14.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
14.5 Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . 192
14.6 Appendix 14A . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

15 Calibration of the first multi-anvil high-pressure apparatus in the Benelux,
named Nina 195
15.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
15.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . 198

15.2.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . 198
15.2.2 Starting materials and phase transitions . . . . . . . . . . 201
15.2.3 Experimental procedure and sample analysis . . . . . . . 202

15.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
15.3.1 Sample analysis . . . . . . . . . . . . . . . . . . . . . . . 202
15.3.2 Calibration curve . . . . . . . . . . . . . . . . . . . . . . 203

15.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
15.4.1 Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . 204
15.4.2 General discussion . . . . . . . . . . . . . . . . . . . . . 206

15.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

16 Magma ocean crystallisation models of Mercury, a critical assessment209
16.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
16.2 Methods and materials . . . . . . . . . . . . . . . . . . . . . . . 212

16.2.1 Magma ocean crystallisation model . . . . . . . . . . . . 212
16.2.2 Experimental method . . . . . . . . . . . . . . . . . . . . 213

16.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
16.3.1 Experimental results . . . . . . . . . . . . . . . . . . . . 216
16.3.2 Deep ocean solidification . . . . . . . . . . . . . . . . . . 218

16.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
16.4.1 Dinstinguishing between initial mantle compositions . . . 219

16.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

17 Other discoveries by the MESSENGER mission 227
17.1 Surface observations and geology . . . . . . . . . . . . . . . . . 227

17.1.1 Photography . . . . . . . . . . . . . . . . . . . . . . . . 228
17.1.2 Topography . . . . . . . . . . . . . . . . . . . . . . . . . 229



CONTENTS 9

17.1.3 Composition . . . . . . . . . . . . . . . . . . . . . . . . 231
17.2 Gravity field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232
17.3 Mercury’s atmosphere . . . . . . . . . . . . . . . . . . . . . . . 233

III Future Mercury science 235

18 BepiColombo 237
18.1 History and mission concept . . . . . . . . . . . . . . . . . . . . 237
18.2 Mercury’s orbit, rotation, and interior configuration . . . . . . . . 238
18.3 Surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
18.4 Atmosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240
18.5 Magnetic field . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

19 Revealing the composition of Mercury’s core by seismic measurements241
19.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
19.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244

19.2.1 Experimental setup and procedure . . . . . . . . . . . . . 244
19.2.2 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . 246

19.3 results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248
19.4 Implications for a seismic mission to Mercury . . . . . . . . . . . 251
19.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
19.6 Appendix 19A . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

20 Synthesis 255

21 Supplementary information 259
21.1 Mariner 10 satellite instrumentation . . . . . . . . . . . . . . . . 259
21.2 Messenger satellite instrumentation . . . . . . . . . . . . . . . . 262
21.3 BepiColombo satellite instrumentation . . . . . . . . . . . . . . . 265

21.3.1 The Mercury Planetary Orbiter (MPO) . . . . . . . . . . . 266
21.3.2 The Mercury Magnetosphere Orbiter (MMO) . . . . . . . 270



10 CONTENTS



Chapter 1

Introduction

Observable by eye, Mercury is among the six planets along with Venus, Earth,
Mars, Jupiter and Saturn that have been known in ancient cultures. Our under-
standing of the solar system has its foundations in the observations of these plan-
ets, and has been expanded by the detection and observations of other solar sys-
tem objects and meteoritic samples. Mercury is of particular relevance because
its closest proximity to the Sun makes it a unique natural laboratory for planets
close to their host stars. Problematically, information on Mercury is difficult to
gather. The small distance between Mercury and the Sun complicates observa-
tions of Mercury from Earth as well as the design of space missions to visit this
planet. The sparse information we did gain on Mercury has signaled problems in
conventional theories in various fields of science.

Two space missions have visited Mercury to this date. NASA’s Mariner 10
satellite performed two fly-bys of Mercury in 1974 and one flyby of Mercury in
1975. NASA’s MESSENGER satellite performed three fly-bys of the planet (two
in 2008 and one in 2009) and was in a Mercury-centric orbit from march 2011
until may 2015. The data obtained by these two missions shape our present-day
understanding of Mercury, complemented by Earth-based observations and more
general established science.

At the time of writing, ESA and JAXA are preparing the launch of the Bepi-
Colombo satellite mission to Mercury. This mission consists of two separate satel-
lites with the largest and most advanced instrumental payload to have ever visited
Mercury. The data that this mission will obtain is expected to lay the foundation
for Mercury science for decades to come.

In part one of the thesis, we provide an extensive overview of the scientific
progress made with respect to Mercury from the work of Johannes Kepler up to
the MESSENGER mission. This is accompanied by comprehensive referencing
to original works to serve the scientific community as a repository for browsing
Mercury-related literature and serves advanced undergraduate and graduate stu-
dents as a thorough introduction to Mercury and general planetary sciences. We

11



12 CHAPTER 1. INTRODUCTION

begin part one with inferences from astronomy and orbital mechanics. We recount
how astronomy and orbital mechanics were used to obtain physical properties of
Mercury, such as its size and mass. This is followed by a description of Mer-
cury’s rotational state. After these global physical characteristics are described,
we present proposed formation scenarios of the solar system, and how Mercury’s
formation and evolution may relate to its mass and composition. We also mention
preliminary (Pre-Mariner 10) studies on Mercury’s thermal evolution and inte-
rior configuration. We present the Mariner 10 observations of Mercury and later
Earth-based observations in a separate chapter, to emphasize the importance of the
Mariner 10 mission and how it has lead to improved understanding of Mercury in
the post-Mariner 10 era.

In part two, we describe the main findings of the MESSENGER mission and
discuss how this mission has revolutionized our understanding of the planet. This
discussion largely consists of research performed in light of my PhD project (per-
formed during the years 2013-2018 at Vrije Universiteit Amsterdam), accompa-
nied by additional notes to broaden the scope of the thesis to general science on
Mercury.

We end the thesis with an outlook on science to be done on Mercury in the
future (part three), which includes an interlude to the Bepi-Colombo mission.
This is followed by an overall thesis synthesis chapter.



Part I

Historical Mercury science, up
to the MESSENGER mission

Chapters 2− 9 of this thesis provide a comprehensive review of scientific
knowledge of Mercury from the work of Kepler up to the MESSENGER mis-
sion.

13





Chapter 2

Mercury’s orbit

This chapter describes the orbital mechanics of Mercury by following theories of
Kepler, Newton and Einstein.

2.1 Mercury’s Keplerian orbit
Kepler1 revolutionized our view of the solar system by introducing elliptical plan-
etary orbits in a heliocentric system, as opposed to the circular geometrics that
dominated solar system models before (e.g. Copernicus2). A set of six ‘orbital el-
ements’ parametrize planetary orbits relative to one another: The semi-major axis
(α) is a measure for the orbit’s size and is defined as α := (raph+rper)

2 where raph
and rper the maximum (aphelion) and minimum (perihelion) distance between the
planet and the Sun. The eccentricity (e) defines the ellipticity of the orbit and is
given by e := raph

α
− 1. The inclination (i), the longitude of the ascending node

(Ω), and the argument of perihelion (ω) are angles that define the orientation of
the orbit in a fixed three-dimensional space (see figure 2.1). The mean anomaly at
epoch (M0) defines the objects position at a certain reference time.

Kepler’s1 first law gives the heliocentric distance (r) of a planet at any position
in its orbit by

r =
α(1− e2)

1+ e · cos(ψ)
, (2.1)

with ψ the true anomaly, defined as the angle between Mercury, the Sun, and
Mercury’s perihelion. For e < 1, equation 2.1 describes a closed ellipse with
aphelion at ψ = π and perihelion at ψ = 0 and ψ = 2π . Kepler’s1 second law
describes the variations in the planet’s velocity by stating that the Sun-planet line
sweeps out equal areas during equal time intervals:

dA
dt

=
1
2

r2 dψ

dt
= constant. (2.2)

15



16 CHAPTER 2. MERCURY’S ORBIT

Figure 2.1: This figure illustrates the definition of the angles i, Ω, ω and ψ in a reference
plane with a reference equinox (the zero of Ω).

Kepler’s3 third law relates the orbital periods among planetary orbits to their dis-
tance from the Sun by stating that the orbital period (P, ∼ 88 days for Mercury)
divided by a

3
2 takes the same constant value for all heliocentric orbits in our solar

system:
P2

a3 = constant. (2.3)

To predict planetary positions forward in time, the position of the planet needs to
be related to real time. For this purpose the mean anomaly (M) is introduced as a
variable linear in time

M =
2π

P
(t− t0), (2.4)

with t0 the time of the most recent perihelion passage. From Kepler’s three laws
follows that M relates to ψ by Kepler’s equation

E− e · sinE = M, (2.5)

and

tan
E
2
=

√
1− e
1+ e

· tan
(

ψ

2

)
, (2.6)

with E the so-called eccentric anomaly. Kepler’s equation gives M as a function of
E, whereas for predicting the positions of planets forward in time, E is required as
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a function of M. This inverse problem is algebraically unsolvable, and is usually
numerically approximated. Kepler himself made tables of established E ∼ M
relations and interpolated for approximation. Many methods have later been (and
still are) developed to efficiently approximate E in terms of M.4, 5 Such methods
become problematic only for orbits that are much more elliptical (larger e) than
the planetary orbits in our solar system.

To use the above formulas for predicting the state of the solar system forward
in time, the planetary orbital elements need to be constrained by observations. For
Mercury, raph and rper are determined in terms of the astronomical unit (AU) by
observing the Sun-Earth-Mercury angle (elongation angle): raph is the sine of the
maximum greatest elongation angle (raph ≈ AU ·sin28°) and rper the sine of mini-
mum greatest elongation (rper ≈AU ·sin18°). These observations yield α = 0.387
AU and e= 0.206 for Mercury. The determination of Mercury’s angular orbital el-
ements requires a more extensive set of observations. Mercury’s position in space
can be particularly well determined when Mercury crosses the solar disc. For this
reason, these ‘transit’ events are particularly usefull to further constrain Mercury’s
orbital elements. Several astronomers (including Kepler6 himself) had previously
misinterpreted a sunspot observation for a transit of Mercury or Venus.7, 8 Ke-
pler9 later rectified his mistake. Based on a large compilation of observations
performed and documented by Brahe, Kepler10 tabulated estimates for the plane-
tary orbital elements in 1627 and predicted a transit of Mercury across the solar
disk to occur four years later. Astronomer Gassendi11 confirmed Kepler’s predic-
tion to become the first true observer of a transit. Observations of Mercury transits
followed by Shakerly,12 Hevelius,13 Huygens,14 Towneley,15 Gallet,16 Halley,17

and many others. The orbital elements of Mercury were fine-tuned by the accu-
mulative integration of these observations to fit Keplerian (and later Newtonian)
orbits, most prominently by de la Hire,18 Cassini,19 Halley,20 Lalande,21, 22 and
von Lindenau.23 Due to these improvements, Mercury’s position can be projected
forward in time with reasonable accuracy. The present-day orbital elements of
Mercury are listed in table 2.1.

Table 2.1: Mercury’s orbital elements.

Orbital element Value
Semi-major axis (α) 0.387 AU
Eccentricity (e) 0.206
Inclination (i) 7°
Argument of perihelion (ω) 29.1°
Longitude of ascending node (Ω) 48.3°
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2.2 Mercury’s Newtonian orbit
Newton’s24 laws of gravitation state that any two masses are accompanied by a
gravitational force that is proportional to the product of their masses and inversely
proportional to the squared distance to the combined center of mass. In this sec-
tion, we describe part of Newton’s theory in the formulation of Lagrange25 and
discuss its consequences for Mercury’s orbit.

Lagrange25 introduced the gravity potential (Vx) of a point mass (x)

Vx(r) =
Gmx

r
, (2.7)

with G the gravitational constant (G = 6.6754 ·10−11 m3 s−2 kg−1, first measured
in 1798 by the experiment of Cavendish26), mx the point mass, and r (> 0) the
distance from the point mass. Gravity potentials of point masses can be summed
to yield a gravity potential (V ) of the total space considered. The potential gravi-
tational energy (U) of a particle of mass m is given by U = mV . The gravitational
force (vector) on such a particle is the gradient of U :

F =−∇U. (2.8)

The acceleration (a) of the particle is related to F by a = F
m , which yields

a =−∇V. (2.9)

Hence, Newtonian gravitational acceleration is a characteristic of the three-dimensional
gravity potential, and does not depend on any characteristic of the object itself.
However, the gravitational potential obviously evolves as all objects move around
because the gravitational potential is defined in terms of object masses and posi-
tions, which continously interact. When we treat the objects in the solar system
as point masses in space, we obtain a gravity potential that approximately governs
the dynamics in the solar system. Because the Sun is the most massive object in
our solar system (the Sun’s mass is roughly 1000 Jupiter masses, or 3.3 ·105 Earth
masses), we may to a first approximation neglect the contribution of non-solar ob-
jects to the total gravity potential of our solar system. And, if we assume that the
Sun’s position is fixed, the gravity potential of a point Sun is static.

To calculate the dynamics from a point Sun gravity potential in a fixed three-
dimensional (X−Y −Z) space, we define the X−Y plane to be coplanar with the
planet’s orbit and associate the origin with the position of the Sun. We introduce
unit vectors er =(cos(ψ),sin(ψ)) directed to the planet and eψ =(−sin(ψ),cos(ψ))
orthogonal to er. Then,

aS(r) =−∇VS =−
GmS

r2 er. (2.10)

with VS, and mS the Sun’s gravity potential and mass, r the heliocentric distance,
aS the acceleration (vector) field associated with VS. In Appendix 2A we show
that Kepler’s laws of follow directly from this acceleration field.
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Figure 2.2: This figure illustrates an exaggerated precession of Mercury’s orbit, as pro-
jected on the reference plane of figure 2.1. Note that part of this precession is due to a
precession of Ω, which relates to a change in the orientation of the orbital plane, and part
is related to a precession in ω , which relates to a change in the orbit long axis orientation
in the orbital plane.

Newton’s theory of gravity implies that the gravity potentials related to plan-
ets should be added to VS to obtain the gravity potential of the solar system (V ).
The planetary contributions have a small effect on the trajectories of solar sys-
tem objects, which can be described as a drift of the orbital elements (figure 2.2).
Euler27, 28 was the first to calculate these long-term time variations of planetary or-
bital elements, applied on the gravitational interaction between Saturn and Jupiter.
This method was improved by Laplace29 and Lagrange.30–33 The gravity potential
minus the central (Solar) gravity potential (R =V −Vs), referred to as the pertur-
bation function, is the key ingredient in this formalism. The perturbation function
Rx′ corresponding to a perturbing planet x′ takes the form of a power series in r

r′ er
and cos(θ)

Rx′ =−
Gm′

r′
∞

∑
n=2

( r
r′

er

)n
Pn(cos(θ)), (2.11)

with m′ and r′ the mass and heliocentric distance of the perturbing planet, r the
heliocentric distance of the perturbed object, θ the angle between the (heliocen-
tric) position vectors of the perturbing planet and perturbed object, and P1, P2, ...
, Legendre’s34 polynomials (see Kaula35 for a worked-out example of R). The
total perturbation function (R) equals the sum over Rx′ for all perturbing planets.
The orbital elements of the perturbed and the perturbing planets enter R through
expanding r and r′ in terms of orbital elements (equation 2.1) and through the ex-
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Table 2.2: The precession of Mercury’s perihelion and ascending node.

The precession rate of Mercury’s perihelion (π̇ in arcsec per century)
Perturbing

planet
Le

Verrier37, 38
Newcomb39 Doolittle40 Clemence41

Venus 280.6" 277.2" 277.6" 277.9"
Earth 83.6" 91.7" 91.4" 90.0"
Mars 2.6" 2.5" 2.5" 2.5"

Jupiter 152.6" 154.6" 154.0" 154.0"
Saturn 7.2" 7.3" 7.3" 7.3"
Uranus 0.1" 0.1" 0.1" 0.1"
Neptune 0.0" 0.0" 0.0"

Total 526.7" 533.4" 533.1" 531.5"

The precession rate of Mercury’s Ascending node (Ω̇ in arcsec per century)
Venus -193.1" -194.2"
Earth -100.3" -100.4"
Mars -1.9" -1.9"

Jupiter -147.9" -148.0"
Saturn -7.0" -7.0"
Uranus -0.1" -0.1"
Neptune -0.0" -0.0"

Total ∼−451” -450.4" -451.6"

pression for θ . R arises in systems of differential equations that describe planetary
secular variations, of which many (equivalent) forms exist. Those of Lagrange are
(see Kaula36 for a derivation)

dα

dt = 2
nα

dR
δM0

de
dt =

1−e2

nα2e
dR

δM0
−
√

1−e2

nα2e
dR
δω

dω

dt =

√
1−e2

nα2e
dR
δe −

cos(i)

sin(i)nα2
√

1−e2
dR
δ i

di
dt =

1
sin(i)nα2

√
1−e2

(
cos(i) dR

δω
− dR

δΩ

)
dΩ

dt = 1
sin(i)nα2

√
1−e2

dR
δ i

dM0
dt = 1−e2

nα2e
dR
δe −

2
nα

dR
δα

(2.12)

with n = 2π

P the mean motion of the perturbed planet. To obtain the time evolution
of orbital elements, this system of equations needs to be numerically integrated
with respect to time.

Le Verrier37, 38 was the first to calculate the secular variations of Mercury’s
orbital elements based on available estimates for the masses of other planets, us-
ing an Earth mass of 354986−1 solar masses and Venus mass of 401847−1 solar
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masses, which are slightly below and above the actual values, respectively. A
main focus of his calculations was on the drift of the perihelion point, because
this drift was expected to be sufficiently significant to directly compare with ob-
servations. He calculated Mercury’s theoretical perihelion advance rate to be 527
arcsec per century (table 2.2). Newcomb39 later corrected the theoretical rate of
perihelion drift to 533 arcsec per century, using updated estimates for planetary
masses.

A separate method of calculating secular variations was designed by Gauss.
He introduced elliptic rings identical to the orbits of perturbing planets of a con-
tinuous mass distribution that is proportional to the time the corresponding planet
spends in each section of the orbit. As long as the time-period of the secular vari-
ations is much larger than the orbital periods of perturbing planets, and as long
as the perturbing planets themselves are not substantially perturbed in this time-
period, this method is simpler and very accurate without the need to derive many
high-order terms of the perturbation function. Doolittle40 applied this method to
calculate the precession of Mercury’s orbital elements, and obtained almost iden-
tical results to Newcomb’s. A slightly lower precession rate of 531.5±0.3 arcsec
per century was later calculated by Clemence.41 Table 2.2 lists the calculated pre-
cession rate of Mercury’s perihelion and that of the ascending node, which will
be relevant when we discuss Mercury’s rotational state.

The question whether the current solar system architecture is stable has been
of large interest, mainly because it strong effects on Earth’s climate if our planet’s
orbit substantially changes, and because Earth may collide with other large ob-
jects. The stability of our solar system is also relevant for the formation and
evolution of Mercury. Lagrange33, 42 and Poisson43, 44 showed that the secular
variations of planetary orbital elements are periodic and bounded if only first and
second order terms for planetary masses and orbital elements in the perturbation
function (equation 2.11) are accounted for. Because terms of increasing order
generally have a smaller contribution to the perturbation, this shows that the solar
system is stable up to a second order approximation. The perturbation function
(R) has been expanded up to increasingly higher order terms to examine the orbital
dynamics over long timescales by e.g., Le Verrier,45, 46 Poincare,47 and Brouwer
and van Woerkom.48 These results show that Mercury’s eccentricity varies peri-
odically between ∼ 0.11 and ∼ 0.24 on large timescales.48, 49 Later, it was shown
that high order terms in R do produce secular (non-periodic) variations in or-
bital elements, which indicates that the solar system is unstable over timescales
of ∼ 109 years.50–53 In particular, Mercury’s eccentricity and inclination behave
chaotically over timescales of hundreds of million years between (but not strictly
bounded) 0− 0.45 and 0°− 15°, respectively.54–57 This implies that Mercury
likely has traversed a much larger region of the solar system compared to how it
currently completes its laps around the Sun.
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2.3 Mercury’s relativistic orbit
To test whether the theoretical precession rate of Mercury’s perihelion matches
observations, Le Verrier37, 38 extracted a perihelion precession rate of ∼ 565 arc-
sec per century for Mercury from the documented telescopic observations of Mer-
cury throughout prior centuries. Comparing this observed precession rate to his
calculated theoretical precession leaves a perihelion drift of ∼ 38 arcsec per cen-
tury unexplained. Analogously to the planet Neptune, which existence he had
predicted from unexplained perturbations in the orbit of Uranus, he now hypoth-
esized the existence of a yet undiscovered object within Mercury’s orbit58 which
became known as ‘Vulcan’. This prediction initiated many observational attempts
to detect this object. Newcomb59 included new observations in a re-analysis on
Mercury’s perihelion advance, and obtained a perihelion precession offset of∼ 43
arcsec per century. Newcomb59 also found discrepancies in the orbital precession
of Venus, Earth and Mars. The combination of discrepancies in secular variations
for all these planets cannot be solved by the hypothetical presence of one intra-
Mercurial planet, because Vulcan would not significantly perturb the more distant
planets. Instead, Newcomb hypothesized that many unobserved small objects
(dust etc.) of substantial total mass should be present in the inner solar system.60

The discrepancy of 43 arcsec per century in Mercury’s perihelion precession with
respect to Newtons laws of gravity was repeatedly confirmed by subsequent anal-
yses.61, 62

In 1915, Einstein63 published his theory of general relativity, which implies
that space is curved with respect to time in the vicinity of massive objects. He
showed that the offset in Mercury’s perihelion precession is almost completely
due to this curvature.64 Schwarzschild65 soon hereafter formulated the precise
metric of relativistic motion, from which the calculation can be re-constructed.
This calculation is reproduced in various ways66–68 of which one example is
shown in Appendix 2B.

Since the introduction of radar technology in the 1960’s, transit observations
have become less relevant for fine-tuning Mercury’s orbital elements. Transit
observations are still of interest to study the black drop effect that occurs upon first
contact with the solar disc and for measuring the size of the Sun, which is slightly
pulsating.69–75 For this purpose, the use of old documented transit observations is
problematic due to a lack in the time precision of observed contacts of Mercury’s
disc with the solar disc. We refer to Houzeau76 and Newcomb59 for an extensive
overview of Mercury transit observations prior to 1882 and to Gilliland71 for a
more recent overview of transit observations with the specific aim to determine
the Sun’s size. More information on the search for Vulcan, and the calculation of
Newtonian and relativistic secular variations in Mercury’s perihelion precession
can be found in Rosevare and Dicke77 and Harper.78
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Figure 2.3: Estimates for the Astronomical Unit are set out against their year of publica-
tion. The grey-shaded area denotes the two standard deviation confidence region around
the moving average of the four latest datapoints. The right vertical axis is obtained by
scaling the left vertical axis by a factor of 0.387 to obtain estimates for the semi-major axis
of Mercury (αm). Data are taken from Hughes.79 The currently adopted value for the AU
is 159597000km.

2.4 Measurements of the Astronomical Unit
So far, we have parameterized orbits relative to one another. To obtain real dis-
tances between planets, measurements of the Astronomical Unit (AU) have been
crucial. The AU can be measured by the parallax method, which is most easily
done by the observation of a transit from various locations on Earth, far apart.
Horrocks80 was the first to estimate the AU from a transit observation of Venus.
As a single observer of this transit, Horrocks80 was unable to apply the parallax
method. Instead Horrocks80 estimated the AU at 150000 Earth radii (equivalent
to 97 · 106 km) based on the incorrect assumption that planets are ∼ 28 arcsec
in diameter when seen from the Sun. Gregory81 proposed to apply the parallax
method during transit observations of Mercury. Mercury transits have the advan-
tage over Venus transits that they occur approximately thirteen times per century
compared to below two times per century for Venus transits. Mercury transits
have the geometric disadvantage that its proximity to the Sun produces only a
small parallax. Attempts to measure the Sun’s size by Mercury transits were for
this reason inherent to large uncertainties.

Halley17, 82 proposed to apply the parallax method again on Venus transits of
1761 and 1769. Astronomers fell short of the desired precision in 1761 because
Venus’s transit was poorly observable due to problematic practical circumstances
of various astronomers. After Venus’s orbital elements were re-evaluated, a more
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precise measurement of the AU was obtained in 1769. Venus transits of 1874
and 1882 provided another improvement to below 0.2% uncertainty. We refer
to Hughes79 for more information on AU measurements. Figure 2.3 shows the
estimates for the AU and the corresponding semi-major axis of Mercury set out
against the year of publication for data collected in Hughes.79 The estimate for
Mercury’s semi-major axis in figure 2.3 is obtained by multiplying the AU by
Mercury’s present-day semi-mayor axis (0.387 AU).

2.5 Appendix 2A
In this appendix, we show the derivation of Kepler’s laws out of the central accel-
eration given by equation 2.10 for a point Sun gravity potential. We can write the
position of the planet as rer. Combining the definition of acceleration

a =
d2rer

dt2 =
(d2r

dt2 − r
(dψ

dt

)2)
er +

(
r

d2ψ

dt2 +2
dψ

dt
dr
dt

)
epsi, (2.13)

with equation 2.10, we obtain

r
d2ψ

dt2 +2
dψ

dt
dr
dt

= 0 (2.14)

and
d2r
dt2 − r

(dψ

dt

)2
=−GmS

r2 . (2.15)

Rewriting equation 2.14 as
d
(
r2 dψ

dt

)
dt

= 0 (2.16)

shows that r2 dψ

dt is a constant, which confirms Kepler’s second law. This quan-
tity is the orbital angular momentum of the planet per unit mass, which we will
abbreviate as h = r2 dψ

dt . We use

d2r
dt2 =− 1

r2 h2 d2
( 1

r

)
dψ2 (2.17)

to rewrite equation 2.15 in the form

d2
( 1

r

)
dψ2 +

1
r
=

GmS

h2 . (2.18)

We recognise this equaton as a linear differential equation in 1
r (known as har-

monic oscillation) with the solution

1
r
=

GmS

h2 (1+ ecos(ψ−ψ0)). (2.19)
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Without loss of generality, we may set ψ0 = 0. The above is identical to Kepler’s
first law (equation 2.1) with

h2 = GmSα(1− e2). (2.20)

Finally, we use the total area of an ellipse

A = πα
2
√

1− e2. (2.21)

to determine the orbital period

P2 =
A
dA
dt

=
πα2
√

1− e2

1
2 h

=
4π2α3

GmS
, (2.22)

which (due to the third power of α3) confirms Kepler’s third law. Hence, the
Keplerian parametrization of orbits is accurate as long as the gravity potentials of
other objects are negligible and the Sun is simplified to a point mass at a fixed
location.

2.6 Appendix 2B
This appendix gives a calculation of the relativistic precession of Mercury’s peri-
helion. The Schwarzschild metric in polar coordinates with the Sun at the center
is

dτ
2 =

(
1−2

GmS

c2r

)
dt2−

(
1−2

GmS

c2r

)−1
c−2dr2− r2

c2 dψ
2, (2.23)

which is written concisely as

dτ
2 = xgµ,ν xT, (2.24)

with x= [dt dr dψ] and gµ,ν the diagonal matrix associated with this metric. Since
the indices do not depend on t and ψ , two Killing vectors Kt = [1 0 0] and Kψ =
[0 0 1] can be found. Killing vectors Kµ have the property that gµ,ν Kµ ·∇µ = 0.
This relates to conserved quantities along a motion in the direction of Killing
vectors, equivalent to how we found the angular momentum in the Newtonian
problem (Appendix 2A). For our Kt and Kψ these conserved quantities are the
normalized energy ( E

Mxc2 ) and normalized angular momentum per unit mass ( h
c ),

which we equate to gµ,ν Kt ·∇µ and gµ,ν Kψ ·∇µ

E
Mxc2 =

(
1−2

GmS

c2r

) dt
dτ

(2.25)

and
h
c
=

r2

c
dψ

dτ
. (2.26)
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These conserved quantities enter the metric by substitution for dt and dψ . By
rearranging terms we get

1
c2

dr2

dτ2 +
h2

c2

( 1
r2

)
= 2

GmS

c2
1
r
+2

GmSh2

c4

(1
r

)3
+
( E

Mxc2

)2
−1. (2.27)

We will work toward a linear differential equation in the same form as equa-

tion 2.18. Using dr
dψ

= −r2 d( 1
r )

dψ
and equation 2.26, we substitute dr

dτ
= dr

dψ

dψ

dτ
=

−h d( 1
r )

dψ
in equation 2.27

h2

c2

(d
( 1

r

)
dψ

)2
+

h2

c2

(1
r

)2
= 2

GmS

c2
1
r
+2

GmSh2

c4

(1
r

)3
+
( E

Mxc2

)2
−1. (2.28)

Now, we take the derivative with respect to ψ (only 1
r has a ψ dependence) and

obtain the desired linear differential equation

d2
( 1

r

)
dψ2 +

1
r
=

GmS

h2 +3
GmS

c2
1
r2 . (2.29)

This differential equation is impossible to solve algebraically for 1
r . Fortunately,

without the right-most term, this differential equation is identical to the Newtonian
problem for which equation 2.1 is the solution. We want to estimate only the
change of the orbit caused by the relativistic term 3 GmS

c2
1
r2 . Because the precession

within one orbital period is very small, we may approximate the term 1
r2 using

equation 2.19 to obtain

d2
( 1

r

)
dψ2 +

1
r
=

GmS

h2 +3
G3m3

S
c2h4 2ecos(ψ)+3

G3m3
S

c2h4 +3
G3m3

S
c2h4 e2 cos2(ψ). (2.30)

Since the relativistic term 3 G3m3
S

c2h4 is only a small perturbation to this harmonic

oscillator problem, only the multiplicated term 3 G3m3
S

c2h4 2ecos(ψ) with the same
frequency as the Newtonian solution contributes to the precession. Hence, the
two right-most terms in equation 2.30 can be dropped:

d2
( 1

r

)
dψ2 +

1
r
=

GmS

h2 +3
G3m3

S
c2h4 2ecos(ψ). (2.31)

We guess the solution of the above equation to be

1
r
=

GmS

h2

(
1+ ecos(ψ)+3

G3m3
S

c2h2 eψ cos(ψ)
)
. (2.32)

and check by double differentiation with respect to ψ it indeed satisfies equa-

tion 2.31. Because 3 G3m3
S

c2h2 ψ is small, we have by small angle approximations

cos
(

ψ−3
G3m3

S
c2h2 ψ

)
≈ cos(ψ)+3

G3m3
S

c2h2 ψ sin
(

3
G3m3

S
c2h2 ψ

)
. (2.33)
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It follows that the orbit is approximately described by

r =
α(1− e2)

1+ e · cos
(

ψ−3 G3m3
S

c2h2 ψ

) , (2.34)

which is an ellipse with a perihelion precession rate (π̇)

π̇ ≈ 2π
3GmS

c2α(1− e2)P
. (2.35)

For Mercury, this equates to 42.96 arcsec per century, using the parameters of
table 2.1.
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Chapter 3

Mercury’s size, mass and
gravity field

3.1 Mercury’s size
The apparent sizes of planets as observed from Earth vary in time due to their
variable distance from Earth. For this reason, astronomers usually normalized
the observed planetary diameter to its ‘angular diameter at distance unity’, which
refers to its angular diameter as observed from Earth when the planet is located at
a 1 AU distance from Earth.

Because the Sun’s emitted light obscures the edges of the nearby Mercury-
disc, Mercury’s angular diameter was highly overestimated from observations by
eye. Brahe,85 for example, noted that Mercury’s diameter is approximately a fif-
teenth of the Sun, which corresponds to an angular diameter of∼ 130 arcsec. Tele-
scopic observations, and particularly the transit observations of a black Mercury-
disc across the face of the Sun, greatly improved the estimates of Mercury’s size.
Gassendi11 observed Mercury’s angular diameter to be below 20 arcsec during
his transit observation, which was soon supported by non-transit telescopic ob-
servations by Van den Hove (Hortensius).86 Subsequent transit and non-transit
telescopic observations confirmed the small size of Mercury, but the reported
measures in the seventeenth century still varied by about a factor of three. The
accuracy of these measurements converged to 5−12 arcsec and 5.5−7.5 arcsec
in the eighteenth and nineteenth centuries, respectively, due to the introduction of
and improvements on heliometer and micrometer instruments.87 Telescopic sys-
tems in the early twentieth century determined Mercury’s diameter up to a few
hundred km precision. The introduction of radar technology in astronomy, first
applied to observations of the Moon in 1945,88 provided estimates of Mercury’s
diameter with a precision of a few km.62 Figure 3.1 shows size estimates for
Mercury through time in terms of angular diameter at distance unity and the cor-

29
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Figure 3.1: In (a), the estimates for the angular diameter for Mercury are set out against
their year of publication. The grey-shaded area denotes the two standard deviation con-
fidence region around the moving average of the ten latest estimates. Most of the data is
taken from See83 and Vaucouleurs.84 In (b), the confidence region of (a), and that of the
Astronomical Unit (figure 2.3) are propagated to a confidence region of Mercury’s diam-
eter. The upper and lower limits are computed by multiplying the tangent of the angular
diameter with the corresponding AU. The currently adopted value for Mercury’s diameter
is 4879 km.

responding planetary diameter in km. The latter is obtained by propagation of the
uncertainties in the AU. Observational data spanning 1630− 1976 as assembled
by Houzeau,76 See,83 and De Vaucouleurs84 are used, complemented with later
measurements of Camichel et al.,89 Ash et al.,62, 90 Lieske et al.,91 Rosch et al.,92

Howard et al.,93 and Dolfus.94

3.2 Mercury’s mass and density
The mass of a (primary) object can be determined by measuring the gravitational
acceleration of other (secondary) objects due to the gravitational attraction caused
by the primary’s mass. For example, Sun’s mass is derived from Earth’s orbit by
MS = 4π

AU3

GP2 , with P a year (equation 2.22). Solar mass estimates based on past
AU estimates and their associated uncertainties are shown in figure 3.2. We do
not take into account the uncertainties in G, which was first measured in 1798.

The approach used above for obtaining the solar mass can be similarly used
to estimate masses of planets with natural satellites (moons) by measuring the
planet-moon distance. Because telescopic estimates of planet-moon (except the
Earth-Moon) distances rely on a correct determination of the AU for consistent
distance measures throughout the solar system, the accuracy of these planetary
mass estimates also depends on the accuracy with which the AU is known. For
this reason, planetary masses are usually reported in terms of reciprocal solar



3.2. MERCURY’S MASS AND DENSITY 31

Figure 3.2: This figure shows estimates for the Sun’s mass as derived from the estimates
for the Astronomical Unit (figure 2.2). The calculation is based on Newton’s universal law
of Gravity, applied on the Earth’s orbit. For details, we refer to the text. The currently
adopted value for the Sun’s mass is ∼ 1.989 ·1030kg.

masses, a measure independent of the AU. This method provided early mass de-
terminations of Jupiter and Saturn, but was impossible to apply to Mercury due
to the lack of a mercurian moon. Based on mass and size estimates for Earth,
Jupiter, and Saturn, Lagrange32 noted in 1782 that the bulk densities of planets
decrease with solar distance. He parametrized planetary bulk densities inversely
proportional to the distance from the Sun, and fitted this relation to the density of
Earth, Jupiter and Saturn. This yielded a bulk density for Mercury of 2.58 times
that of Earth’s bulk density.32 Laplace95 converted this density estimate to the
first estimate on Mercury’s mass of 2025810−1 solar masses, using the available
estimates of Mercury’s size.

A first measurement of Mercury’s mass was performed by the examination of
secular orbital variations of other solar system objects that result from Mercury’s
gravity potential. By observations of such secular variations of a perturbed object,
the left hand side of equation 2.12 can be determined, which constrains the right
hand side of equation 2.12. This puts constraints on R, which is now a function of
Mercury’s mass (since Mercury is the perturbing planet in this problem). Encke98

was the first to adopt this method in 1841 by examining secular orbital variations
of comet Encke and obtained a Mercury mass of 4865751−1 solar masses. Anal-
ysis of secular orbital variations of Venus and Earth provided Mercury masses of
3182843−1 and 4360000−1 solar masses, respectively.46, 99 The large uncertainty
on Mercury’s mass in the nineteenth century and in the first half of the twenti-
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Figure 3.3: In (a), estimates for Mercury’s reciprocal Solar mass are plotted against their
year of publication. The grey-shaded area denotes the two standard deviation confidence
region around the moving average of the five latest datapoints. Most of the data are taken
from See96 and Klepczynski et al.97 In (b), the confidence regions around Mercury’s mass
are computed by dividing the confidence limits on the Solar mass (figure 3.2) with the con-
fidence limits on Mercury’s reciprocal mass (a). The currently adopted value for Mercury’s
mass is ∼ 3.302 · 1023kg. The small plot in (b) is a zoomed version of the main plot. The
anomalous increase in mass uncertainty between 1950 and 1955 is a side effect of the
applied running mean method.

eth century is illustrated by the much smaller estimate of Mercury’s mass by Von
Asten100 of 7636440−1 Solar masses, which was also obtained by analyzing long-
term secular orbital variations of Encke’s comet. In 1950, a thorough analysis of
the orbit of asteroid Eros refined Mercury’s mass estimate to 6120000−1 solar
masses with unprecedented precision.101 Later, the introduction of radar technol-
ogy enabled more precise tracking of object trajectories from which Mercury’s
mass was determined with an uncertainty below 1%.62, 91 A mass uncertainty be-
low 0.01% was obtained from tracking NASA’s Mariner 10 spacecraft that passed
Mercury in 1974.93

Figure 3.3 shows estimates for Mercury’s mass since 1796 as collected by
See96 and Klepczynski et al.,97 complemented by results of Harkness,102 Lieske
et al.,91 Howard et al.,93 and Anderson et al.103 Note that the uncertainty in the
AU is a significant contributor to the uncertainty in Mercury’s mass prior to 1874
and that the most substantial improvement on Mercury’s mass has been due to
the analysis of Eros’s orbit, published in 1950.101 For an overview of Mercury’s
mass estimates we refer to Klepzynski et al.97 and Lyttleton.104 Figure 3.4 shows
the uncertainty in Mercury’s density set out against time, derived from the mass
and size estimates of figures 3.1 and 3.3. The mass determination in 1950 led
to the realization that Mercury’s density, when corrected for internal planetary
pressures, is much higher than that of any other planet in the solar system.105
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Figure 3.4: This figure displays a confidence region for Mercury’s bulk density, obtained by
dividing the mass limits for Mercury (figure 3.3) by the volume of a sphere with diameters
corresponding to the uncertainty limits from figure 3.1. The currently adopted value is
5427 kg·m−3.

3.3 Mercury’s gravity field
So far, we have treated planets as point masses in space. In reality, the gravity po-
tential of a planet is the integral of point mass potentials over the planet’s volume.
Consequently, any non-spherical internal mass distribution of Mercury generates
spatial variations in the planet’s gravity potential, which is from here on referred
to as a ‘gravity field’. In light of space missions to Mercury that are able to detect
such spatial variations in gravity, a mathematical description of the gravity field is
needed that describes these variations.

Laplace106 showed that the gravity potential Vx of object x satisfies the Laplace
equation

∇
2Vx = 0, : f or r > R, (3.1)

with R the object’s radius. From this identity, a general expression for the gravity
potential close to nearly spherical objects is derived by Laplace106 and Legendre34

in spherical coordinates of the form

Vx(r,φ ,λ ) =−
Gmx

r

∞

∑
n=0

(R
r

)n n

∑
m=0

(Cn,m cos(mλ )+Sn,m sin(mλ ))Pn,m(sin(φ)),

(3.2)
with r(> R) the distance from the object’s center of mass, φ latitude, λ longi-
tude, mx the object’s mass, Cn,m, Sn,m, harmonic coefficients, m≤ n to denote the
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order of harmonics in longitude and latitude direction (n the total order of har-
monics, and m the order in longitude direction) and Pn,m the associated Legendre
functions.34 We refer to Kaula36 for a derivation of equation 3.2. The zero-order
harmonic C0,0 equals 1, so that neglecting the higher order terms (n,m ≥ 0) is
equivalent to treating the object as a point mass or as an object with spherical mass
distribution. The first order harmonics C1,0, C1,1, S1,0, and S1,1 define the degree of
mass asymmetry, which equal zero if the center of mass is at r = 0. Equation 3.2
only contains the gravity potential intrinsic to the planet, which dominates the
gravity field close to the planet (equation 2.7). Only at considerable distance from
the planet, the gravity potentials of other bodies (e.g. the Sun) substantially con-
tribute to the gravity field and, thus, to a satellite’s gravitational acceleration. The
satellite’s acceleration is determined by a continuous tracking of its location. In
light of equation 2.9, the gradient of the gravity field (equation 3.2) can be fitted
to the observed acceleration of the satellite, which yields the gravity harmonics.
Because the influence of the harmonic coefficients of total order n to the satellite’s
acceleration decays proportional to r−(n+2) (equations 3.2 and 2.9), low-order co-
efficients can be estimated by measurements of satellite accelerations at moderate
distance from the planet, whereas determination of higher-order coefficients re-
quires the tracking of a satellite at low altitude. Low-order coefficients represent
large scale mass asymmetries of the object, whereas high-order coefficients relate
to small-scale density variations in the shallow part of the planet and to topogra-
phy.

The first encounter of the Mariner 10’s satellite in 1974 was in occultation
(on the other side of Mercury as seen from the Earth) during its closest approach
and its second approach was too distant from the planet, which prohibited a suf-
ficiently precise radar tracking of the satellite’s orbit to constrain any non-central
gravity harmonics. Mariner 10’s third flyby in 1975, finally, yielded determina-
tion of C2,0 = −(8± 6) · 10−5.107 This low value for the gravity harmonic of
second degree in latitudes barely indicates a form of oblateness of its mass dis-
tribution. Anderson et al.103 re-analyzed the Mariner 10 encounters to determine
C2,2 = (1±0.5) ·10−5 and revise C2,0 to−(6±2) ·10−5. Other gravity harmonics
were not determined prior to the MESSENGER mission.

The above expression of the gravity field is static in time. We know that
Earth’s mass distribution varies periodically as a result of periodic variations in
the attraction to an external object (Earth’s tides caused by the Moon are an ex-
ample). Since the gravity field is the volume integral of the mass-related gravity
potential of the planet, the gravity field also has periodic variability associated
with tides. A formulation of this time-dependent tidal potential was pioneered
by Darwin,108 who formulated the tidal interaction between Earth and the Moon.
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The tidal potential (VT ) was further expanded by Kaula35, 109 and reads

VT =Gm∗
∞

∑
l=2

kl

( R2l+1

α∗,l+1α l+1

) l

∑
m=0

(l−m)!
(l +m)!

(2−δ0m)
l

∑
p=0

Flmp(i∗)
∞

∑
q=−∞

Gl pq(e∗)

Plm(sin(φ))
{

cos
sin

}l−m=even

l−m=odd
(v∗lmpq− εlmpq−m(λ +θ

∗)),

(3.3)

with
v∗lmpq = (1−2p)ω∗+(l−2p+q)M∗+mθ

∗.

In equation 3.4, parameters with an asterisk (*) denote the mass, orbital ele-
ments, sidereal angle and vlmpq term for the tide-raising object. Flmpq and Gl pq
are Kaula’s36 inclination and eccentricity functions, kl are the Love110 numbers
of order l, δ0m are the Kronecker delta, and εlmpq is the phase lag of the deforma-
tion.

Mercury’s tides are dominated by variations of the subsolar point and solar
distance. Hence, the tide-raising parameters correspond to those of the Sun in a
Mercury-centric frame such that they simply equal Mercury’s orbital elements,
with the exception that i∗ in equation 3.3 refers to Mercury’s obliquity (ε) and
m∗ = mS. The total gravity field can now be written as V =Vm +VT , with Vm the
static gravity potential of Mercury.
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Chapter 4

Mercury’s rotation

4.1 Detection of Mercury’s rotation
Rotational periods of solar system objects were historically determined by visu-
ally tracking the position of surface markings through time. The rotation of our
Moon was particularly well-known from observations, as one always observes the
same lunar hemishere by eye. Cassini111 postulated that the lunar rotational state
satisfies three conditions:

1- The Moon’s rotational period is equal to its orbital period.
2- The Moon’s obliquity is constant.
3- The Moon’s orbit normal, ecliptic normal and spin-axis are co-planar.

For Mercury, no surface markings of relevance were distinguished prior to the
19th century,112 due to Mercury’s proximity to the Sun. At the onset of the 19th
century, Mercury’s rotational period was estimated at∼ 24 hours based on a series
of Mercury observations by Schröter.113 Subsequent observations yielded similar
rotational periods for almost a century.114–117

Winchell118, 119 suggested that Mercury may have synchronized his rotation
by tidal interaction with the Sun, similar to how the Moon has synchronized
its rotation with respect to Earth.108 Astronomer Schiaparelli120 repeatedly ob-
served the same illuminated hemisphere of Mercury in series of observations
spanning 1881− 1886 and concluded that Mercury always faces the Sun with
the same hemisphere, such that its rotational period indeed equals its orbital pe-
riod (∼ 88 Earth days). Mercury’s proposed synchronous rotation was widely
accepted after many other astronomers broadly confirmed Schiaparelli’s observa-
tions,121–130 although some astronomers did oppose to Mercury’s suggested slow
rotation.117, 131–133 Figure 4.1 shows drawings of Schiaparelli120 and Antoniadi124

to illustrate the detail in such observations (or rather the lack thereof). Observa-

37
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Figure 4.1: Drawings of Mercury’s illuminated hemisphere by (left) Schiaparelli and
(right) Antoniadi. Source: Defrancesco138 and Antoniadi.124

tional reports did note discrepancies between surface drawings of Mercury, but
these were generally considered to be inherent to the observational difficulties for
Mercury and to the personal interpretation of the observers. Another suggested
cause of these inconsistencies was that the observational feature of the same sur-
face marking may vary trough time by atmospheric processes and a variable illu-
mination angle.126, 129, 134 Some discrepancies were thought to result from optical
librations in longitude (geographical variations of Mercury’s hemisphere that is
illuminated by the Sun), which are ∼ 47° in total amplitude for a synchronously
rotating Mercury. First radio-metric measurements in the early twentieth cen-
tury detected thermal emissions from Mercury’s night side, which is inconsistent
with the expected low temperature of an hemisphere that never receives solar ra-
diation.135 But this discrepancy between theoretical and observed surface tem-
peratures was considered of less significance compared to the visual evidence of
Mercury’s synchronous rotation by most, even by the authors that reported the
thermal measurements136, 137 (see section 7.4).

First radar measurements of Mercury’s rotation in 1963139 were consistent
with the 88-day rotational period for Mercury, but actually only determined that
the planet rotates at a slow rate. Later radar measurements in 1965 surpris-
ingly discovered that Mercury’s rotational period is 59± 5 Earth days,140 which
Colombo141 soon recognized as two-thirds of Mercury’s orbital period (a rota-
tional period of ∼ 58 Earth days) and characterized as a 3 : 2 spin-orbit resonance
(see figure 4.3 for a sketch of this rotational state). Re-analyses of past surface
mappings showed that the early telescopic observations were in agreement with
the 58-day rotational period.142–146 One reason that early astronomers did not
derive the 58-day rotational period from telescopic observations is that these ob-
servations were most often performed during near-greatest elongation events for
Mercury. Because Earth’s orbital period (∼ 365 days) is approximately four times
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Mercury’s orbital period (∼ 88 days), the greatest elongation events are alternat-
ing between near-maximum greatest elongation (∼ 28°) and near-minimum great-
est elongation (∼ 18°) events. Astronomers were more confident of the observed
markings during near-maximum greatest elongation periods (when the Mercury-
Sun distance as observed from Earth is maximal), which occur roughly every
other orbital period of Mercury at which Mercury indeed faces the Sun with the
identical hemisphere. It takes six Earth years, approximately, for the illuminated
part of Mercury at the larger greatest elongation event to swap hemisphere. A
single series of observations often did not exceed such a period, which made the
observer to observe identical illuminated surfaces in series of his most trustwor-
thy observations, and conclude that Mercury always faces the Sun with the same
hemisphere. Inevitably, there had been discrepancies between surface drawings
throughout decades.147 The first satellite visit to Mercury by NASA’s Mariner 10
mission in 1974 confirmed the rotational period of 58.65 Earth days photographi-
cally.148, 149

From early telescopic observations, Mercury’s obliquity was inferred to be
small.120, 125, 129 The first radar measurement of Mercury’s obliquity yielded an
upper bound of 28°.150 Earth-based telescopic observations constrained the obliq-
uity to below 3°151 and analyses of Mariner 10 high-resolution photography con-
strained the obliquity to 2±6.6°.148, 149 In 1992, radar measurements constrained
the obliquity to below 1°.152 Hence, Mercury’s spin-axis is nearly orthogonal to
the orbital plane.

4.2 Mercury’s rotational stability
Mercury’s 3 : 2 spin-orbit resonance state was shown to be stable soon after its
peculiar rotational state was detected.141, 143, 153, 154 Here we sketch the basic ro-
tational dynamics of Mercury, neglecting obliquity (ε = 0) and Mercury’s secular
orbital precession. Under these simplifications, a torque (T ) about the rotational
(polar) axis is related to the rotational acceleration by

θ̈ =
T
C
, (4.1)

where θ denotes the (sidereal) angle between the Sun - Mercury line at perihelion
and Mercury’s A-axis (the long axis corresponding to Mercury’s minimum mo-
ment of inertia), and C Mercury’s polar (maximal) moment of inertia. Because the
solar gravitational pull on Mercury dominates over those related to other planets,
the solar gravitational torque (TS) dominates over interplanetary torques. With
US = mSVm, the potential energy of a point Sun in Mercury’s gravity field, and
FS = −∇US, the associated gravitational pull, TS is given by the cross product
TS = −r×FS. The component of TS that acts on Mercury’s polar axis is given
by (TS)

TS =−mS
δVm

δλ
. (4.2)
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We express TS in terms of the minimum (A), intermediate (B) and maximum (C)
inertia momenta using the identities

C20 =−
C− A

2 −
B
2

mR2 , C22 =
B−A
4mR2 , (4.3)

in the harmonic expansion of Vm (equation 3.2). Because we assume a zero obliq-
uity, many terms cancel in the differentiation of equation 3.2 as in equation 4.2.
With Vm truncated to the second order gravity harmonics terms and n = 2π

P and

MS =
n2α3

G (equation 2.22), we find

TS =−
3
2

n2(B−A)
1
r3 sin(2(θ −ψ)). (4.4)

We introduce γ = θ − 3
2 M, the libration angle with respect to the stable 3 : 2 spin-

orbit resonance. Also, we use eccentricity functions Gl pq introduced by Kaula:36

1
r3 sin(3M+2γ−2ψ) =

1
α3

∞

∑
q=−∞

G20q(e)sin(2γ +(1−q)M). (4.5)

Note that this infinite sum is a result of the inverse problem of Kepler’s equations
(equations 2.5 and 2.6) of approximating ψ in terms of M. With these substitu-
tions, equation 4.4 becomes

TS =−
3
2

n2(B−A)
∞

∑
q=−∞

G20q(e)sin(2γ +(1−q)M). (4.6)

To study the long-term stability of the 3 : 2 spin-orbit resonance, equation 4.6 may
be averaged over an orbital period. Due to the oscillating sines for q 6= 1, only the
q = 1 term remains154

〈TS〉=−
3
2

n2(B−A)G201(e)sin(2γ), (4.7)

where 〈·〉 denotes the orbit average. Combining equations 4.7 and 4.3, and using
d2y
dt2 = d2θ

dt2 , we obtain the pendulum equation for Mercury’s rotation rate about a
3 : 2 spin-orbit resonance

γ̈ =−3
2

B−A
C

n2G201(e)sin(2γ). (4.8)

Because G201(e)> 0 only for e > 0, the stability of the 3 : 2 spin-orbit resonance
requires e > 0 and B−A

C > 0 (note that e = 0.206 > 0 for Mercury, and (B−A)> 0
according to Mariner 10 estimate of C22). Actually, B−A

C > 0 is not mandatory if
tidal torques drive Mercury to the 3 : 2 spin-orbit resonance, which may be the
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Figure 4.2: These figures are obtained by the integration of equation 4.1.

case if e is substantially larger than zero. The frequency (ω f ) of this pendulum
equation, referred to as Mercury’s ‘free libration’ frequency, is given by

ω f = n
(

3
B−A

C
G201(e)

) 1
2

(4.9)

and the separatrix between libration and circulation is

γ̇ = n
(

3
B−A

C
G201(e)

) 1
2

cos(γ). (4.10)

Any other torque exerted on Mercury perturbs its free libration. A particular
one is related to the tidal deformation of Mercury’s distribution of mass caused
by Mercury’s varying orientation with respect to the Sun (see equation 3.3). Sim-
ilar to how 〈TS〉 is obtained, the formulation of the tidal torque is derived from
evaluating the tidal potential energy of a point Sun in Mercury’s tidal potential
(TT =−r×FT), with FT =−∇mSVT . The expression can be simplified by again
using Kaula’s inclination and eccentricity functions on φ and λ , truncating VT to
its second order terms (l < 3), and assuming ε = 0. Since parameters with and
without asterisks in equation 3.3 now both denote orbital elements of Mercury,
the asterisks can be removed. Doing so, we obtain (see e.g. Noyelles et al.155)

〈TT 〉=
3Gm2

SR5

2α6 ∑
q∈Z

G2
20q(e)k2 sin(ε200q). (4.11)

In this formulation, k2 sin(ε200q) is still free for definition and describes the tidal
response of Mercury’s interior, for which an appropiate rheology needs to be im-
plemented. Any sensible tidal model has sin(ε200q) > 0 for rotation rates θ̇ <
n
2 (2 + q) and sin(ε200q) < 0 for θ̇ > n

2 (2 + q), such that each q-component of
equation 4.11 drives Mercury to the q-corresponding spin-orbit resonance. The
eccentricity and tidal response of Mercury determine the contribution of individ-
ual q-components.
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The 3 : 2 spin-orbit resonance is stable if the average tidal torque over a free
libration period 〈TT 〉 is smaller than the maximum solar torque of the pendulum

〈TT 〉=
3
2

n2(B−A)G201(e). (4.12)

Because TT is small compared to TS for Mercury’s present-day eccentricity of
0.206 and 3 : 2 spin-orbit resonance, TT does not substantially disturb Mercury’s
rotational state. Instead, it slowly damps any free libration on a time-scale of
∼ 105 years.156 In figure 4.2 we numerically integrated equation 4.1 with T =
TS + TT , TS being the non-averaged solar torque (equation 4.6) and TT the tidal
torque by adopting the tidal model as described later in this thesis (chapter 11).

4.3 Physical librations of Mercury
In the previous section, we have seen that the on-average rotational velocity of
Mercury is fixed by its 3 : 2 spin-orbit resonance. Assuming that the tidal torque
has damped any free libration of rotation rate, the q = 1 term of equation 4.6 is
zero and 〈γ〉 = 0. Small forced in-orbit librations remain, governed by the q 6= 1
terms of equation 4.6 (see figure 4.3). Hence, the in-orbit variations in rotation
rate are driven by a solar torque

TS =−
3
2

n2
∑
q6=1

G20q(e)sin((1−q)M). (4.13)

Using d2γ

dM2 = d2γ

dt2 n−2 = d2θ

dt2 n−2 and equation 4.1, we obtain the acceleration of
libration in terms of mean anomaly

d2γ

dM2 =−3
2

B−A
C ∑

q6=1
G20q(e)sin((1−q)M). (4.14)

Neglecting the terms other than the q = 0 or q = 2 terms, which are several orders
of magnitude smaller and oscillate at a higher frequency, we obtain the forced
in-orbit librations157

γ ≈ 3
2

B−A
C

(G202(e)−G200(e))sin(M). (4.15)

The amplitude of these forced librations only slightly depends on C
mmR2 and strongly

depends on B−A
C (and thus on C22). Incorporating the Mariner 10 measurement of

C22, the amplitude of Mercury’s physical libration oscillations is between 10 and
29 arcsec. Figure 4.2c shows the forced physical librations for completely damped
free librations, using the Mariner 10 best-fit estimate of C22.

The detection of Mercury’s forced librations long seemed to require a space
mission with a lander.158, 159 However, an ingenious radar method is applied since



4.3. PHYSICAL LIBRATIONS OF MERCURY 43

Figure 4.3: This figure shows how the gravitational interaction between Mercury and Sun
generates small in-orbit variations in Mercury’s rotation rate. These are referred to as
‘physical librations’.

the early twenty-first century to further constrain the orientation of the rotational
axis, and determine the amplitude of forced librations.160–162 The procedure con-
sists of two Earth-based radar speckle receivers at large distance from each other
(one in California and the other in West Virginia), and one radar transmitter at one
of these locations (California). The correlation in the retrieved radar signals from
Mercury is maximal at times that both receivers are located in the plane of Mer-
cury’s rotation, after correcting for a time-offset in between received signals for
the two locations. The time-offset that maximizes the correlation of the received
radar signals relates to the rotational velocity of Mercury. The observed variations
in rotational velocity correspond to an amplitude of Mercury’s physical librations
of 35.8±2 arcsec in longitude.163 We will address the implications of the offset
of this libration amplitude with respect to the theoretical libration amplitude of
10−29 arcsec in section 9.2.
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4.4 Mercury’s rotational evolution
Now that the stability of the 3 : 2 spin-orbit resonance is described, the question
remains how Mercury arrived at this rotational state. From either an initial rapid
prograde or retrograde rotation, TT (equation 4.11) decelerates Mercury’s rotation.
In our numerical simulations of figure 4.2, we show a case where Mercury is cap-
tured from a rotation slightly faster than the 3 : 2 spin-orbit resonance. However,
since it is unlikely that Mercury’s rotation started close to its current rotation rate,
Mercury must somehow have first passed other spin-orbit resonances in order to
reach the 3 : 2 spin-orbit resonance state at all. Mercury inevitably has attained ro-
tation rates commensurate with other spin-orbit resonances under some libration
angle γ . Assuming a uniform probability for this initial libration angle at such a
spin-orbit resonance encounter, Goldreich and Peale154 derived the probabilities
(P) for capture at the spin-orbit resonance in terms of the tidal and solar torques:

P =
2

1+
πTT,q 6=q′∫ π/2

−π/2 TT,q=q′ (2γ̇)dγ

. (4.16)

where γ̇ is as in the separatrix of rotation and libration (equation 4.10), TT,q6=q′

denotes the sum of q 6= q′ components of TT that are insensitive to the small varia-
tions in rotation rate throughout the free librations (see equation 4.11) and TT,q=q′

is the q = q′ component of TT that does vary with the free libration variations in
rotation rate (hence, the integral over γ).

The capture probability depends on the adopted tidal model, Mercury’s orbital
eccentricity, and the triaxiality B−A

C . Problematically, the capture probability at
the 3 : 2 spin-orbit was found to be low for a rigid Mercury.154, 164 For a partially
molten Mercury, capture at the 3 : 2 spin-orbit resonance is nearly certain.154, 165

However, a capture in the 2 : 1 spin-orbit resonance is also certain for a partially
liquid Mercury, which prevents a partially molten Mercury to reach the 3 : 2 spin-
orbit resonance.

Most of the early studies on Mercury’s rotational evolution used a constant
eccentricity for Mercury.143, 154, 165, 166 Some studies164, 167 did account for a long
term variability in the eccentricity of 0.11 < e < 0.24 according to Brouwer and
Van Woerkom.48 After incorporating the chaotic evolution of Mercury’s orbital
elements,52, 53, 55, 56 the 3 : 2 resonance is shown to be a more probable outcome
than previously thought.168, 169 One reason for the increased odds of a final 3 : 2
spin-orbit resonance state is that the stability of the 3 : 2 spin-orbit resonance is
maintained down to a low eccentricity of 2.6 · 10−5, whereas higher-order spin-
orbit resonances are unstable at higher eccentricity. This makes it possible that
Mercury previously attained spin-orbit resonances of higher order that were desta-
bilized by variations in Mercury’s orbital eccentricity.



4.5. MERCURY’S CASSINI STATE 45

4.5 Mercury’s Cassini state
After Mercury’s 3 : 2 spin-orbit resonance state was discovered, Colombo170 gen-
eralized Cassini’s first condition to being locked in any spin-orbit resonance, so
that the Cassini laws also apply to Mercury. Cassini’s second and third law, then,
state that the orientation of Mercury’s spin-axis is linked to its orbital plane. We
have seen in section 2.2 that the orientation of Mercury’s orbital plane varies with
time. Because a planet tends to align its axis of minimum moment of inertia
with its orbital plane in absence of an orbital precession, the continuous change
in the orientation of Mercury’s orbital plane induces a torque on Mercury. Not
surprisingly, the formal description for Mercury’s Cassini state involves its obliq-
uity (ε) and the orbital precession of Mercury’s ascending node of ∼ 450 arcsec
per century, which were neglected in section 4.2 for simplicity. We sketch the
mathematical description of Mercury’s Cassini states here, because of its impor-
tant implications on Mercury’s rotational dynamics and interior structure. More
thorough derivations can be found in literature.159, 170–176

The description of Cassini states can be understood by the development of
an expression for Mercury’s total energy (H),177 which is a conserved quantity.
Following Peale,171 we define the Mercury-fixed x− y− z system by the axes
that correspond to A, B, and C, the X −Y −Z system with Z the orbit normal, X
perpendicular to the orbital precession, and Y conventionally perpendicular to Z
and X , and φ , ψ and ε the Euler angles between these systems. The expression of
Mercury’s total energy is170–173

H =
L2

2C
−|L · Ω̇|+US +UT , (4.17)

where L is the angular momentum vector (in the direction of Mercury’s spin axis),
Ω̇ the ascending node’s precession vector, and US and UT the solar and tidal poten-
tial energy. Because we are interested in the average rotational state of Mercury
over a much longer period than a single orbit, H can be averaged over an orbital
period (denoted by 〈H〉). Because we now take the obliquity of Mercury into
account, the averaged expressions of potential energy slightly differ from those
in section 4.2. It is convenient to rewrite the solar gravitational potential (equa-
tion 3.2) in terms of Kaula’s36 inclination (Flmp) and eccentricity (Glmp) functions
such as the G20q terms in equation 4.5. By truncating the obtained expression
to the second order gravity harmonics and averaging over an orbital period, we
obtain

〈US〉=n2
((

C− A
2
− B

2

)
F201(cos(ε))G210(e)−

B−A
4

F220(cos(ε))G201(e)cos(2ω−2φ −2ψ0)+ ...
)
,

(4.18)

where some insignificantly small terms are neglected, F201(cos(ε))= 1
2−

3
4 cos2(ε)

and F220(cos(ε)) = 3
4 (1+ cos(ε))2. As a result of Hamilton’s principle that any
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dynamical trajectory follows the stationary points of the Hamiltonian, the solu-
tions of

d〈H〉
δψ

= 0, (4.19)

d〈H〉
δφ

= 0, (4.20)

and
d〈H〉

δ cos(ε)
= 0, (4.21)

define the stable rotation states of Mercury. Since L2

2C is independent of φ , ψ , and
ε , and

〈|L · Ω̇|〉=−L|Ω̇|(sin(ε)cos(φ)sin(i)− cos(ε)cos(i)), (4.22)

is independent of ψ , it follows that d〈H〉
δψ

= d(〈US+UT 〉)
δψ

. Because ψ is an angle in
Mercury’s equatorial plane, similar to γ and θ , we have seen in section 4.2 that
the solution of equation 4.19 is the damped libration around a spin-orbit reso-
nance (Cassini’s first law, generalized to being locked in a spin-orbit resonance).
For a planet in a spin-orbit resonance, 〈dUS〉

dφ
= 0. So when we neglect the tidal

potential energy, the solutions for equation 4.20 are those of 〈dL·Ω̇〉
δφ

= 0, which
are equivalent to sin(φ) = 0. Hence, φ = 0 or π , which correspond to a spin-axis
co-planar with the orbit normal (Cassini’s third law). Finally, for Mercury in spin-
orbit resonance, with φ = 0 or π and again neglecting the tidal potential energy,
equation 4.21 becomes

d〈H〉
δ cos(ε)

= 0 =L|Ω̇|
( sin(i)

tan(ε)
+ cos(i)

)
−

3
2

n2
(B−A

4
(1+ cos(ε))G201(e)+

cos(ε)
(

C− A
2
− B

2

)
G210(e)

)
.

(4.23)

Up to four solutions of equation 4.23 exist for ε , that each define a Cassini
state (Cassini’s second law). Only one of these solutions, numbered as a Cassini
state 1, is consistent with Mercury’s observed small ε . For this reason, it was
predicted that Mercury is in the Cassini state 1 of a 3 : 2 spin-orbit resonance.
The obliquity corresponding to the Cassini state 1 is so small that the small an-
gle approximation tan(ε) ≈ ε and cos(ε) ≈ 1 can be done to simplify the above
equation to obtain (also using L = 3

2 nC, which corresponds to Mercury’s 3 : 2
spin-orbit resonance)

ε =
|Ω̇|sin(i)

−|Ω̇|cos(i)+nG210(e)
(C−A

C −
B−A
2C

)
+nG201(e)B−A

2C

, (4.24)
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Figure 4.4: This figure shows ranges of obliquity and (C−A)/C and (B−A)/C that are
consistent with the Mariner 10 measurements for C/MR2 = 0.325 (black) indicative of a
differentiated interior, and C/(MR2) = 0.38 (red) indicative for a non-differentiated inte-
rior. More accurate determination of C22 and C20 would constrain the feasible range of
(C−A)/C and (B−A)/C, and places bounds on Mercury’s moment of inertia C/(MR2).
The purple area denotes the range of Mercury obliquity as determined from radar by Mar-
got et al.163

which can be alternatively expressed as (using equation 4.3)

ε =
C

mmR2
|Ω̇|sin(i)

− C
mmR2 |Ω̇|cos(i)−nC20G210(e)+2nC22G201(e)

. (4.25)

Note that Mercury’s Cassini 1 obliquity depends on the normalized polar moment
of inertia C

mmR , C20, and C22. Feasible values of C
mmR are between ∼ 0.325 for

a Mercury with differentiated core, and ∼ 0.38 for a non-differentiated Mercury.
Figure 4.4, shows the range of Cassini 1 obliquities (∼ 1.5 arcmin < ε < 3 arcmin)
for these C

mmR that are consistent with the Mariner 10 measurements of C20, and
C22.

In the expression for the Cassini state obliquities, we did not account for the
tidal potential of Mercury. Peale173 showed that the tidal perturbations to the
above expression do not substantially disturb the stability of the Cassini state 1.
Instead, tides drive Mercury’s spin axis towards the Cassini state 1 from virtually
any initial orientation and subsequently damp free librations around this equilib-
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rium.
The radar-speckle measurements, which provided the first measurements of

the amplitude of Mercury’s forced librations in longitude, also provided an im-
proved measurement of Mercury’s obliquity.163 A compilation of maximum cor-
relation events in these radar-speckle measurements yield Mercury’s average plane
of rotation (and the spin-axis which is orthogonal to this rotational plane). A first
series of these events indicated that Mercury’s obliquity is 2.11±0.1 arcmin and
is nearly constant.163 Additionally, the results showed that the rotational axis is
approximately coplanar with Mercury’s orbit normal and the ecliptic normal. This
result, combined with the locked 3 : 2 spin-orbit resonance for Mercury, implies
that Mercury’s spin axis is indeed positioned near the Cassini state 1.



Chapter 5

Mercury’s formation

5.1 Formation of the solar system
Swedenborg,178 Kant179 and Laplace95 hypothesized that the solar system formed
by the collapse of a dust cloud, which simultaneously flattens and increases in ro-
tational velocity by the conservation of angular momentum. During this collapse,
gravitational energy is converted to radiation and heat, which vaporizes the dust
cloud to a gaseous nebula of disc-like geometry. Various materials condense out
of this nebula as it gradually cools, and the solar system eventually forms by
the accretion of this condensed matter. A problem for this hypothesis is that the
combined angular momentum of planets account for ∼ 99% of the solar sys-
tem’s angular momentum, but only 1% of its total mass.180–182 This observation
is inconsistent with the conservation law of angular momentum which states that
angular momentum is preserved during the collapse of the gas nebula, i.e. the Sun
should be rotating much faster than it currently does.

Alternative solar system formation theories emerged in the early 20th century.
Chamberlin and Salisbury183 suggested that gaseous solar material got ejected
due to gravitational interaction with a passing star and that part of this material
ended up in solar orbit. The ejected material condensed to form planetesimals that
eventually collided and accreted to end-member planets. Hence, the geometry of
our solar system (with planets and other objects), would be the result of the rare
event of a passing star. Several modified versions of this passing star scenario
appeared in the following decades.184–187 In 1935, Russell188 objected to the
whole scenario of a passing or colliding secondary star by showing that the ejected
solar material by any such an event could not maintain a solar distance comparable
to that of the current planets.

In the decades that followed, a variety of theories emerged to explain the for-
mation of planets and the slow solar rotation.189–198 The most generally accepted
formation theory of the solar system today is based on the work of Safronov.198
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He proposed a version of Kant’s nebular hypothesis in which the low solar angular
momentum is accounted for by the Poynting-Robertson effect.199, 200 This effect
follows from the fact that, from the relativistic point of view of a dust grain in
heliocentric orbit, solar photons (i.e. sunlight) approach dust grains with a small
angle to the front instead of precisely tangential from the side. This produces a net
friction force which lowers the dusts angular momentum and causes dust to spiral
inward. When the dust merges with the Sun, it lowers the angular momentum of
the Sun.

In 1984, the observation of a dust disk around the young star Beta Pictorius201

confirmed that other stars form by a mechanism similar to Kant’s nebula hypoth-
esis. Later, various discs have been observed around stars and many stars are
observed to be orbited by one or several planets (exoplanets). For this reason, the
formation of our Sun with planets in near-disc-geometry is likely a general feature
of star formation and it is unlikely that our solar system is the result of a rare event
such as the passing of a star. However, there is still some debate on the cause of
the low angular momentum of our Sun.202

5.2 The composition of the solar nebula
Because the solar system is almost certainly the condensation product of a former
hot gaseous solar nebula, the composition of the early nebula largely determines
the composition of solar system objects. In this section, we discuss the constraints
on the solar nebula’s composition.

The realization that meteorites represent the building blocks of rocky plan-
ets203 led to increased scientific interest in and the first classification of mete-
orites in the nineteenth century.204–206 This classification became more detailed
in the early twentieth century as both the number of found meteorites grew and
the quality of their compositional analyses improved.207–211 Goldschmidt211 pro-
duced the first sensible table of the relative abundance of non-volatile elements in
meteorites based on a comprehensive meteoritic survey. For non-volatile species,
Goldschmidt’s table is remarkably similar to the relative abundances of the non-
volatile elements of the Sun, which was determined by an analysis of the solar
spectrum.212 This is an important indication that meteorites originate from similar
matter as the Sun, as far as non-volatile elements are concerned. Volatile elements
(which are gaseous in nature) have not been gravitationally bound to small mete-
oritic objects and should be disregarded when comparing meteorites to the solar
spectrum. While the meteoritic database expanded and spectral analyses on the
Sun’s atmosphere were improved on, the average composition of old meteorites
and spectrographic estimates of the solar composition converged to a remarkable
similarity for the majority of non-volatile elements, with differences in relative
elemental abundances mostly below 20% for some meteorite classes (figure 5.1).
Although this supports the hypothesis that old meteorites on-average represent the
composition of the early solar nebula, compositional differences between individ-
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Figure 5.1: This figure shows elemental abundances of the Sun’s atmosphere relative to
those found in CI chondrites. Figure after Lodders.229

ual meteorites are substantial, which indicates that the condensate products of the
solar nebula do vary with the timing and location of their formation.

Key studies on this topic213–225 and detailed overviews on advances in mete-
oritic studies and the solar system chemistry226–229 can be found in the references
of this thesis. For completion, we note that volatile elements such as hydrogen (H)
and helium (He) are dominant in the Sun and are also the main constituents of the
giant planets Jupiter and Saturn. Hence, to some degree the equivalence relation
between the nebula’s composition and the composition of planets also holds for
the volatile portion of giant planets.

5.3 Condensation, accretion and Mercury
After material in the solar system condensed by the cooling of an initial hot
gaseous solar nebula, the condensed species separated from the gas by accretion.
Because condensation pressures and temperatures vary among oxide and metallic
substances, the composition of the condensed material depends on the conditions
at which the solids and gasses accreted. Illustrative for the governing chemical
relations of solar nebula condensation is the chemical relation between magnetite
and iron

1
4

Fe3O4 +H2(g) =
3
4

Fe+H2O(g), (5.1)



52 CHAPTER 5. MERCURY’S FORMATION

where (g) denotes a gaseous phase and others are solid phases.105, 230–232 The
equilibrium of this and similar chemical relations depend on the relative abun-
dances of hydrogen (H) and oxygen (O) in the gas

k =
H2O
H2

. (5.2)

For the solar nebula, k ∼ 2 ·10−3. The equilibrium of such a chemical relation is
determined by the Gibbs free energy

∆G =−RT · ln(k), (5.3)

with R the universal gas constant (8.31 J K−1 mol−1), ∆G the Gibbs’s free en-
ergy of the corresponding chemical relation and T temperature in Kelvin. With
∆G determined from experimental data (∆G of formation is ∼−228 kJ mol−1 for
H2O(g) and ∼ −1010 kJ Mol−1 for Fe3O4), the equilibrium temperature of this
chemical relation is ∼ 470 K. Magnetite (Fe3O4) and gaseous hydrogen (H2) are
stable at temperatures below 470 K, whereas metallic iron (Fe) and water vapor
(H2O) are stable at higher temperatures. Other minerals have different condensa-
tion temperatures, such that the temperature of the gas determines the composition
of the condensates in equilibrium with the early gaseous solar nebula. Chemical
analyses of meteorites showed that the larger the iron content in metal, the smaller
the iron content in oxides (Prior’s rule).208, 209 This indicates that chemical rela-
tions similar to equation 5.1 likely are responsible for variations in iron’s chemical
state (metallic vs oxidized) in the early solar system.

Earth is rich in oxygen but is reduced in hydrogen compared to the nebula’s
composition. In light of the above mechanism, this is most easily explained by
assuming that the condensed species that accreted to form Earth have separated
from the nebula at low temperatures (below ∼ 400 K).230 Condensed oxygen was
retained in the oxide-rich proto-Earth, whereas gaseous helium was not gravita-
tionally captured by Earth’s modest gravity field. However, since iron is oxidized
at these low temperature conditions, an explanation is required for the metallic
iron that is found in meteorites and the lack of metallic iron on Earth’s surface.
Urey105 suggested that a late stage of planetary accretion has heated the planets
to such extent that most iron would reduce to metallic form by chemical relations
similar to equation 5.1. Subsequently, core-mantle segregation would be initiated
by density differences between metal and silicate. To explain that metallic iron is
also observed in meteorites (which lack the accretional energy needed to reduce
iron to metallic form and inititate metal-silicate differentiation), large collisions
between differentiated planetesimals were proposed to release a debris of metallic,
silicate, and mixed material which form metal-rich meteorites.

Urey105 pointed out that Mercury’s density is much higher than that of the
other planets (after correcting for the much higher pressures inside Earth and
Venus compared to Mercury and Mars). He proposed that sufficiently high tem-
peratures could be attained on planetary bodies by accretion and core-mantle dif-
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ferentiation such that certain oxides evaporate and leave a planet enriched in met-
als. If these temperatures varied among planets, this leads to diverse silicate/metal
ratios among planets and could explain Mercury’s high density. However, he pro-
vided no argument why Mercury specifically would reach higher temperatures
than other terrestrial planets.

Hayashi233 and Ezer and Cameron234 showed that the Sun underwent a lu-
minous stage that lasted a few million years after Sun’s formation. As a result,
the early inner solar nebula would have maintained high temperatures during first
stages of accretion. Based on chemical relations similar to equation 5.1, high
temperature condensates poor in oxygen, such as metallic iron, would separate
directly from the solar nebula by accretion in proximity of the Sun, whereas ox-
idized condensates would separate from the nebula at more distant regions as a
result of lower temperatures. By this mechanism, metal-rich meteorites do not re-
quire a fragmented differentiated host object for their origin.217, 232, 235, 236 A high
condensate-gas separation temperature also has implications for the abundance of
other elements. Relatively volatile elements such as sulfur, sodium and potassium
would have remained gaseous during accretion at high temperatures whereas rel-
atively refractory elements such as magnesium, calcium, aluminium and titanium
are stable in condensed form at high temperatures.

Ringwood232 realized that the abundance of oxygen (oxygen fugacity) in con-
densed species also influences which minerals form. After condensed material
has segregated from the nebula by means of accretion and accreted to a planetary
object, the oxygen fugacity remains a factor that influences chemical processes
within a planet. For example, the chemical reaction

2MgSiO3 = Mg2SiO4 +Si+O2, (5.4)

attains equilibrium more to the right-hand side when there is a lack of oxygen,
i.e. fosterite (Mg2SiO4) forms at the expense of enstatite (MgSiO3) and sili-
con becomes increasingly metallic in low oxygen environments. Similarly, Fe
would be dominantly metallic instead of oxidized. As long as planetary accretion
does not involve efficient compositional mixing throughout the solar system, the
higher abundance of metal-rich condensates close to the Sun propagates to a high
metal/silicate ratio of Mercury, which would naturally explain the planet’s high
density.232

Ringwood’s232 theory gained considerable support.237–243 In particular, Lewis237

convincingly attributed the high average density of Mercury to high accretion
temperatures close to the Sun (figure 5.2). However, the requirement of ineffi-
cient compositional mixing in the early solar system is problematic because the
temperature and pressure range at which metallic iron dominates over other con-
densed species is small. Consequently, the region and duration of a condensation
process for which metallic iron is the dominant condensed member, are small and
short. Studies on the dynamics of the early solar system, i.e. on the orbital trajec-
tories of proto-planetary objects and the exchange of collisional debris, show that
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Figure 5.2: This figure shows a hypothetical adiabatic temperature profile of an early hot
solar nebula with the present-day planetary positions and condensation temperatures of
various minerals. The figure is after Lewis.237

a significant amount of compositional mixing must have taken place in the solar
system, in particular close to the Sun.198, 244–246 This implies that Mercury must
have accumulated material from a large region of the solar system and cannot
have accreted only high-temperature condensates. For this reason, it is broadly
recognized that Mercury’s high density is inconsistent with the general theory of
planetary formation.247, 248

5.4 Theories for Mercury’s formation
Three formation theories have been proposed to explain Mercury’s high density:

1- Based on the current low mass in the accumulation zone of Mercury compared
to the regions of Venus and Earth,249 Weidenschilling250 proposed that a large
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amount of material may have been removed from Mercury’s accumulation zone
by Poynting - Robinson drag. This removal could be more effective for silicate-
rich condensates than for metals. This enhances the metal to silicate ratio in the
proto-Mercury such that a metal-rich Mercury remains.

2- High-velocity impacts have stripped mantle material from proto-Mercury af-
ter it completed core-mantle differentiation.246, 251–254 The gravitational fields of
Earth and Venus are too strong for substantial amounts of silicate debris to escape
the gravitational pull of those planets, and impacts on Mars do not occur with
sufficient velocity to strip mantle material, despite the similar surface gravity of
Mars compared to that of Mercury. For this reason, Mercury may have been the
only terrestrial planet that is significantly stripped by impacts.

3- Urey’s105 suggestion that silicate material evaporated after accretion-induced
heating and subsequently removed from Mercury by the solar wind was revived.255, 256

Additional to planetary accretion, an extremely hot period for the Sun was sug-
gested as a heat source for Mercury, which did not affect the other planets.

These three formation scenarios have been extensively reviewed.247, 248, 257 Each
of these envolves either a mechanism that is not well understood or requires a rare
sequence of events to have taken place. Theory 1 requires that accretion stages
with small grain sizes, which are affected by Poynting - Robinson gas drag, had
a large influence on Mercury’s accretion. Whether these particular stages and the
corresponding dynamics really played a dominant role is unclear. Theory 2 re-
quires a specific type of a large impact, or a series of them, with a questionable
probability of occurrence. Theory 3 requires an extremely hot state of Mercury at
an early age at which Mercury’s location and existence have not been established.

5.5 The composition of Mercury’s silicates
Each of the above formation hypotheses has implications for Mercury’s current
state.247 The gas-drag hypothesis implies that the high metal-silicate ratio has its
cause in the accretion stage. Subsequent planetary evolution has likely followed a
‘normal’ planetary evolution such that, aside from a large core, Mercury’s current
configuration would be similar to other terrestrial planets. In particular, it could
facilitate the formation of a thick primordial crust. A late collision would strip
most of the planet’s crust, leaving a planet reduced in crustal minerals that are
usually rich in Ca, Al and alkali metals. The planet’s current surface could in-
stead be enriched in minerals of mantle origin. A vaporization event would enrich
Mercury in all refractory elements and significantly reduce its budget of volatile
elements. Hence, measurements of Mercury’s surface composition and crustal
thickness may provide essential constraints on Mercury’s formation models.

Because no meteorite has been convincingly dubbed as from Mercurian origin
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Table 5.1: Proposed bulk silicate compositions of Mercury. (1) Morgan and Anders,258

(2) Goettel,259 (3) Fegley and Cameron,256 (4) the EH chondrite,262 and (5) the CB chon-
drite.263

Oxide 1 2 3 4 5
SiO2 47.1 1.2−32.1 38−48 61.3 49.8
TiO2 0.33 0.5−0.8 0.15−0.3 0.1 0.2

Al2O3 6.4 12.4−
18.1

3.5−7 2.5 5.3

Cr2O3 3.3 − − 0.7 0.6
FeO 3.7 0−8.3 0.5−5 1.8 4.4
MgO 33.7 34.5−

67.7
32−38 30.5 36

CaO 5.2 9.9−14.6 3.5−7 1.5 3.7

and the planet’s surface composition has been largely unknown, Mercury’s bulk
composition was estimated by condensation, accretion and formation theory in
relation to its mass.258 A range of bulk and silicate compositions for Mercury
have been proposed,248, 259 either related to a specific formation hypothesis256 or
based on a meteorite class.260, 261 In particular the EH and CB meteorites have
been advocated as possible analogues of Mercury based on their oxygen-reduced
signature, which suggest that they separated from the solar nebula in the inner
region of the solar system. The metal fraction of the CB chondrites exceeds that
of Mercury. Hence, it would directly explain Mercury’s large metal fraction if
this meteorite is a prominent constituent. Table 5.1 lists proposed bulk silicate
compositions for Mercury.



Chapter 6

Mercury’s age, evolution and
interior structure,
pre-Mariner 10

6.1 The age of our solar system
Before the twentieth century, estimates on the age of the solar system were ob-
tained by calculating the time required for the Sun and Earth to cool to present-day
temperatures from starting temperatures that result from the gravitational energy
produced during solar (nebula) contraction, planetary accretion and core-mantle
differentiation.264–267 Other heat sources, such as the heat produced by internal
chemical processes and by meteorite impacts, were shown to be insignificant com-
pared to the release of gravitational energy. These calculations estimated the Sun’s
age at (only) 10− 40 million of years, whereas it would take 20− 400 million
years for the Earth to cool to present-day temperatures. Geologist and biologists
argued that the Earth should be much older than claimed by these calculations,
based on geological phenomena that are naturally only produced on much larger
timescales268, 269 and based on the sophisticated lifeforms and biological diversity
of today that require a longer time-period to develop.270 Problematically, Earth’s
formation seemed to predate the Sun. Late in the nineteenth century, physicists
also expressed doubts on the low age estimates of Sun and Earth.271, 272 In the
early twentieth century, radioactive decay was discovered and recognized as a
substantial heat source for planets. Later, nuclear fusion was discovered and rec-
ognized as a dominant heat source for our Sun.273, 274 These discoveries solved
the discrepancy between the ages of Earth and the Sun, but left their ages uncon-
strained.275

Rutherford276 showed how radioactive decay could be used to estimate the
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age of rocks, which led to a first rock dating two years later.277 In the early
twentieth century, the isotopic chemistry, reaction chains and the accopanying
rates of radioactive decay were more thoroughly examined and put into usefull
equations.278, 279 Also, the mass-spectrometer was modernized to obtain more
accurate isotopic measurements.280, 281 Revised estimates of the age of Earth’s
oldest rocks in the 1920’s282 were followed by the first convincing ages for ancient
crustal rocks in the 1940’s of ∼ 3.3 billion years.283

The age of old meteorites should reflect the timing of their nebula conden-
sation and are therefore indicative of the start of the solar system. The first dat-
ing of meteorites was performed in 1930.284 After accumulating meteorite and
surface rock age measurements over the following decades, the upper and lower
boundary of Earth’s age seemed indistinguishable within (early) analytical errors
(4.55±0.07 billion years).285 This is evidence that the Earth, and likely also the
other planets, formed shortly after the first condensates formed. Nowadays, oldest
meteorites date at 4.568 billion years,286 whereas the Earth is thought to be only
10−100 million years younger.287–289 For an overview on the scientific progress
on meteorites and Earth’s age, we refer to Burke226 and Badash.290

6.2 Mercury’s interior configuration and thermal evo-
lution

In 1847, Boisse203 drew a cross-section of Earth with a center dominated by
metallic iron. Wiechert291 suggested ∼ 50 years later that Earth’s metallic core
is effectively segregated from an outer silicate layer analogously to the segrega-
tion of mineral and metal phases found in meteorites. Seismic observations in the
early twentieth century provided first evidence for major density discontinuities
in Earth’s deep interior.292 Later seismic measurements revealed the location of
the core-mantle boundary, the crust-mantle boundary (Moho) and the inner core
boundary.293–296 These boundaries provide strong constraints on Earth’s interior
configuration, in addition to the average density of Earth. For an overview of these
discoveries, we refer to Brush.297 Unfortunately, seismic measurements are diffi-
cult to perform on other planets because seismometers need to be emplaced on the
surface and more than one seismometer is needed to fully probe a planet’s interior.
In the absence of seismic data for Mercury, Mercury’s average density, properly
derived as late as 1950,101 has been the only physical constraint on Mercury’s in-
terior for a long time. Interior models of Mercury before this mass measurement
did not consider a core of substantial size to be present in Mercury.298–301

In the 1940’s, the theory that Earth and (possibly) other terrestrial planets
contain metallic cores was challenged by alternative theories.301–304 The most
competitive theory (Ramsey’s theory) was that terrestrial planets are composition-
ally similar and have homogeneous interiors.301 The seismically inferred density
discontinuities at depth in Earth would correspond to pressure-induced isochem-
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ical phase transitions in silicates instead of compositional discontinuities. The
measurement of Mercury’s high density was an argument against this hypothesis
because Mercury’s density is too high to be accounted for by homogeneous bulk
Earth material: The suggested dense high-pressure mineral phases in Earth’s deep
interior cannot exist in the low-pressure regime of Mercury’s interior.105, 305, 306

Additionally, the striking similarity between the composition of meteorites and
Sun’s atmosphere and the fact that metallic iron is a prominent constituent of the
inner solar system (but not as abundant on Earth’s surface) could not simply be
ignored. Although (parts of) Ramsey’s theory echoed for several decades,307–312

the presence of a metallic core in Earth become highly favored. This is partly due
to the identification of Mercury’s large mass, which is most easily reconciled by
a metallic iron abundance of around 55− 70 wt%.307, 313–318 The doubt on the
Mariner 10 measurement of Mercury’s mass expressed by Lyttleton well into the
1990’s319, 320 can be considered as a late remainder of Ramsey’s theory. Lyttle-
ton’s doubts were carefully rebutted by re-analyses of Mariner 10 data103 and by
obtainng consistent mass estimates for Mercury from analysing perturbations in
the orbit of Venus caused by Mercury.321, 322

Early thermal evolution models for Mercury attempted to determine whether
its interior would have attained sufficiently high temperatures to initiate core-
mantle differentiation, or whether alternatively Mercury has its Fe-rich metal uni-
formly distributed throughout its volume. Input parameters for these thermal evo-
lution models include the initial bulk planetary abundances of the most significant
long-term heat producing elements uranium (U), thorium (Th) and potassium (K).
Majeva323 was the first to perform thermal evolution models on Mercury using
meteoritic abundances of these elements, and concluded that interior temperatures
would unlikely exceed melting temperatures of metals or silicates such that core-
mantle segregation may not have occurred in Mercury. Siegfried and Solomon324

showed that if uranium, thorium and potassium abundances as implied by con-
densation models were adopted, Mercury’s interior would have experienced more
intense heating and core-mantle segregation would be inevitable. Hence, thermal
evolution models did not agree on the extent of differentiation of Mercury’s inte-
rior, but they did agree on Mercury having cooled to a completely rigid state at
present. In interior configuration models that assumed Mercury to be differenti-
ated in a core and mantle, the location of the core-mantle boundary (CMB) varied
roughly between 1600−2200 km in radius, depending on the densities of the core
and mantle.307, 317



60 CHAPTER 6. MERCURY’S AGE, EVOLUTION AND INTERIOR ...



Chapter 7

Mercury’s surface and
environment, pre-Mariner 10

7.1 Optical properties
Given that astronomers were unable to detect Mercury’s 3 : 2 spin-orbit resonance
by optically differentiating between hemispheres, surface maps produced prior to
1965 are evidently inherent to large errors. For this reason, we do not describe
maps that were produced prior to 1965 but describe more robust optical measure-
ments of Mercury’s exterior. Albedo is the material characteristic for reflectivity
of radiation.325 The geometric albedo (pX ) for radiation of a range of wavelengths
(X) is defined as the ratio of reflected radiation at zero phase angle relative to that
of an idealized flat diffusely reflecting (Lambertian) surface, i.e. it is the ratio of
the observed brightness compared to that of surface that is fully reflective in all
directions. The bond albedo (A) is the reflectivity of incident radiation integrated
over all phase angles. As a measure for the reflection of the total incident radia-
tion, A is directly related to energy balance considerations of planetary surfaces.
Polarization of light326 can occur by reflection on a surface or atmosphere. A
measure for polarimetry is the ratio of polarized light to the total light at a specific
wavelength. In the 19th century, various types of radiation were discovered of
wavelengths outside the visual spectrum.327–330 A radiation spectrum sets out the
radiation wavelength against intensity. Material-specific signatures can be found
in spectra of emitted and reflected radiation from the planetary surface.

Optical characteristics of Mercury are difficult to obtain due to its proximity
to the Sun: In daytime, it is the difficult to separate direct solar radiation from
Mercury’s reflection signal. At night, Mercury can only be observed just before
sunset or just after sunrise, when lots of air masses of Earth’s atmosphere are
disturbing Mercury’s spectrum.

First measurements for Mercury’s global visual geometric albedo (pV ) ob-
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tained in 1874331 and 1897332 ranged 0.11− 0.14, and were confirmed by later
measurements.333, 334 The corresponding AV ranges 0.055−0.069.335 This makes
Mercury the darkest planet in our solar system, with an albedo slightly lower than
that of our Moon.

After an unsuccesfull attempt in 1906,336 significant polarization was detected
in Mercury’s reflectance signal for yellow wavelengths in 1929 by Lyot.337 These
measurements showed similarity with previous polarimetry measurements of the
Moon. Later polarimetry measurements were spatially resolved and showed an
increased polarization from low albedo surfaces,338 which was also previously
observed on our Moon. These measurements additionally confirmed the polari-
metric similarity with the Moon for the green and red spectrum.

Mercury’s brightness variations with phase and the increase of reflectivity with
wavelength were also in striking similarity with lunar characteristics.333, 339–343

The increase of reflectivity with wavelength throughout the visual spectrum for
the Moon was ascribed to iron- and titanium-rich glasses on the lunar surface
which were potentially produced by micro-meteorite bombardment, based on a
comparison with synthetic laboratory spectra. In analogy, the same was proposed
for Mercury. An absorption band in the reflection spectrum at ∼ 950 nm342, 343 is
also characteristic of iron- and titanium- rich glasses, but pre-Mariner 10 obser-
vations were of insufficient spectral resolution to provide closure on the existence
on this absorption band in Mercurian reflection spectra.

After the discovery of Mercury’s 3 : 2 spin-orbit resonance, new albedo maps
were produced with a resolution of (at best) 250 km.144–147, 151, 340, 344 A spatial
variability of albedo could reflect variations of surface material. Studies however
disagreed on the degree of albedo variability on Mercury.151, 344

7.2 Topography
Topographic features on Mercury were examined by radar since the late 1960’s.345–351

A general interpretation of these measurements was that Mercury is likely covered
by a rough, intensively cratered surface, much like the Moon. Signatures of up
to 5− 6 km surface height variations and craters of up to 50 km in diameter and
700 m in depth were reported. However, the spatial density of craters could not
be inferred from these radar measurements.352

7.3 Atmosphere
Mercury’s atmosphere can hold information on its geological activity and surface
processes. If Mercury is geologically active, volcanic degassing of carbon, hy-
drogen, and/or sulfur compounds from the interior would be a likely source for
the atmosphere in analogy to Earth’s, Venusian353 and Martian atmospheres. If
Mercury is geological inactive, the radiogenic decay of surface 232Th, 235U and
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238U to atmospheric 4He and the decay of surface 40K to atmospheric 40Ar may be
a significant atmospheric source. Additionally, the solar wind may supply He, H,
Xe, and Ne to Mercury’s atmosphere. However, the strong solar would likely blast
away any substantial atmosphere from Mercury. Additionally, Mercury’s low sur-
face gravity and high surface temperatures would cause atmospheric escape of
many possible atmospheric constituents. Hence, it was questionable whether Mer-
cury has any atmosphere at all.

Early transit and spectral observations of Mercury did not detect any atmo-
spheric features.337, 354–357 Early polarisation measurements337 indicated that Mer-
cury’s atmosphere thickness is less than 1

400 th of Earth’s atmosphere thickness.
Dolfus130, 338 observed an increase in polarization from radiation emitted at the
edge of Mercury’s disc, which he interpreted as reflection from an atmosphere
with surface pressure of ∼ 1 mbar. However, a dominant part of the polarization
at the edge of Mercury’s disc appeared to be related to the increased reflection
angle of light on the surface.358 This realization lowered the upper limit for the
atmospheric pressure to 0.2 mbar.334, 359 Carbon dioxide (CO2) and hydrogen
(H) emission lines in Mercury’s spectrum reported by Moroz360 and Kozyrev361

were indications for a CO2- and H-containing atmosphere. A tenuous CO2-rich
atmosphere could indeed resist solar wind interactions and may also resist a ther-
mal escape of Mercury’s atmosphere.362 However, many attempts to confirm
the reported CO2 signatures were unsuccessful, and the H signatures reported by
Kozyrev were related to reflected radiation from the Sun (which is H-rich) which
may not have been carefully filtered out in the analysis.352, 363–367 Based on the
non-existent CO2 features, the upper bounds for CO2 surface pressure was low-
ered to∼ 10−4 mbar.367 Theoretical considerations on solar wind interactions and
the thermal escape rates decreased the upper bound for surface pressure further to
10−6 mbar.358, 365, 368

Minimum conditions for Mercury’s atmosphere were assessed by considera-
tion of a continuous incoming flux by the solar wind (H, He, Ne) and radioactive
decay of the surface (He and Ar), which balances the atmospheric escape.369 Re-
sults showed that certain elements must be present in small amounts. The corre-
sponding minimum surface pressure strongly depends on the surface temperature,
with a likely minimum of ∼ 10−12 mbar. Due to the interaction with the solar
wind, it is expected that the density of such an atmosphere would be two orders of
magnitude higher at the night side compared to the day side of the planet.370, 371

For completeness, we note that water vapor (H2O) has also been suggested as a
possible atmospheric constituent for Mercury.372

7.4 Surface temperature
Mercury’s low albedo and thin atmosphere implies that its surface acts much like
a black body. Planck’s laws state that a black body absorbs nearly all incident
(solar) radiation and emits the same amount of thermal radiation with a tempera-
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Figure 7.1: This figure shows a two-orbit cycle of Mercury’s subsolar longitude with Mer-
cury at perihelion at day 44 and 132. Colors indicate Mercury’s distance from the Sun.
Note that the Sun spends a long time period above the 0° and 180° longitudes, precisely
when the solar distance is minimum. On the other hand, the ±90° longitudes witness a
secondary sunrise and sunset at times when the subsolar longitude is nearly to 90° away.
These variations lead to strong longitudinal variations in the daily temperature cycle on
Mercury.

ture dependent spectrum,373, 374 if it is in thermal equilibrium with its surrounding
medium. For the temperature range of Mercury’s surface, this thermal spectrum is
dominated by high infrared to radio wavelengths. At these wavelengths, thermal
emissions dominate over the reflected radiation. For a surface that is not in ther-
mal equilibrium with its surrounding medium, the rate at which the temperature
approaches that of its surroundings is controlled by the thermal inertia (I = Kρc,
with K thermal conductivity, ρ density and c heat capacity) of surface material.
Mercury’s slow rotation ensures that its daytime surface area is close to thermal
equilibrium, such that daytime surface temperatures can be derived from the high
infrared to radio wavelength spectrum. If Mercury were in a synchronous rotation,
the planet’s dark side would also be in thermal equilibrium because it would never
get heated by the Sun. Night side thermal emissions would approximately equal
the negligible incident radiation and be undetectable because the heat delivered
from the planet’s interior and the heat conducted from the subsolar to antisolar
hemisphere can heat up the anti-solar surface to only 32 K.375 For Mercury in
3 : 2 spin-orbit resonance, the planet’s dark side has been recently heated by the
Sun and may not fully equilibrate thermally within a Mercury-night. In this case,
night-side surface temperature measurements could constrain the thermal inertia
of the surface.
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Before the discovery of Mercury’s 3 : 2 spin-orbit resonance, Petit and Nichol-
son135–137 performed the first infrared temperature measurements of roughly 685
K and 550 K for Mercury’s subsolar points at perihelion and aphelion, respec-
tively. They also detected significant thermal emissions from the dark side of Mer-
cury. But the difficulty in measuring temperature from the dark side made these
early measurements doubtful evidence for a non-synchronous rotation. The mea-
sured subsolar temperature of∼ 600 K is consistent with the thermal behaviour of
a lunar-like surface. Howard376, 377 determined the temperature of Mercury’s total
disc from Mercury’s radio spectrum. By assuming that Mercury is rotates syn-
chronously and hence these emissions dominantly originate from the day side, he
obtained sub-solar surface temperature much higher than ∼ 600 K. A thin argon-
rich atmosphere has been proposed378, 379 to transport heat from the subsolar to
the anti-solar hemisphere, such that the dark side contributes to the detected em-
misions as well and the total-disc radio measurements become more in line with
a subsolar temperature of ∼ 600 K. But a sufficiently large atmosphere became
impossible after an upper bound for the surface pressure was set at 1 mbar. The
inconsistency of the thermal measurements was largely solved by the discovery
of Mercury’s 3 : 2 spin-orbit resonance,380 which implies that the dark side also
emits thermal radiation. Some studies still argued that the measured tempera-
ture variations between subsolar and anti-solar hemispheres were too small for
the slow rotation of a 3 : 2 spin-orbit resonance to be consistent with any reason-
able thermal inertia,381, 382 but this inconsistency diminished after the publication
of many new surface temperature measurements and thermophysical modelling
studies.383–397

Due to Mercury’s 3 : 2 spin-orbit resonance in a highly eccentric orbit, the Sun
makes a retrograde loop in Mercury’s sky386 (figure 7.1). This causes extensive
heating of the subsolar longitudes at perihelion, which alternatingly correspond to
the 0° and 180° meridians and are accordingly referred to as hot poles. Addition-
ally, secondary sunrises and sunsets take place at locations near the warm poles
(i.e. the 90° and 270° meridians). As a result, the daily temperature cycle dif-
fers substantially per longitude. Peak local noon temperatures vary from ∼ 700 K
near hot poles to∼ 570 K near the warm poles. At night, temperatures decrease to
∼ 100 K almost independent of longitude.386, 398 The corresponding cooling rate
can be matched by a thermal inertia of 0.0066±0.0018 J cm−2s−0.5K−1, which is
similar to that of the lunar surface. As Morrison391 puts it: "The thermophysical
behavior of Mercury closely approximates that expected for the Moon, were it
placed in the orbit of Mercury".

7.5 Subsurface
The diurnal temperature variations of Mercury’s surface penetrate Mercury’s sub-
surface, and decrease in amplitude with depth. The thermal skin depth is the
characteristic damping depth of these temperature variations and largely depends
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on the regolith properties thermal diffusivity ( K
ρc ), dielectric constant (ε) and loss

of tangent (tan∆). Thermal emissions in microwave and radio frequencies of high
wavelengths are emitted from the subsurface and therefore diagnostic of temper-
atures at depth. By measuring these subsurface temperatures at different times of
the diurnal cycle and at various wavelengths (corresponding to emissions from
various depths), subsurface temperature variability can be detected. With the
dielectric constant independently determined from Mercury’s global radar cross
section346, 399 or from measurement of the polarization of microwave and infra-
red radiation,397, 400 the other regolith properties can be estimated from the de-
tected microwave and radio emissions. According to a variety of measurements,
ε ranges 1.5−2.0 for the top few centimeters and increases to ∼ 3 at around 2.5
m depth. tan∆ is estimated at 0.007±0.002, also increasing with depth.397 These
data point to an increase of regolith density from 0.6− 1 g·cm−3 at the surface
to 1.5− 2 g·cm−3 at around 2.5 m depth.397 These thermal and electrical re-
golith properties, which depend on grain-size, looseness and porosity, are similar
to those found for the Moon.

7.6 Magnetic field
More than two centuries after Gilbert’s401 discovery of Earth’s magnetic field in
the year 1600, it was realized that magnetic fields are generated by closed elec-
trical currents.402 Seebeck403 showed that temperature variations across an elec-
trically conducting object with heterogenous conductive properties can induce an
electrical current through the material and produce an associated magnetic field.
Faraday404 showed that electrical currents could be generated by the rotation of
a conductive material parallel to the magnetic axis of a magnet. In 1919, Lar-
mor405 suggested that the rotation of conductive liquid within the Sun and Earth
are responsible for their magnetic fields. Convection of electrically conductive
liquids, likely driven by thermal and chemical energy,406 is generally thought to
be most effective in generating magnetic fields of planets. The composition of
this conductive liquid strongly varies with planet-type from metallic H for Jupiter
and Saturn, likely ammonia, methane, and/or water-based liquids for Uranus and
Neptune, to liquid Fe-rich core-metal for terrestrial planets.

In 1955, an obtained radio-signal from Jupiter’s magnetic field was the first
detection of a magnetic field on a planet other than our own.407 No magnetic
signatures in the radio spectrum were found for Mercury by Earth-based tele-
scopes.375 However, the lack of detected magnetic radio signatures does not rule
out the presence of a moderate magnetic field on Mercury, because the radio spec-
trum of Mercury is dominated by thermal emissions and no strong magnetic radio
emissions are expected from the small planet Mercury.

We have mentioned that it was considered unlikely that an interior liquid
layer would currently exist to produce a magnetic field.317, 323 If a liquid internal
layer would be present, it was questioned whether sufficiently vigorous convec-
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tion would be possible for magnetic field generation.408 If a magnetic field does
exists on Mercury, it was thought to be more likely be driven by interactions of the
solar wind with Mercury’s surface or a small atmosphere.369, 408, 409 A situation
similar to the Moon, where solar wind particles freely interact with the surface,
was considered most feasible for Mercury.408 Also, the possibility has been men-
tioned that temperature variations throughout Mercury’s interior could produce
electrical currents by the Seebeck effect, which may produce a small magnetic
field.317

Similar to gravity fields, magnetic fields are often described in terms of spher-
ical harmonics.410 Including external potentials, the (scalar) magnetic potential
can be written as

V (r,φ ,λ ) =R
∞

∑
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m=0

((R
r
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r
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)
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(7.1)

where g and h denote the magnetic harmonics of the magnetic field intrinsic to
Mercury, and G and H denote the magnetic harmonics due to external magnetic
potentials. The magnetic field (B) is, then, given by B = −∇V . Gauss predicted
that magnetic monopoles do not exist, i.e. the central term g0,0 equals zero. The
g1,0 is the dipole component of B, and other magnetic harmonic coefficients are
referred to as multipoles.
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Chapter 8

Mercury’s surface and
environment, post-Mariner 10

8.1 Planning the Mariner 10 mission
A principal problem for interplanetary space missions is to transport a satellite to
the target planet. The use of close encounters with a space object to change the
satellite’s trajectory was first proposed in 1918411 and opened the possibility for
interplanetary space missions beyond Venus and Mars in the early 1960’s.412 In
particular, a close encounter with Venus could sling-shot a satellite in the direction
of Mercury.413 This was previously deemed as impossible due to the otherwise
excessive fuel requirements. Among the feasible Earth-Venus satellite trajectories
of the 1970’s, those with a launch in 1970 and 1973 would facilitate a sling-shot
to Mercury.414 Designs of the Mariner 10 mission to Mercury started in 1966 by
NASA’s Jet Propulsion Laboratory (JPL).415 Because this was too late to reach
the optional 1970 launch date, Mariner 10 was scheduled for a launch in 1973.

In 1970, Guiseppe Colombo presented to the Mariner 10 development team
a satellite trajectory with an orbital period around the Sun of two times the or-
bital period of Mercury. This made it possible to approach Mercury at the same
location every consecutive 176 days (two orbital periods of Mercury) without an
extravagant use of fuel.416 Following up on this suggestion, NASA’s Mariner
10 satellite encountered Mercury three times: On March 29, 1974, the satellite
passed Mercury on the night side at 703 km altitude, on September 21, 1974 it
passed the Southern Hemisphere at 48069 km altitude on the sunlit side, and on
March 16, 1975 it performed its closest approach to Mercury at 327 km altitude
near the North Pole (figure 8.1). Because the satellite approached Mercury at the
same orbital position every other orbital period of Mercury, the planet’s day and
night-side were identical at each encounter. After the third encounter, the satellite
ran out of fuel and was shut down, but likely remained in solar orbit.417 Supple-
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Figure 8.1: This figure shows the geometry of the first and third Mariner 10 encounters on
March 29, 1974 and March 16, 1975. X and Z are the antisolar and north polar directions
of the Mercury centric coordinate system, with Y its completion to a convectional right
handed X-Y-Z system. The axis are in units of Mercury radii. The encounters occurred
at ∼ 4.6 AU, which is near the Mariner 10’s perihelion and Mercury’s aphelion. For this
reason, Mariner 10 had a higher velocity in the Y-direction and traveled from negative Y
to positive Y in this figure. The second Mariner 10 encounter on September 21, 1974 had
its closest approach at a distance of 48069 km from Mercury’s surface on the sunlit side,
outside the range of this figure. The arrows denote the magnetic field direction and relative
strength. Dotted and dashed lines are ‘guide for the eye’ estimates of the magnetopause
(MP) and bowshock (BS). The closest approach is denoted by ‘CA’. The used grayscaling
on Mercury reflect the relative intensity of incident solar radiation. Data is taken from
NASA’s PDS system.

mentary information to this thesis lists an overview of the instruments carried by
the Mariner 10.

Highlights of Mariner 10 discoveries included the photography of ∼ 45 %
of Mercury’s surface,418 the discovery of a tenuous exospheric atmosphere,419

and the discovery of a global magnetic field.420 Observations of Mercury by the
Mariner 10 mission and by ground-based observations up to the MESSENGER
mission are described in more detail in this chapter.

8.2 Surface: Topography and geological evolution
Mariner 10 photography immediately revealed that impact craters are the dom-
inant landform on Mercury. Mercurian craters were studied in comparison to
those on the Moon and Mars to examine the dynamical history of our solar sys-
tem. General trends in crater statistics and morphology of lunar cratering easily
translate to Mercury: Small craters are mostly bowl-shaped whereas larger craters
develop central peaks, terracing on the inner walls, and are often accompanied by
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smaller (secondary) craters.421 But some Mercurian crater characteristics differ
from those on the Moon: A transition from central peaks to mountain-like struc-
tures occurs for lunar craters larger than∼ 300 km in diameter whereas this occurs
for Mercurian craters of ∼ 180 km in diameter, impact-ejecta cover a larger area
around lunar crater compared to Mercurian impact-ejecta around similar sized
craters, secondary impacts are closer to the host crater on Mercury compared to
their lunar counterparts, and the lunar craters are generally deeper than similar-
sized Mercurian craters. Most of these differences can be explained by the higher
surface gravity and impact velocity on Mercury.421 As the number of analysed
Mercurian craters increased, much more has been noted about morphological
trends on Mercury in relation to cratering on other terrestrial bodies.422–435 We
refer to Pike434 for a post-Mariner 10 overview on this topic.

After preliminary geological maps were produced by individual studies,424, 436

the most detailed geological maps based on the complete Mariner 10 image dataset
were created between 1976 and 1990 by the United States Geological Survey.
Dominant geological units on Mercury are smooth plains (low in topographic
variations and crater density), heavily cratered terrain (closely packed, overlap-
ping, and large craters), and inter-cratered plains (rough surfaces covered by many
small craters). Furthermore, peculiar lineated hills (lobate scarps) were observed.
Young and old craters are distinguished by the degree of crater degradation or,
if possible, by crater superposition. Caloris basin is the largest crater that was
observed by Mariner 10 photography, and was estimated at 1300 km in diameter
although it was only partially captured on Mariner 10 images.

The Mercurian smooth plains were immediately advocated to be of volcanic
origin, in analogy to the lunar maria.423, 436, 437 However, Wilhems438 commented
that the smooth lunar Cayley plains previously had also been argued to be of
volcanic origin, whereas later it was established that they originate from the em-
placement of impact ejecta. In analogy, the Caloris-generating impact may have
released sufficient impact ejecta to form the Mercurian smooth plains.439 The
Mariner 10 imaging of only half the Caloris basin prohibited a thorough examina-
tion of this hypothesis.440 Although indications for the volcanic origin of smooth
plains seemed stronger compared to those for impact ejecta origin,437, 441, 442 past
volcanism on Mercury remained uncertain due to the lack of clear lava-flow fea-
tures and volcanic structures. Surface photography in higher resolution or of the
non-imaged part of Mercury would be needed provide new insights on this is-
sue. Ksanformality,443 for example, reported radar signatures of a large craterous
topography of much larger size than Caloris on the hemisphere of Mercury not
imaged by Mariner 10. If this feature were real, the corresponding impact may
have provided an additional source of impact ejecta. Spectral measurements of
Mercury’s surface did not yield closure on the origin of smooth plains either (see
next section).

The origin of lobate scarps was also extensively debated.423, 444–458 Upon their
discovery, they were interpreted as relics of global thermal compression resulting
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Figure 8.2: This is an image taken by the Mariner 10 looking at Mercury’s Southern Hemi-
sphere at the beginning of its second encounter. It shows the mix of highly cratered and
smoother surface. The bottom part of the figure shows the 300 km Hero Rupes trust fault
that is thought to have formed by global contraction. This is image PIA02413, with credit
to NASA/JPL/NorthWestern University.

from a gradually cooling planet.423 The radial compression corresponding to the
total of identified Mercurian lobate scarps was estimated at ∼ 1− 2 km in ra-
dius since crust formation. This calculation assumed that the lobate scarps are
present in similar amounts on the non-imaged hemisphere of Mercury, which was
supported by the radar detection of lineated topographic structures in this hemi-
sphere.459 Alternatively, the de-spinning of Mercury could generate lithospheric
stresses and produce lobate scarps. Planetary despinning would produce scarps in
biased azimuthal orientation.444 There was substantial disagreement on whether
such a bias in orientation of these lineated structures that matches a despinning
driven origin really existed on Mercury.444, 445, 447, 448 A third possibility is that
a substantial portion of the lobate scarps are related to stress fields generated by
the Caloris impact.449, 450 Generally, planetary contraction was thought to be the
dominant cause for the lobate scarps and other processes were thought to have a
relatively small contribution.455
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8.3 Surface: Optical characteristics
The Mariner 10 optical measurements confirmed many similarities between Mer-
cury and the Moon. Highly cratered terrains were found to be brighter and blueish
compared to the intercratered plains.460–463 These variations were ascribed to so-
called ‘space weathering’, where nanophase (small grained) dark red Fe gets pro-
duced out of FeO from a direct interaction with solar wind particles that bombard
the surface. Hence, after an impact overturns the soil with fresh regolith (which
could be bright and blueish on Mercury), the weathering process gradually dark-
ens and reddens the surface.461, 464–467 Hapke468 argued that ∼ 3 wt % FeO is
required for this darkening and reddening process to produce the bright blue/dark
red dichotomy between highly cratered terrains and intercrater plains, as well as
the bright blue rays that radially extend from the craters.

On the Moon, the reflectivity difference between dark lunar maria (pV of
∼ 0.09) and cratered highlands (pV of ∼ 0.16) are clear indications of compo-
sitional differences between volcanic and non-volcanic units, respectively. On
Mercury, the albedo difference between smooth plains (pV of ∼ 0.13) and inter-
cratered plains (pV of ∼ 0.17) is small and does not clearly follow the geological
boundaries. Hence, clear compositional differences between these distinct surface
units were at first not supported by optical measurements. A re-analyses of the
Mariner 10 images in 1997 showed that some smooth plains can be spectrally dis-
tinquished from cratered terrains.463 Other color variations of Mercury’s surface
were ascribed to a heterogenous distribution of opaque minerals, potentially il-
menite, which darkens the soil. The global averaged value of pV for Mercury was
determined at 0.142, which corresponds to AV = 0.068,469–472 consistent with the
pre-Mariner 10 measurements.

Prior to the Mariner 10 mission, it was suggested that Mercury’s surface may
contain substantial Fe- and Ti- rich glasses on Mercury’s surface, if an absorption
band near 950 nm exists in its reflection spectrum.342 Mariner 10’s visual and near
infra-red surface reflection spectra showed no such feature, and neither did most
Earth-based observations.473 Two post-Mariner 10 reports of Earth-based tele-
scopic observations did report Mercury spectra with broad and weak absorption
bands near 1030 and 890 nm.474, 475 These observations have later been ques-
tioned, because the reported spectral dip may have been a misinterpretation of
the H2O absorption band induced by Earth’s H2O-rich atmosphere that was in-
completely removed in the analysis.476–478 The generally accepted lack of FeO
related spectral features in Mercury’s reflection spectra propagates to an upper
bound of FeO surface concentration of ∼ 6 wt%.461, 468, 479 The low reflection in
UV wavelength is also consistent with low-FeO surface contents.480, 481

Due to the featureless Mercurian reflection spectra, any spectrally featureless
mineral is a potential constituent of Mercury’s surface. This set of minerals is
rather large, such that Mercury’s surface composition was poorly constrained. The
list of mentioned potential surface rock types and minerals includes anorthosite,
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basalt, calcium-rich pyroxenes, aubrite enstatite, diopside, and various other min-
erals mixtures with FeO contents of ∼ 0−6 wt%.472, 479, 482–491

Only few post-Mariner 10 polarization measurements have been perfomed on
Mercury. Gehrels et al.492 studied variations of polarimetry measurements with
phase angle (between 53° and 130°) and wavelength (between 340 and 960 nm).
Their detected variations were attributed to heterogeneities in the composition
or structure of the surface.492, 493 A maximal average polarization over visual
wavelengths of ∼ 8 % was measured, with ∼ 1.5 % variability among longitudes.

In 1992, small areas with high reflectivity at microwave (radar) wavelengths
were discovered by Earth-based telescopes. Because these radar-bright regions
spatially correlate with deep high-latitude craters, these features were interpreted
as signatures of volatile material at permanently shadowed crater floors with suffi-
ciently low temperatures to prevent evaporation (so-called ‘cold-traps’).152, 494–500

The volatile material was suggested to be water ice, potentially delivered by me-
teorites,152, 494, 498 or elemental S which may have evaporated from sulfides else-
where on Mercury’s surface and subsequently migrated to crater floors.501 An ex-
tensive debate on the cold-trap mechanism, the chemistry, and the origin of these
volatiles did not yield definitive conclusions.502–512 The scientific interest in these
regions is large, because meteoritic delivery of water to the inner-most planet of
our solar system would imply that any object in our solar system contains substan-
tial portions of H2O, which has obvious relevance for the debate on the origin of
life and the odds for existence of extraterrestrial lifeforms. The understanding of
these radar-bright spots is closely related to the temperature distribution accross
Mercury’s surface, discussed in next section.

8.4 Surface: Temperature and subsurface
The two-channel infrared radiometer onboard Mariner 10 provided measurements
of Mercury’s surface temperature along the flyby trajectories. Results of the first
encounter indicated that daytime surface temperatures are independent of surface
properties, which confirmed the thermal equilibrium of Mercury’s dayside sur-
face.513, 514 Nighttime surface temperatures do depend on surface characteristic
and on the recent history of incident solar radiation. A thermal inertia between
0.0075 and 0.0130 J·cm−2·s− 1

2 ·K−1 broadly matches the Mariner 10 infra-red
observations.

The diurnal temperature cycle on Mercury’s surface propagates to some finite
depth, where temperature remains practically constant in time. This ‘equilibrium
temperature’ depends on the distribution of incident solar radiation and decreases
with latitude. But the equilibrium temperature is also longitudinally heterogenous
due to its 3 : 2 spin-orbit resonance (see figure 7.1). Since 1986, spatial variations
in subsurface temperature were measured by Earth-based telescopes that collect
microwave-radio radiation.515–517 Spatially resolved temperature measurements
at a wavelength of 6 mm, which corresponds to temperatures at almost a meter
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depth, have a striking spatial similarity with the modeled equilibrium tempera-
ture.516 This implies that diurnal temperature variations propagate only down to
a meter depth, approximately. Various studies have re-modeled the spatial and
depth dependent temperature distribution in comparison with accumulating new
observations.508, 518, 519

The discovery of radar-bright spots and the interpretation of them being ice-
deposits152, 494 renewed interest in Mercury’s surface temperature distribution, in
particular at high latitudes. It was shown that temperatures within bowl-shaped
craters remain well below freezing conditions.495, 496, 500 Flat surfaces at the high-
est latitudes (near the geographic poles) may also remain below freezing tem-
peratures.518 These results support the interpretation of radar-bright spots being
signatures of condensed volatile deposits.

8.5 Atmosphere
Mariner 10’s Extreme Ultraviolet Spectrometer was designed to detect atmo-
spheric signatures of He, Ar, Ne, O, H, H+, Xe, and C. Atmospheric He was
detected upon its first Mercury passage,419 and atmospheric H and O were de-
tected in a later encounter.480 Subsequent analysis indicate that the solar wind is
the dominant source for these atmospheric constituents.520–523 The interaction of
the solar wind supply of these elements with Mercury’s surface has been under
much debate.522–526 We do not go into detail on this issue here but refer to Gold-
stein et al.523 for an overview. The atmospheric loss of these light species to the
interplanetary medium is caused by the high velocity that these particles attain
at high temperatures (thermal escape) and balances the solar wind supply rate.
The lack of detection and low instrumental detection limits for Ar, Xe, Ne, and
C imply that these elements are not present at significant amounts in Mercury’s
atmosphere. An upper limit for total subsolar surface pressure of∼ 2 ·10−10 mbar
was determined, which is two orders of magnitude higher than the measured par-
tial pressures of O, He and H combined. Hence, the presence of atmospheric
constituents with spectral features outside the spectral ranges of the Mariner 10
UV spectrometer could not be excluded.

In 1985, Na was detected as a major atmospheric constituent for Mercury
by Earth-based telescopes.527 Smaller concentrations of atmospheric K were de-
tected by the same instrument a year later.528 In the year 2000, small concentra-
tions of atmospheric Ca were reported in Mercury’s atmosphere.529 Other atmo-
spheric constituents were not detected from Earth, although several attempts were
made.530

The solar wind supply rate of Na and K is too low to be solely responsible for
the measured atmospheric abundances.531 Other possible sources are Mercury’s
surface and meteoritic delivery. Delivery of material to the surface may occur by
an upward diffusion of a subsurface source,532, 533 regolith turnover (gardening)
driven by impacts, ion recycling of the magnetosphere, and delivery by meteoroid
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impacts. Hence, meteorites may provide a direct Na and K source to the atmo-
sphere by evaporation and may provide Na and K to the surface to be released
later. Suggested surface release mechanisms for Na and K are evaporation (ther-
mal desorption), the excitation by incident solar (UV) photons (photon-stimulated
desorption),531 surface vaporization upon meteoritic impacts,534 and the release
due to impacts of energetic particles from the solar wind or Mercury’s magne-
tosphere.531, 535 The latter mechanism is referred to as ‘chemical sputtering’ if
it involves a chemical reaction between the incident particle and the surface or
‘physical sputtering’ if the release is a physical consequence of the impact.

Each of these mechanisms and atmospheric sources generate atmospheric Na
and K of different spatial distribution and varies differently with Mercury’s po-
sition in orbit. The energy (temperature) of the atmospheric particle also varies
with the ejection mechanism. Thermal desorption releases particles with approxi-
mately the temperature of the surface, photon-stimulated desorption releases parti-
cles of∼ 1200 K, whereas impact vaporisation and ion sputtering heat particles to
several or many thousands of K. Many studies have modeled and discussed these
spatial, temporal, and temperature variations for atmospheric Na and K sources
and/or performed Earth-based observations of Na and K to constrain the contribu-
tion of individual sources and release mechanisms.483, 532, 533, 535–570 Identification
of the contribution of these individual mechanisms can be used to obtain informa-
tion on crustal chemistry. We will only describe the highlights of these efforts,
and refer to Domingue et al.568 and Killen et al.554 for more detailed overviews
of the pre-MESSENGER state of knowledge on Mercury’s atmosphere.

The Na and K atmospheres are surpressed at the subsolar hemisphere by the
strong solar radiation pressure.536, 540 An excess of atmospheric Na and K exists
at the poles, and is possibly related to a polar excess of ion impact sputtering from
Mercury’s magnetosphere or an interaction between ionized atmospheric Na and
K with Mercury’s magnetic field that generates an ionic flux toward the poles.541

An exospheric tail exists on the night side, wherein ionized Na and K can get
trapped.537, 538 It has been suggested that these particles precipitate on the night
side of the planet and are re-released at dawn by photon-stimulated desorption,549

which would create a diurnal recycling process. A dawn excess of Na has indeed
been observed.483, 562 Later modelling suggested that most of the ionized Na could
get implanted in the day-side surface and a more short-term recycling process
on the day side (intead of the prior night-side recycling) may explain the dawn
excess of Na.553 The temperature of the Na atmosphere appears much hotter than
Mercury’s surface, and disqualifies thermal desorption as its main surface release
mechanism.560

The efficiency of Na and K subsurface diffusion towards the surface has been
strongly debated.532, 533, 547, 548, 571 There are indications that anomalies in the at-
mospheric Na and K abundances relate to surface (crater) features, which suggests
that atmospheric anomalies do reflect variations in crustal chemisty.547, 548, 571 On
the other hand, other reports suggest that variability in the Na and K exospheres
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are related to solar wind periods and correlate with the interplanetary magnetic
field (IMF).483, 561 Meteoritic impact vaporization may also provide up to 25%
of the atmospheric Na budget of Mercury.552 Pre-MESSENGER comparisons of
atmospheric models with observations suffer from the limited resolution of the
Earth-based observations and the poor characterization of the crustal chemistry
and magnetospheric environment.

Thermal escape, the dominating mechanism for atmospheric loss of the light
elements H and He to the interplanetary medium, is an inefficient loss mechanism
for the much heavier Na and K. Instead, the atmospheric loss of Na and K is
likely dominated by the interaction of ionized Na and K with the solar wind and
magnetosphere.

8.6 Magnetic field: measurements and geometry
The discovery of Mercury’s magnetic field was, arguably, the most surprising
finding of the Mariner 10 mission.420, 572–576 Clear bowshock and magnetopause
features were distinguished in the measurements of the on-board magnetometer
during the first and third encounters of the Mariner 10 (figures 8.1 and 8.3). A
bowshock is a boundary where the velocity of solar wind particles drops and
from which their trajectories deflect. The magnetopause is the magnetosphere
boundary that only a small fraction of the solar wind particles penetrates. The
Mariner 10 mission locally measured the gradient of a magnetic field scalar po-
tential (equation 7.1). Hence, much like the fit of the gravity field’s gradient to
satellite acceleration data, the magnetic moments can be derived by fitting the
expression for B (equation 7.1) to the magnetic field measurements of Mariner
10 encounters.572–574, 577–582 These analyses show that Mercury’s magnetic field
is of broad-scale geometry, in many respects similar to but much weaker than
Earth’s magnetic field, also after scaling Earth’s field to a planet of Mercury’s size
and rotation rate. Low-order components seem to dominate the field geometry,
but the Mariner 10 measurements could not distinquish between magnetic fields
dominated by mixtures of dipole, quadrupole and octopole components.

The bowshock and magnetopause boundaries as observed in the Mariner 10
trajectories were used as anchor points for magnetospherical models that incor-
porate the interaction with the solar wind. These models suggest that the magne-
topause was located at∼ 1.4 Mercury radii in the subsolar direction, such that the
surface is globally shielded from the solar wind.582–584 However, the Mariner 10
flybys occured close to Mercury’s aphelion. At Mercury’s perihelion, the stronger
solar wind may surpress the magnetopause to near the surface, possibly allowing
a direct interaction of the surface with the solar wind.582, 583
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Figure 8.3: This figure shows the magnetic field strength measured by the Mariner 10
during its first and third encounters on March 29, 1974 and March 16, 1975. See figure 8.1
for geometric details of these encounters and measurements.

8.7 Magnetic field: origin
Four theories have been proposed to explain Mercury’s magnetic field.

1- The magnetic field is caused by a complex interaction between a solid Mer-
cury and the solar wind.585 Measurements of Mariner 10’s third encounter showed
that the magnetic field is too strong to be generated by such a mechanism.574

2- Mercury contains a convecting interior liquid metallic layer that acts as a
dynamo.586 Problematic for this theory is that any Mercury-sized planet without
significant atmosphere is expected to cool rapidly. The extensively cratered sur-
face implies that the planet is rather old and, hence, Mercury would likely have
its interior completely solidified by now (see section 6.2). However, this sce-
nario is supported by the 1996 discovery that Jupiter’s moon Ganymede, which
is only slightly larger than Mercury, also has a magnetic field generated by an
active dynamo.587 Several core convection simulations have been performed to
study Mercury’s magnetic field for this scenario. Problematically, the observed
field is much weaker than those obtained by core convection models and simula-
tions produce small-scale dominated magnetic fields that are inconsistent with the
observed broad scale geometry. The field strength can be matched if the dynamo
layer is confined to a thin shell,588, 589 but it remains of small-scale geometry in
that scenario. An elegant solution to this problem has been proposed by Chris-
tensen,590 suggesting that convection is confined to a deep core layer and covered
by stably stratified metallic liquid. The stable layer predominantly attenuates the
small-scale magnetic components that propagate toward the surface, such that the
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external (observed) field is of low strength and broad scale geometry. Irrespective
on the convection regime, the presence of a liquid convective core layer poses
strong constraints on Mercury’s thermal evolution. We refer to chapters 13 and 14
of this thesis for additional studies of these processes.

3- Mercury had a dynamo in the past, which has magnetized its rocky mantle
and crust. After the dynamo ceased, these rocks remained magnetized and are re-
sponsible for Mercury’s magnetic field today.591 Problematically, Runcorn592, 593

showed by symmetry arguments that a magnetized outer shell of constant thick-
ness would not produce any external magnetic field. Only the heterogenously
distributed component of the magnetized shell would produce a magnetic field
that can be observed externally. An additional problem for this hypothesis is
that only material below the Curie temperature remains permanently magnetized.
Most simple interior models for Mercury that are compatible with an old active
dynamo have only the top ∼ 200 km below Curie temperatures of rocks. It is
questionable whether such a limited magnetized shell can produce sufficient non-
uniformly distributed magnetization to account for the observed magnetic field.574

Support for the crustal remanence explanation arose from to the 1998 discovery
that magnetized Martian crust produces a weak Martian magnetic field.594, 595 Re-
examinations show that Mercury’s magnetic field could in priciple be generated
solely by remnant crustal magnetism as well.596

4- In 1987, a fourth scenario was put forward suggesting that Mercury’s mag-
netic field is generated by a thermoelectric dynamo,597, 598 without reference to
Plageman317 who mentioned this possibility decades before. This scenario re-
quires large temperature and topography variations across the core-mantle bound-
ary.
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Chapter 9

Mercury’s age, evolution and
interior structure, after
Mariner 10

9.1 Mercury’s evolution
It is often assumed that Mercury formed around the same time as Earth. The
highly cratered surface of Mercury observed by Mariner 10 is an indication that
Mercury is indeed relatively old. Radiometrically dated samples from NASA’s
lunar mission Apollo 14599, 600 reveal that the Moon was subjected to episodic
extensive bombardment at around 3.9±0.1 billion years ago.601 This specific pe-
riod of intense impacting, long after planet and Moon formation, is often referred
to as the late heavy bombardment (LHB). The similarities between the Lunar and
Mercurian crater records are strong indications that Mercury was also impacted
by this population of meteorites. If this claim holds, Mercury’s crust would be at
least 3.9± 0.1 billion years old.422, 423, 602 The amount of literature on this issue
and on the related origin of the proposed LHB is so large that a full overview is
not constructive here.

The presumed volcanic origin of observed smooth plains422, 460 is an indi-
cation of high-temperature and low-viscosity material to have been present in
Mercury’s interior, which would have likely initiated core-mantle differentiation.
The discovery of a Mercurian magnetic field420 is another strong indication that
convective metallic liquid is or has been present inside Mercury. These observa-
tions led to the conclusion that Mercury is differentiated between a mantle and
core.603, 604 The gravitational heat generated upon core-mantle segregation must
have caused a global planetary expansion. The lack of geological expansion fea-
tures on Mercury’s surface suggests that Mercury’s present-day crust was em-
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placed after core-mantle differentiation.604 An implication thereof is that a global
silicate magma ocean likely occurred on Mercury in the period after core-mantle
segregation and that the present-day crust is a product of a global silicate magma
ocean crystallization and later geological processes. The widely varying silicate
compositions for Mercury (table 5.1) and the lack of compositional measurements
of the surface prohibited investigation of Mercury’s mantle and crustal makeup
prior to the MESSENGER mission.

To reconcile the preservation of impact features, crust formation must have
predated the LHB. The 1− 2 km of planetary contraction, estimated by the ob-
served scarps on Mercury’s surface, was found consistent with the amount of
contraction that should result from lithospheric cooling.604 However, core so-
lidification was expected to generate up to 17 km additional planetary contrac-
tion.605 Hence, although the lobate scarps are interpreted as contractional land-
forms uniquely large among the terrestrial planets, they are only evidence of a
small portion of the contraction Mercury has likely endured.

Thermal evolution schemes could match a present-day (partially) molten core
only if either Mercury contains large amounts of radiogenic heat-producing ele-
ments,603 and/or Mercury contains core alloying elements like sulfur that reduce
the core’s melting temperature,604 and/or Mercury’s mantle has a high viscosity
that reduces or prevents convective cooling.606 Many have re-assessed Mercury’s
thermal evolution by varying these parameters.607–610 Because sulfur fractionates
in the residual liquid during core solidification, only a few weight sulfur is re-
quired in the total core for it to remain partly liquid.608, 609 Problematic is that
potassium, which is one of the three major heat producing elements, and sulfur
are both rather volatile. Most proposed planetary formation mechanisms leave
Mercury depleted in volatiles.259, 478 Additionally, if Mercury’s bulk composition
is reduced in oxygen, as is implied by Mercury’s large core232 and low surface
FeO,478 S dominantly fractionates into the mantle during core-mantle segregation
instead of into the core.611–614

9.2 Mercury’s interior configuration
After the Mariner 10 mission obtained indications for a differentiated planet,604

the emphasis for interior configuration models was on constraining the sizes of the
core and inner core, and on the core’s composition for investigating the possibil-
ity of a partially liquid core. Sulfur was usually incorporated as a core ingredient,
for its strongly reducing effect on the melting temperature that seemed needed to
maintain a molten core until the present day. However, experimental data on the
melting relations and density of pure Fe and binary Fe-S alloys was sparse. Some
experimental melting data was available for relatively low pressure (below 5 GPa),
but in particular at pressures relevant for Mercury’s core (up to ∼ 40 GPa) data
was not available because most experimental techniques were not optimized for
this pressure range, nor were high-pressure techniques widely available prior to
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the 1980’s. The amount of relevant experimental data on the melting temperatures
of Fe-S binary alloys significantly increased since the 1980’s.615–626 For solid Fe
and Fe-S alloy, the density was measured up to high pressures.621, 627, 628 Densi-
ties of liquid Fe and Fe-S alloys were, however, only studied in a low-pressure
regime and inherent to larger uncertainty.629–631 In parallel with to these experi-
mental data, the implications of an Fe-S core for Mercury’s interior structure were
improved.632–635 Generally, these efforts were unable to constrain Mercury’s core
size any further, nor could they yield conclusive results on the presence of a liq-
uid core. Additional constraints on the planet’s mass distribution, aside from its
average density, were needed to improve on this issue.

Peale174, 636, 637 designed a test for whether Mercury contains a liquid layer.
The amplitude of physical libration (φ0 =

3
2

B−A
C (G202(e)−G200(e))) as estimated

by equation 4.17 assumes that the whole of Mercury librates. However, if only
part of Mercury librates, the polar moment of inertia (C) needs to be replaced by
the polar moment of inertia of the librating part of the planet Cm (with Cm < C).
In this case, φ0 becomes

φ0 =
3
2

B−A
Cm

(G202(e)−G200(e)). (9.1)

We see that φ0 increases when only a small outer shell of the planet librates (when
Cm is small), which the observed libration amplitude of 35.8±2 arcsec163 in 2007
showed to be the case for Mercury. This implies that a liquid interior layer decou-
ples the motion of an outer solid shell from the interior part of the planet and was
the first physical ‘proof’ for liquid material in Mercury’s interior.

A second part of Peale’s experiment is on the determination of Mercury’s polar
moment of inertia (C). Through the expression of C for a nearly spherical body

C =
8π

3

∫ R

0
ρ(r)r4dr, (9.2)

with ρ(r) the density at a radius r from the planet’s center, a determination of C
constrains the radial density profile of Mercury. We have seen that C, C22, C20 and
the obliquity ε of Mercury in a Cassini state 1 are related by equation 4.25. Hence,
C can be determined out of the measurement of ε and the gravitational harmonics
C22 and C20. Figure 4.4 shows that the accuracy of Mariner 10 measurements of
these gravity harmonics were insufficient to constrain C, which put a constraint
on the mass distribution of Mercury by equation 9.2.

If C is known, the moment of inertia of the librating outer solid shell (Cm) of
Mercury can be calculated by factorizing Cm

C to

Cm

C
=
( Cm

B−A

)(B−A
MR2

)(MR2

C

)
. (9.3)

The first bracketed term on the right hand side can be determined by measurement
of the libration amplitude (equation 9.1), the second bracketed term is provided
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by C22 (equation 4.3), and the third bracketed term is given by measurements of
ε , C22 and C20 (equation 4.24). Cm relates to the interior configuration of Mercury
through equation 9.2 with the lower radius of the liberating shell as lower limit
of the integral. Hence, determination of Cm strongly constrains the size of the
outer solid shell. The importance of accurate measurements of C22, C20, φ0 and ε

should be clear to the reader.



Part II

Recent Mercury science, since
the MESSENGER mission

Chapters 10− 17 of this thesis describe the scientific progress on Mercury in
the MESSENGER-era. It begins with the introduction of the MESSENGER
mission development (chapter 10) and continuous with original research that
is performed during this PhD (chapters 11−16). Chapters 11−13 have been
published as peer-reviewed articles. Chapters 14−16 form the basis of planned
article submissions in the near future or present preliminary results of pilot
research projects. Chapter 17 consists of a brief summary of new information
on Mercury that is not dealt with in the prior chapters.
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Chapter 10

Preparing the MESSENGER
mission

10.1 Planning the MESSENGER mission
After the Mariner 10 mission, the need for a Mercury space mission that would
either orbit Mercury or land on its surface was expressed.638 Problematic for such
a mission is that the velocity difference (∆V ) between Mercury and the satellite
needs to be low to accomplish a satellite to be inserted in Mercury-centric orbit.
In comparison, the Mariner 10 flyby mission ‘just’ had to be brought into a highly
eccentric Sun-centric orbit and flew past Mercury with a ∆V ∼ 30 km·s−1. Yen639

showed that a satellite trajectory with two gravity assist encounters with Venus and
three gravity assist encounters with Mercury could result in sufficiently low ∆V of
∼ 1 km·s−1 at a fourth approach to Mercury for a satellite insertion in Mercury-
centric orbit. An extensive feasibility study for Mercury orbiter missions was
performed by JPL in the late 1980’s,640 which concluded that a Mercury-orbiting
mission would be possible against relatively low development costs. In 1992,
NASA launched the Discovery program to finance relatively low-budget cost-
effective interplanetary space missions. After several attempts, the MESSENGER
proposal was selected in 1999 for flight as the seventh Discovery mission.

The MESSENGER spacecraft was launched on August 3, 2004. The satellite
performed a gravity assist maneuver with Earth in 2005, two gravity assist maneu-
vers with Venus in 2006 and 2007, and three gravity assist flybys with Mercury
(two in 2008 and one in 2009) to finally arrive in Mercury-centric orbit on March
18, 2011. The orbit had its pariapsis (closest approach) at Mercury’s Northern
Hemisphere and was at apoapsis (furthest point) at the Southern Hemisphere. The
ending of the MESSENGER mission was a controlled satellite crash on Mercury’s
surface on April 30, 2015. An overview of the instruments carried by the MES-
SENGER satellite is provided in the supplementary information at the end of this
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thesis. Note that the satellite instrumentation suite was much advanced compared
to Mariner 10.

10.2 MESSENGER objectives
Six research questions formed the main objectives of the MESSENGER mis-
sion.641, 642

1. What planetary formational processes led to Mercury’s high ratio of metal
to silicate?

This question may be solved if the surface composition and crustal thickness
of Mercury match with the implications of any of the three planetary formation
mechanisms of section 5.4. The crustal thickness could potentially be constrained
by gravity measurements obtained by tracking the spacecraft trajectory and the
crustal composition may be inferred from spectral measurements (with the MDIS,
XRS, GRNS and MASCS instruments).

2. What is the geological history of Mercury?

The orbiting nature of the MESSENGER mission provide a global imaging of
Mercury’s surface with increased spatial resolution relative to the Mariner 10 im-
ages, from which the geological units can be globally identified and examined.
The most important question involves the role of volcanism on Mercury’s geolog-
ical history. The volcanic history of Mercury provides information on the dynam-
ics of Mercury’s mantle and its thermal evolution. Also, the composition of non-
volcanic and volcanic surface units, possibly obtained from GRS, XRS and MDIS
instruments, could be used to infer the composition of Mercury’s mantle. Finally,
global observations of craters and lobate scarps would refine the age of Mercu-
rian surface and provide new insights on the origin of the presumed contractional
landforms. Topographic and photometric instruments (MLA and MDIS) were de-
signed for this task.

3. What are the nature and origin of Mercury’s magnetic field?

With the magnetic field as arguably the most surprising discovery of the Mariner
10 mission, the generating mechanism needs to be better understood. Fundamen-
tal for understanding Mercury’s interior is whether it is generated by a convecting
liquid core layer (note that MESSENGER’s launch predated the detection of an
internal liquid layer from librations163). Also, the interaction of the magnetic field
with the surface, atmosphere, solar wind and IMF was to be examined in more de-
tail by the MESSENGER instruments (MAG and EPPS)
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4. What are the structure and state of Mercury’s core?

The gravity harmonics C22 and C20 were to be determined from tracking the MES-
SENGER spacecraft, and used to place bounds on Mercury’s moment of inertia
and the sizes of its core and outer solid shell by Peale’s experiment (see sec-
tion 9.2). Such bounds on Mercury’s interior structure are crucial for models
constraining the planet’s bulk composition, formation history, differentiation pro-
cess and thermal evolution.

5. What are the radar-reflective materials at Mercury’s poles?

The composition of the radar-reflective hollows on Mercury would be examined
by the UV and neutron spectrometers (MASCS and GRNS). Their nature and
origin (meteoritic or planetary) may have important implications for the under-
standing of solar system chemistry and the role of meteorites in the transport of
material throughout the solar system.

6. What are the important volatile species of Mercury and what are their atmo-
spheric sources and sinks?

The spatial distribution and abundance of Mercury’s atmospheric constituents
would be investigated by the UV spectrometer (MASCS). These measurements
provide an improved understanding of the atmospheric source and sink mecha-
nisms that are at play. The interaction of surface with atmosphere also provides
insights in the crustal chemistry.
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Chapter 11

On Mercury’s past rotation, in
light of its large craters

This chapter is published as a peer-reviewed article in Icarus.643

Authors: Jurriën Sebastiaan Knibbe and Wim van Westrenen,
Faculty of Science, Vrije Universiteit Amsterdam.
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Abstract

We have simulated in-orbit variations of the impact flux and spatial
distributions of > 100 km diameter (D) crater production for Mer-
cury in its current 3 : 2 and hypothetical 2 : 1 and 1 : 1 spin-orbit
resonances. Results show that impact fluxes and D > 100 km crater-
ing are non-uniform for these rotational states when Mercury’s orbit
is significantly eccentric. Variations in the impact flux and D > 100
km cratering depend on the orbital elements of Mercury and its im-
pactors. The observed spatial distribution of large Mercurian craters
is difficult to generate by cratering in Mercury’s current 3 : 2 spin-
orbit resonance, but can be produced by cratering in a former 1 : 1
(as previously proposed by Wieczorek et al.644) or 2 : 1 spin-orbit
resonance.

We have calculated capture probabilities at spin-orbit resonances for
a rigid Mercury. If Mercury’s initial rotation was prograde, we find
that a higher order spin-orbit resonance is the most likely first cap-
ture for feasible (low) values of Mercury’s past triaxiality. In light
of Mercury’s crater record, we examined the possibility that impacts
have initiated transitions in past spin-orbit resonances. Although the
number of craters whose generating impact would have destabilized
a spin-orbit resonance is sensitive to the crater scaling procedure, any
initial rotational state of Mercury has likely been destabilized by im-
pacts. An initial and permanent 3 : 2 spin-orbit resonance capture
seems untenable. Mercury’s tidal torque decelerates Mercury’s rota-
tion for the most likely range of Mercury’s orbital eccentricity. Only
one or two craters are candidate relics of an impact-event that facili-
tates an instantaneous transition from a former synchronous rotation
to the 3 : 2 spin-orbit resonance, and only for a small crater scaling
factor.

We propose a rotational evolution trajectory for Mercury with visits
to spin-orbit resonances of decreasing order including a substantial
period in the 2 : 1 spin-orbit resonance, which can account for the
observed spatial distribution of large craters.
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11.1 introduction
Peculiar spatial variations in the density of craters larger than 300 km in diameter
(D) on Mercury’s surface were recognized by Wieczorek et al. (2011).644 The
spatial density of D > 300 km craters was described as increased near the 180°
and 0° longitude equator points, which are known as Mercury’s ‘hot poles’,386

and skewed toward the Western Hemisphere (see figure 3 of Wieczorek et al.
(2011)644). Wieczorek et al. (2011)644 calculated that the probability for such a
distribution of large craters to be generated by uniform impacting is 3− 11%.
This peculiar distribution is generated either by a spatially biased primordial pro-
duction of large craters, as suggested by Wieczorek et al. (2011),644 or by resur-
facing processes that removed more D > 300 km craters from Mercury’s Eastern
Hemisphere than from its Western Hemisphere.645 In this study, we examine the
possibility that the distribution is generated by a spatial bias in the production of
large craters.

Wieczorek et al. (2011)644 showed that Mercury is dominantly bombarded in
the Sun-planet line, which in a hypothetical synchronous rotation corresponds to
increased D > 100 km cratering rates near Mercury’s present-day hot poles (that
are located on the minimum moment of inertia axis). Depending on the impactor
population, the D > 100 km cratering distribution would be skewed to the leading
or trailing hemisphere, which can both correspond to Mercury’s present-day West-
ern Hemisphere. Wieczorek et al. (2011)644 argued that the D > 100 km cratering
distribution for Mercury in a former synchronous rotation matches the present-
day distribution of large craters. Shortly after the discovery that Mercury attains
a 3 : 2 spin-orbit resonance state140, 141 instead of a synchronous rotation,120 the
stability of this rotational state was shown to be ensured by its significant orbital
eccentricity (e) of 0.206 and a non-negligible triaxiality.143, 170 However, the prob-
ability of ending up in this rotational state was found to be low, independent of
whether Mercury’s initial rotation was prograde or retrograde, and independent of
whether Mercury was rigid or (partially) liquid during its de-spinning rotational
evolution.154, 164, 165, 167

More recently, studies found separate ways to explain Mercury’s 3 : 2 spin-
orbit resonance capture. Correia and Laskar168, 169 showed that the odds of ending
up in the 3 : 2 spin-orbit resonance are enhanced by Mercury’s chaotic eccentric-
ity evolution.53, 55–57 Correia and Laskar646 and Wieczorek et al.644 found that
Mercury’s rotational evolution is dominated by large impacts with the 3 : 2 spin-
orbit resonance as most likely end state, and suggested that the spatial distribution
of large craters is a relic of a former synchronous rotation. Makarov647 showed
that the improved tidal model for terrestrial planets developed by Efroimsky648, 649

complicates a spin-up from a former synchronous rotation to the 3 : 2 spin-orbit
resonance, but supports a high probability of the 3 : 2 spin-orbit resonance as ini-
tial capture for a rigid Mercury. Most recently, Noyelles et al.155 argued against
the hypothesis that large impacts facilitated a transition of a former synchronous
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rotation to the 3 : 2 spin-orbit resonance. Instead, they propose that Mercury’s
de-spinning finished prior to core-mantle differentiation, so that Mercury de-spun
in a rigid state. They find the 3 : 2 spin-orbit resonance to be the most likely initial
capture, which it has never left.

This study focuses on two fundamental issues that are described above. First,
we will show that D > 100 km cratering in a 2 : 1 spin-orbit resonance can match
the observed distribution of large craters, as does cratering in the previously pro-
posed644 synchronous rotation (Section 11.2). Second, we examine whether Mer-
cury’s current rotational state is the fortuitous outcome of various spin-orbit res-
onance transitions646 or the pre-differentiation capture in the 3 : 2 spin-orbit res-
onance that Mercury has never left.155 We will show that a pre-differentiated
Mercury is likely to first get captured in a higher order spin-orbit resonance, and
that any spin-orbit resonance would have been destabilized by impacts with near
certainty (section 11.3). We conclude that a previous capture in the 2 : 1 spin-
orbit resonance is consistent with rotational evolution models and the distribution
of large craters on Mercury.

11.2 The Distributions of Large Craters, Impact Fluxes,
and D > 100 km Cratering

11.2.1 The Spatial Distribution of Large Craters
Wieczorek et al. (see table 1 in their supplementary information)644 examined
the spatial distribution of large Mercurian craters, based on photography from the
Mariner 10 and MESSENGER flyby’s. They calculated an average angle from
the western warm pole (0° N, 90° W) of 57.7° for the region covered by Mariner
10 photography. The average angle of observed D > 300 km craters from the
western warm pole on this region is between 58.4° and 67.3°, depending on the
adopted set of craters (see table 1 in the supplementary information of Wieczorek
et al.644). The large average angle from the western warm pole for craters on
this region corresponds to increased cratering near the hot poles and was the main
observational constraint for cratering simulations of Wieczorek et al.644 They also
noted that most of the large craters are located in Mercury’s Western Hemisphere.

In-orbit photography of Mercury’s surface by the MESSENGER mission pro-
vided the first global record of D> 300 km craters (see table 1 of Fassett et al.645).
Fassett et al.645 confirmed the East-West asymmetry in D > 300 km craters and
calculated the probability of this asymmetry being produced by uniform impacting
to be only 1.1% by standard binomial probability. For this crater record, Noyelles
et al.155 computed the distributions of angles from the hot poles, which Wiec-
zorek et al.644 associated with an increased density of large craters. For a uniform
distribution on a sphere, the angle from any fixed surface point follows a sinu-
soidal distribution between 0° and 180°. Noyelles et al.155 calculated that the
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Figure 11.1: (a) Distributions of certain and probable D > 300 km craters of Fassett et
al.645 and of D > 250 km craters of Werner,650 in a Mollweide projection. The qualifica-
tion of post- and pre-Caloris basins is according to Wieczorek et al.,644 complemented by
Werner’s650 crater ages. (b) The distribution of angle from Mercury’s western warm pole
for both crater records. (c, d) The distribution in longitude and absolute latitude for both
crater records. The dotted lines in (b-d) correspond to a uniform surface distribution.

distributions of angles from the hot poles of observed D > 300 km craters does
not differ from the sinusoidal distribution at a significance level of 5%. However,
the distribution of angle from the western warm pole for D > 300 km craters does
show a significant excess of small angles, at a significance level of 2%. Hence,
the excess of large craters in the Western Hemisphere was statistically supported
by this exercise.155 Werner650 constructed a database of D > 250 km Mercurian
craters based on MESSENGER images, independently of Fassett et al.,645 and
dated these craters by crater counting (see Appendix A of Werner650). She con-
firmed the craters that are labeled ‘certain’ by Fassett et al.,645 but disagreed on
some ‘probable’ craters. Twenty-four out of her total of thirty-seven craters are
located on Mercury’s Western Hemisphere, which occurs under uniform cratering
with 2.4% probability according to binomial probability theory.

The geographical locations of Fassett et al.’s645 and Werner’s650 craters are
shown in figure 11.1a. We distinguish between craters that are formed pre- and
post- Caloris according to Wieczorek et al.644 and Werner.650 The distributions
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of angle from the western warm pole of Fassett et al.’s645 and Werner’s650 crater
records are shown in figure 11.1b. Figures 11.1c and d show distributions in
longitudes and absolute latitudes of these crater records, respectively. A uniform
surface distribution is plotted for comparison. We compute the fraction of large
craters in the Western Hemisphere to be 32

46 and 24
37 and the average angle from

Mercury’s western warm pole to be 76° and 84° for the crater records of Fassett
et al.645 and Werner,650 respectively. These statistics and figure 11.1 form the
observational constraints for cratering simulations in this study.

11.2.2 The Geometry of Spin-Orbit Resonances
A requirement for heterogeneous cratering is a biased orientation of Mercury at
arbitrary impacts. In this section we parametrize Mercury’s orientation through-
out its orbit for 3 : 2, 1 : 1 and 2 : 1 spin-orbit resonances. In Mercury’s present-day
3 : 2 spin-orbit resonance, its hot poles alternate in orienting towards the Sun at
perihelion because they are located on Mercury’s axis of minimum moment of
inertia (A). In a former 1 : 1 or 2 : 1 spin-orbit resonance, only one A surface point
is oriented towards the Sun at perihelion. For these rotational states, we distin-
guish between the surface points on the minimum and intermediate (B) moment
of inertia axes by A1, B1, A2, B2, with A1 oriented towards the Sun at perihelion
and B1, A2, B2 at subsequent 90° longitude distances in easterly direction.

We parametrize Mercury’s orbit by Kepler’s1, 3 laws

ρ =
αm(1− e2

m)

1+ em · cos(ψ

2 )
, (11.1)

tan
(E

2
)
=

√
1− em

1+ em
· tan

(ψ

2
)
, (11.2)

and
E− em · sin(E) = M, (11.3)

with ρ heliocentric distance, ψ true anomaly, E eccentric anomaly, M mean
anomaly, αm Mercury’s semi-major axis, and em Mercury’s orbital eccentricity.
We solve equation 11.3 for E with Bessel’s5 equations. When we define the prime
meridian as the sub-solar longitude (λs) at perihelion, λs is related to M by

λs(M) =
(
1+

q′

2
)
·M−ψ(M), (11.4)

with ψ’s dependence on M through equations 11.2 and 11.3, and q′ = 1, 0 or 2
for a 3 : 2, 1 : 1 or 2 : 1 spin-orbit resonance, respectively. By normalization, we
obtain the time density function (T ) for having a particular sub-solar longitude λs:

T (λs) =

∫ 2π

0 λs(M)dM∫ ∫ 2π

0 λs(M)dMdλs
. (11.5)
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Figure 11.2: (a-c) Mercury in anti-clockwise orbit and rotation at twelve equal time-steps
with green dots denoting the position of A locations and blue and red dots denoting the
position of A1 for the 1 : 1 (synchronous) and 2 : 1 spin-orbit resonances, respectively. The
orbital eccentricity is set at 0.4 for these plots. (d-f) The time-density of sub-solar longitude
for orbital eccentricities of 0.1 (black), 0.2 (blue), 0.3 (green) and 0.4 (red). In (e, f), it is
assumed that A1 is located at (0° lat, 0° long). Note that A1 may just as well be located
at (0° lat, 180° long), which is also located on the A-axis. Note the different range of the
Y-axis in (e) compared to (d, f).

For 3 : 2 or 2 : 1 resonances, the time fraction that Mercury attains subsolar
longitudes near A1 increases with orbital eccentricity (figure 11.2). For high ec-
centricity, T is maximal at λs slightly aside A1 (figure 11.2d and f) which relates to
the retrograde loop of the Sun in Mercury’s horizon if em > 0.2 or 0.3 for the 3 : 2
or 2 : 1 spin-orbit resonance.386 For Mercury in a synchronous rotation, λs ranges
11°, 23°, 34° and 46° in longitude for em = 0.1, 0.2, 0.3 and 0.4, respectively,
which are the optical librations that increase with eccentricity.121 T is maximal at
the extrema of optical libration, i.e. Mercury spends most time near the maximal
optical librations. Figure 11.2 shows that a biased orientation of Mercury directly
results from spin-orbit resonance states combined with substantial orbital eccen-
tricity. For a synchronous rotation, the bias in orientation is smoothed to some
extent by an increased eccentricity.

11.2.3 In-Orbit Variations in the Global Impact Flux
The bias in orientation of figure 11.2 is in terms of time. The orientational bias of
Mercury at arbitrary impact can be substantially affected by a variable impact flux
throughout the orbit. In this section we derive the probability that Mercury and a
potential impactor with respective orbital elements (αm, em, im, ωm, Ωm) and (αi,
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ei, ii, ωi, Ωi) collide and calculate the collision probability (P) resolved for Mer-
cury’s location in orbit following Wetherill,651 Greenberg,652 and Le Feuvre and
Wieczorek.653 We assume that the probabilities of having a particular argument
of pericenter (ωm and ωi) and longitude of ascending node (Ωm and Ωi) are uni-
form for Mercury and the potential impactors. Because only the difference (∆Ω)
between Ωm and Ωi influences the encounter geometry, it suffices to consider ∆Ω

as the free parameter for ascending nodes. Analogous to Wetherill651 and Green-
berg652 we first fix ωm and ∆Ω, and calculate P for the ωi’s that make the orbit of
the potential impactor to intersect Mercury’s orbit as a function of am, em, im, ai,
ei, ii, ωm and ∆Ω. We subsequently sum and integrate P over ωi, ωm and ∆Ω to
obtain relative impact fluxes (F) for given am, em, im, ai, ei, and ii.

If the orbits of Mercury and the potential impactor overlap, orbital intersec-
tions occur at one or two ‘mutual nodes’ (see figure 1 of Wetherill651). The angle
between a particular mutual node and the ascending nodes of Mercury or the po-
tential impactor are denoted by um and ui, respectively. The relation from spheri-
cal geometry (equation 1 of Greenberg652)

tan(um) =
−sin(∆Ω)

cot(ii)sin(im)− cos(∆Ω)cos(im)
(11.6)

yields (at most) two values of um, 180° apart, one for each mutual node. We obtain
the corresponding ui from (equations 2 and 3 of Greenberg652):

cos(ui) = cos(um)cos(∆Ω)+ sin(um)sin(∆Ω)cos(im), (11.7)

and

sin(ui) =
sin(um)sin(im)

sin(ii)
.(8) (11.8)

Accordingly, we obtain one set (ui, um) for each mutual node. At the mutual
nodes, the heliocentric distance of Mercury equals that of the impactor. Hence,
from equation 11.1 with ψ = u−ω , we have652

ai(1− e2
i )

am(1− e2
m)

=
1+ ei cos(ui−ωi)

1+ em cos(um−ωm)
.(9) (11.9)

Equation 11.9 has two solutions for ωi per mutual node, which correspond to
separate encounter geometries at the mutual node that enable a collision, i.e. four
per fixed ωm and ∆Ω (see figure 1 of Wetherill651). Using spherical geometry, we
obtain the mutual inclinations (i′) at mutual nodes from

cos(i′) = cos(ii)cos(im)+ sin(ii)sin(im)cos(∆Ω). (11.10)

The positive solution for i′ corresponds to the impactor’s ascending node with
respect to Mercury’s orbital plane (see figure 2 of Greenberg652). The negative i′

corresponds to the other mutual node.
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Figure 11.3: The relative probability of collision with Mercury resolved for Mercury’s
mean anomaly (M) for various impactor and Mercury orbits. The orbital elements of
Mercury (αm, em, im) are set to (0.387 AU, 0.1, 0.2, 0.3, 0.4, 0°). The eccentricity, semi-
major axis and inclination of the impactor (ei, αi, ii) are (a) (0.6, αm, 20°), (b) (0.6, 1 AU,
20°), (c) (0.85, 1 AU, 20°) and (d) (0.95, 3 AU, 20°). All collision probabilities are relative
to the black (em = 0.1) curve in (a), which is normalized to a probability distribution.

We consider Mercury located near a mutual node and define the (X , Y , Z)
space with Mercury at the origin, the Sun-Mercury line as the X-axis (negative
towards the Sun), the Y -axis co-planar with Mercury’s orbital plane (positive in
the direction of Mercury’s mean motion) and the Z-axis orthogonal to the orbital
plane in the conventional northward direction. In this reference system, we define
ηm and ηi as the angle that the Mercury and impactor orbits make with respect to
the X-axis as projected on the X-Y (orbital) plane (see figure 3 of Greenberg652).
cot(ηi) and cot(ηm) are given by (equation 5 of Greenberg652)

cot(ηi,m) =
ei,m
(
1− cos2(ui,m−ωi,m)

) 1
2

1+ ei,m cos(ui,m−ωi,m)
,(11) (11.11)

where subscripts are exclusively i or exclusively m. The components of the rela-
tive encounter velocity at a mutual node are given by (equation 16 of Wetherill651)

UX =UX ,i−UX ,m =
(GMs

ρ

) 1
2
{(ai(1− e2

i )

ρ

) 1
2

cot(ηi)−
(am(1− e2

m)

ρ

) 1
2

cot(ηm)
}
,

(11.12)

UY =UY,i−UY,m =
(GMs

ρ

) 1
2
{(ai(1− e2

i )

ρ

) 1
2

cos(i′)−
(am(1− e2

m)

ρ

) 1
2
}
,

(11.13)
and

UZ =UZ,i−UZ,m =
(GMs

ρ

) 1
2
(ai(1− e2

i )

ρ

) 1
2

sin(i′). (11.14)

with G the universal gravitational constant (6.674 ·10−11 m3kg−1s−2) and Ms the
solar mass (1.989 ·1030 kg). The norm of the relative encounter velocity |U | is the
positive root of

U2 =U2
X +U2

Y +U2
Z .(15) (11.15)
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Following Le Feuvre and Wieczorek,653 we assume that an impact occurs if the
impactor approaches Mercury up to a distance τ , given by (equation 2 of Le Feu-
vre and Wieczorek653)

τ = R
√

1+Γ,(16) (11.16)

with R Mercury’s radius (set to 2440 km) and Γ the Safronov parameter, which is
given by (equation 3 of Le Feuvre and Wieczorek653)

Γ = 2
GMm

R|U |2
,(17) (11.17)

where Mm is the mass of Mercury (3.302 ·1023 kg). We assume that the size and
gravity field of the impactor do not influence the collision probability. The relative
collision probability for an encounter geometry (ωi) for given ωm and ∆Ω is given
by Wetherill651 (his equation 20)

P(Φ,ωi|ωm,∆Ω) =
τ2ρ|U |

|sin(i′)cot(ηi)|α2
i α2

m

√
(1− e2

m)(1− e2
i )
, (11.18)

where Φ denotes the parameter set of interest that is associated with the encounter
geometry (specified below). We have omitted a constant in equation 11.18 with
respect to Wetherill651 because we are interested in relative impact fluxes. We
sum P over the individual encounter geometries and subsequently integrate P over
ωm and ∆Ω to obtain the relative impact flux (F) as a function of Φ (similar to
equation 35 of Greenberg652):

F(Φ) =
∫ 2π

0

∫
ωm

∑
ωi

P(Φ,ωi|ωm,∆Ω). (11.19)

We examine the probability of collision as a function of Mercury’s mean
anomaly (M) for several Mercury and impactor orbits (we set Φ = M). We fix
αm at 0.387 AU, and set em = 0.1, 0.2, 0.3 or 0.4 throughout this study. The in-
clinations of Mercury (im) and an individual impactor (ii) influence the collision
probability only through their difference. Here, we set im = 0° and ii = 20°. We
examine impactors with (αi, ei) = (αm, 0.6), (1 AU, 0.6), (1 AU, 0.85), and (3
AU, 0.95), which spans the range of (αi, ei) for Mercury impactors (see table 3 of
Greenstreet et al.657).

The results (figure 11.3) show that the collision probability is maximal at
Mercury’s perihelion (M = 0) for impactors that cross Mercury’s perihelion (fig-
ure 11.3a, c and d). The collision probability is maximal at the impactor’s peri-
helion for impactors that do not cross Mercury’s perihelion (e.g., for αi = 1 AU,
ei = 0.6, figure 11.3b). This indicates that the portion of perihelion crossers in
the total impactor population determines whether the impact flux is maximal at
Mercury’s perihelion or elsewhere. The mean anomalies of maximal collision
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Figure 11.4: The semi-major axis (αi) and eccentricity (ei) distributions of Mercury cross-
ing objects as compiled by (a) the Lowell observatory,654 (b) those provided by Bottke
et al.655 and (c) those of the hypothetical impactor model with ei ∼ N(0.8,0.15) and
αi ∼ N(1.8AU,1.2AU) (see text). The colored lines in (a-c) denote boundary values for
the impactors perihelia q < (1+ em)αm and aphelia Q > (1− em)αm, which set the range
for objects that cross Mercury’s orbit. (d) The marginal inclination distributions of the
Mercury crossing object population if Mercury’s orbital eccentricity is 0.4, for the Lowell
observatory654 and that provided by Bottke et al.655 (e) The HV < 18 distributions of the
Mercury crossing object population of the Lowell observatory654 and of NEO’s according
to Harris and d’Abramo656 (their table 1).

probability in figure 11.3 correspond to particular orientations for Mercury (fig-
ure 11.2). An increased impact flux near perihelion would substantially increase
the bias in Mercury’s orientation for arbitrary impacts.

By comparing the Y-axes of figure 11.3a-c, we find that an object with αi =αm
is roughly four times more likely to collide with Mercury compared to an object
with αi = 1 AU. This is consistent with the result of Greenstreet et al.657 that
Atiras make up only 0.8% of all Mercury-crossing objects, but contribute 3.2%
to Mercury’s impact flux.
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11.2.4 The Population of Mercury Crossing Objects
In this section, we introduce models for Mercury’s impactor population that will
be used in impact simulations. We are interested in the orbital elements and abso-
lute visual magnitude (HV ) distributions for objects with HV < 18, which corre-
sponds to an approximate impactor diameter (d) > 1 km, because smaller objects
do not produce the large craters that are the focus of our study.

Impact simulation studies for the terrestrial planets often apply orbital ele-
ments distributions of present-day solar system objects.644, 653 Similarly, we adopt
the orbital elements and HV distributions (figure 11.4e) as compiled by the Lowell
observatory654 and the orbital elements distribution provided by Bottke et al.655

(provided in private communication), which we combine with the HV magnitude
distribution of Near-Earth Objects (NEO’s) as listed in Harris and d’Abramo656

(their table 1) (figure 11.4e).
There are indications that the impact fluxes on terrestrial planet have been rel-

atively stable over the past ∼ 3 Ga, which may indicate that the transport routes
of objects towards Mercury have not undergone drastic changes throughout this
period.246, 655, 658 However, the age of Caloris basin is estimated at ∼ 3.84 Ga650

and most large craters predate Caloris (figure 11.1a). The population of Mer-
cury crossing objects during the late heavy bombardment (LHB), which likely
produced most large craters, may have differed substantially from the current sit-
uation: Marchi et al.659 examined the implications of the Nice model, which
suggests that the migration of Saturn and Jupiter initiated the LHB,660–662 for
routes of solar system objects towards the inner solar system. They found that
the proposed migration of the giant planets increases the eccentricity of main-belt
asteroids(see figure 3 of Marchi et al.659). To assess results for an impactor popu-
lation with a lack of low eccentricity (ei < 0.55) orbits compared to the model of
Bottke et al.,655 we construct a third (hypothetical) impactor model with ei nor-
mal distributed around 0.8 with a standard deviation of 0.15 (ei ∼ N(0.8,0.15)),
and αi ∼ N(1.8AU,1.2AU) (figure 11.4c). For ii and HV distributions of the hy-
pothetical impactor model we use the marginal inclination distribution of Bottke
et al.655 and the HV distribution of Harris and d’Abramo656 (their table 1). We
do not claim that this hypothetical impactor model is an accurate characterization
of LHB objects, but consider it instructive to examine how an increased portion
of high eccentricity impactors would have affected the impact flux and cratering
distributions.

11.2.5 Impact Dynamics on Mercury
A second requirement for heterogeneous cratering is a biased encounter direc-
tion of impactors. In this section we resolve the impact flux for the geographical
coordinates of Mercury and its in-orbit variations, following Le Feuvre and Wiec-
zorek.653 At each mutual node of section 2.3, we obtain the sub-solar longitude of
Mercury (λs) by equations 11.2 and 11.3 with true anomaly ψ = um−ωm. Taking
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Figure 11.5: Relative impact fluxes for an anti-clockwise Mercurian orbit and rotation with
0.4 eccentricity for (a) the impactor distribution as compiled by the Lowell observatory,654

(b) the orbital elements distribution provided by Bottke et al.655 and (c) the hypothetical
impactor model (figure 11.4). The green, blue and red dots denote the location of A1 points
throughout the orbit for 3 : 2, 1 : 1, and 2 : 1 spin-orbit resonances, respectively (as in
figure 11.2a-c). The X and Y arrows denote the Mercury-centric reference system (with the
X-axis always pointing away from the Sun and the Z-axis pointing towards the reader) that
is associated with the X,Y and Z velocity components of equations 11.14 - 11.16.
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into account that Mercury has rotated with an angle of λs since latest perihelion
passing (assuming the 0° meridian was subsolar at perihelion), we follow Le Feu-
vre and Wieczorek653 (combining their equations A.47 and A.49) in that impacts
are possible at longitudes (λ ) and latitudes (φ ) that satisfy

cos−1
(cos(λ −λs)cos(φ)UX + sin(λ −λs)cos(φ)UY − sin(φ)UZ

|U |

)
< cos−1

( −Γ

2+Γ

)
(11.20)

Accordingly, the impact probability is zero for (λ , φ ) that violate inequality 11.20.
For (λ , φ ) that satisfy inequality 11.20, the impact probability is given by (derived
from Le Feuvre and Wieczorek,653 their equation A.58)

P(λ ,φ ,ωi|ωm,∆Ω) = g(λ ,φ) ·P(ωi|ωm,∆Ω), (11.21)

with g the impact probability at coordinates (λ , φ ) relative to the collision proba-
bility P (equation A.47 of Le Feuvre and Wieczorek653)

g(λ ,φ) =
(1+ cos(β ))(1+µ)

2µ(1+Γ)
·
(

µ
2 +µ− (1+µ)(1− cos(β ))

1+ cos(β )

)
, (11.22)

where β is short for the left-hand side of inequality 11.20 and µ is the abbreviation
(equation A.48 of Le Feuvre and Wieczorek653)

µ =

√
1+Γ+

Γ(1− cos(β ))
1+ cos(β )

. (11.23)

The impact flux resolved for mean anomaly and geographical coordinates for
any set of orbital elements for impactors and Mercury can now be computed by the
method outlined in section 2.3, using P as in equation 11.21 as the integrand for
equation 11.19 with Φ = (λ ,φ ,M). We use Monte Carlo methods to simulate the
impact fluxes for the three impactor models of section 2.4. Based on orbital evo-
lution studies,56, 57 we vary im randomly between 0° and 15°. Although Mercury’s
orbital eccentricity varied within a broad range throughout its history, the period
related to the production of large basins concentrates at ∼ 3.8− 4.2 Ga.650 In a
time-span of 400 million years, eccentricity oscillations of ∼ 0.1 in total ampli-
tude are dominant (see figure 3 of Correia and Laskar169). The long term average
of Mercury’s eccentricity varies mostly on timescales of gigayears. Hence, the
long term average of Mercury’s eccentricity is not expected to have varied much
during the period of D > 300 km crater production, but may have differed sub-
stantially from its present-day value. For this reason, we simulate the impact flux
for em set to 0.1, 0.2, 0.3, or 0.4 and set αm = 0.387 AU (the present-day value),
as in section 2.3. We compute and sum the impact flux F(Φ) for individual im-
pactors taken from the impactor models (figure 11.4) to obtain a relative impact
flux resolved for Φ. Figure 11.5 shows the results with em = 0.4. The results for
em = 0.1, em = 0.2 and em = 0.3 show similar, but less pronounced, variations
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Figure 11.6: Spatial distributions of relative D > 100 km cratering for Mercury in a 3 :
2 spin-orbit resonance for (a-d) Lowell observatory,654 (e-h) Bottke et al.,655 and (i-l)
hypothetical impactor models (figure 11.4) in Mollweide projections. Mercury’s orbital
eccentricity is 0.1 in (a, e, i), 0.2 in (b, f, j), 0.3 in (c, g, k), and 0.4 in (d, h, l).

of impact fluxes throughout Mercury’s orbit and are provided as supplementary
information (SI).

Figure 11.5 shows increased impact fluxes near Mercury’s perihelion for both
Bottke et al.655’s and the hypothetical impactor models, and lowered impact fluxes
near perihelion for the Lowell observatory654 impactor model. This relates to a
higher fraction of Mercury’s perihelion crossers in the orbital element distribu-
tions of Bottke et al. (2002)655 and the hypothetical impactor model compared
to the population of the Lowell observatory.654 For em = 0.4, the Lowell obser-
vatory,654 Bottke et al.655 and hypothetical impactor models contain 11%, 28%,
and 49% perihelion crossers and 100%, 97%, and 97% aphelion crossers, respec-
tively. Only a relatively low fraction (∼ 22%) of perihelion crossers is required to
achieve an excess in impacting near Mercury’s perihelion for em = 0.4, which is
consistent with the four to five times higher impact probability near perihelion for
Mercury’s perihelion crossing objects for em = 0.4 (figure 11.3).

Previous studies of lunar impact dynamics have shown that the lunar impact
flux is maximal at the apex point.663, 664 Because the impactors and Mercury
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Figure 11.7: Distributions of (a) angle from Mercury’s western warm pole (0°N, 90°W),
(b) longitude, and (c) absolute latitude of D > 100 km cratering for Mercury in a 3 : 2
spin-orbit resonance for the Lowell observatory654 (blue), Bottke et al.655 (green), and
hypothetical (red) impactor models, compared to observed large craters (figure 11.1). The
orbital eccentricity of Mercury is 0.1 (solid lines), 0.2 (dashed lines), 0.3 (dash-dotted
lines), or 0.4 (dotted lines)

have the same primary (the Sun), in contrast to the Moon that orbits Earth, no
simple analogy to lunar impacting can be made for the impact dynamics of Mer-
cury. More specifically, the Y -component of the velocity vector of Mercury and
impactors (UY,i,m, equation 11.15) are of the same sign and often of similar magni-
tude, which results in generally small Y -components of the relative velocity vector
(low UY ). If the impactor and Mercury are in eccentric orbit, the velocity com-
ponent in the Sun-planet line (UX ,i,m, equation 11.14) can be substantial for both
objects. When the difference in the X-components of the velocity vectors is large,
the relative velocity component in the Sun-planet line (UX ) dominates the en-
counter geometry. For this reason, we see in figure 11.5 that impacts in-between
perihelion and aphelion dominantly occur on the Sun-planet line. In particular,
impacts occur in the anti-solar hemisphere when Mercury is moving from peri-
helion to aphelion and in the subsolar hemisphere when Mercury is moving from
aphelion to perihelion, because UX is particularly large when UX ,i and UX ,m are of
different sign.

Figure 11.5 shows increased impact fluxes in Mercury’s leading hemisphere
at perihelion and, except for the hypothetical model, in its trailing hemisphere at
aphelion. This relates to the non-negligible Y -component of the relative velocity
vector at these locations. More specifically, UY,m is large at perihelion and small at
aphelion, which produces the different leading/trailing asymmetries at perihelion
and aphelion. This is consistent with the opposite morning/evening variations in
the Mercurian meteoroid impact fluxes at perihelion and aphelion according to
Marchi et al.665

Finally, we note that the impact flux is generally more skewed towards Mer-
cury’s apex of motion for the impactor model of Bottke et al.655 and, in par-
ticular, the hypothetical impactor model (figure 11.5). This relates to the higher
fraction of high-eccentricity orbits in these impactor models, which have on av-
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Figure 11.8: Spatial distributions of relative D > 100 km cratering for Mercury in a syn-
chronous rotation for (a-d) Lowell observatory,654 (e-h) Bottke et al.,655 and (i-l) hypothet-
ical impactor models (figure 11.4) in Mollweide projections. Mercury’s orbital eccentricity
is 0.1 in (a, e, i), 0.2 in (b, f, j), 0.3 in (c, g, k), and 0.4 in (d, h, l). Two projections to Mer-
cury’s present day coordinate system are possible due to the ambiguity in having A1 either
to positioned on Mercury’s present day 0° or 180° meridian. The left hemisphere in these
plots corresponds to Mercury’s current Western Hemisphere if A1 is positioned on the 180°
meridian for (a-c), and on the 0° meridian for (d-l).

erage lower UY,i velocities compared to low-eccentricity orbits. For this reason,
high-eccentricity impactors have the tendency to impact Mercury in its leading
hemisphere throughout Mercury’s orbit (see figures in SI).

11.2.6 Crater Scaling
Only a fraction of impacts generate large craters. Variables that influence the
crater size are the impactor’s diameter (d), relative velocity at impact (U∗), and
impact angle (γ). The diameter (d) of objects in the solar system is related to HV
by666, 667

d =
C
√

pV
10(6−

HV
5 ), (11.24)
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Figure 11.9: Distributions of (a) angle from Mercury’s western warm pole (0°N, 90°W), (b)
longitude, and (c) absolute latitude of D > 100 km cratering for Mercury in a synchronous
rotation for the Lowell observatory654 (blue), Bottke et al.655 (green), and hypothetical
(red) impactor models, compared to observed large craters (figure 11.1). The orbital ec-
centricity of Mercury is 0.1 (solid lines), 0.2 (dashed lines), 0.3 (dash-dotted lines), or 0.4
(dotted lines)

with pV the visual geometric albedo of the object, and C = 1.329 m as in the def-
inition of the absolute visual magnitude system.667 Assuming hyperbolic impact
trajectories, we extend the formalism of sections 2.3 and 2.5 with expressions for
U∗ and γ653

U∗ = |U |
√

1+Γ, (11.25)

cos(γ) =
(1+µ) ·

√
1− cos2(β )

2
√

1+Γ
. (11.26)

Both U∗ and γ are heterogeneously distributed across Mercury’s surface (see fig-
ure 2 of the supplementary information of Wieczorek et al.644). For consistency
with Wieczorek et al.,644 we adopt a crater scaling procedure similar to Le Feuvre
and Wieczorek653 (their appendix A4) to convert impact fluxes to D > 100 km
cratering rates: The initial crater diameter (Ds) is estimated by668

Ds =

(
U∗ sin(γ)

)2v1 ·bKd1−v1

gv1 ·
(

ρm
ρi

)v2 . (11.27)

with ρm/ρi the density of Mercury’s surface relative to the impactor, g the sur-
face gravity on Mercury (3.7 ms−2), b the scaling parameter that accounts for wall
slumping and rim formation (set to 1.56 as suggested by Melosh669), and K, v1
and v2 scaling parameters related to the rheology of excavated material. Because
we are interested in the production of large craters, which excavate non-porous
material from considerable depth, non-porous rheology scaling laws are appropri-
ate and we set K = 1.17, v1 = 0.22 and v2 = 0.31.668 Craters collapse under the
influence of gravity if their diameters exceed a transition diameter (D∗), which
is approximately inversely proportional to surface gravity.670 D∗ is set to 3700
m, based on the value adopted for the Moon,670 corrected for Mercury’s different
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Table 11.1: Comparison between Simulated and Observed Distributions of Large Craters

Crater
Record (R)/

Impactor
Model (M)

Orbital
Eccentricity
of Mercury

(em)

Fraction in Most Cratered
Hemisphere

Average Angle from (0° N,
90° W)

Synchronous
Rotation

2:1
Spin-Orbit
Resonance

Synchronous
Rotation

2:1
Spin-Orbit
Resonance

Fasset et
al.645 (R1)

- 0.76 76°

Werner650

(R2)
- 0.65 84°

Lowell
Observatory

(M)

0.1 0.66 0.55 76° 86°
0.2 0.61 0.60 82° 81°
0.3 0.51 0.68 89° 73°
0.4 0.58 0.71 84° 69°

Bottke et
al.655 (M)

0.1 0.62 0.52 81° 88°
0.2 0.66 0.53 78° 87°
0.3 0.69 0.52 75° 88°
0.4 0.72 0.50 71° 89°

Hypothetical
(M)

0.1 0.75 0.55 68° 85°
0.2 0.76 0.56 69° 84°
0.3 0.80 0.61 64° 80°
0.4 0.83 0.65 61° 77°

Table 1: Basic spatial statistics of the records of observed craters (R1 for Fassett et al.645

and R2 for Werner650) (figure 11.1), and of simulated cratering distributions associated
with the three impactor models (M) (figure 11.4) for the 1 : 1 and 2 : 1 spin-orbit resonances
(figures 11.9 and 11). Because the results of simulations with Mercury in the 3 : 2 spin-orbit
resonance are all hemispherically symmetric, the average angles from the western warm
pole are all 90° and the fractions of cratering in the most cratered hemisphere are all 0.5
for those simulations.

surface gravity. The final crater diameter (D) equals Ds from equation 11.27 for
Ds < D∗ and is otherwise estimated by

D =
( Ds

0.98 ·D∗0.079

)1.086
. (11.28)

11.2.7 Cratering Simulations
We simulate the spatial distribution of D > 100 km cratering on Mercury using
the Monte-Carlo method described in section 2.5, now with Φ = (λ ,φ ,D). We
vary the geometric albedo of impactors (pV ) and the relative density (ρm/ρi) ran-
domly between 0.119 - 0.159671 and 0.8-1.2, respectively. We vary the HV of
impactors according to their impactor models (figure 11.4e). Results for the 3 : 2
spin-orbit resonance (figures 11.6 and 11.7) show that D > 100 km cratering is
hemispherically symmetric in the current rotational state of Mercury, consistent
with the opposite orientations for Mercury in alternating orbits. As a result, none
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Figure 11.10: Spatial distributions of relative D > 100 km cratering for Mercury in a
2 : 1 spin-orbit resonance for (a-d) Lowell observatory,654 (e-h) Bottke et al.,655 and (i-l)
hypothetical impactor models (figure 11.4) in Mollweide projections. Mercury’s orbital
eccentricity is 0.1 in (a, e, i), 0.2 in (b, f, j), 0.3 in (c, g, k), and 0.4 in (d, h, l). Two
projections to Mercury’s present day coordinate system are possible due to the ambiguity
in having A1 either to positioned on Mercury’s present day 0° or 180° meridian. The left
hemisphere in these plots corresponds to Mercury’s current Western Hemisphere if A1 is
positioned on the 180° meridian for (a-h), and on the 0° meridian for (i-l).

of these cratering simulations produce the East-West asymmetry that is observed
in the distribution of observed large Mercurian craters (figure 11.7). Most crater-
ing simulations yield increased D > 100 km cratering rates near Mercury’s hot
poles (A), in particular when Mercury’s eccentricity is substantial (figures 11.6
and 11.7).

Results for the simulated D > 100 km cratering for Mercury in a synchronous
rotation are presented in figures 11.8 and 11.9 and table 11.1. Figures 11.8b and f
are consistent with results of Wieczorek et al.644 (figure 11.2 in their supplemen-
tary information). The variety of spatial distributions in figure 11.8 indicates that
a wide spectrum of D > 100 km cratering distributions can be produced in a for-
mer synchronous resonance (as proposed by Wieczorek et al.644), depending on
the orbital eccentricity of Mercury and on the impactor population. We recall the
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fractions 32
46 and 24

37 of observed large craters in the Western Hemisphere for Fas-
sett et al.645’s and Werner650’s crater records. The equivalent statistic for the simu-
lated D > 100 km cratering distributions is between these fractions for the Lowell
observatory impactor model with em = 0.1, for Bottke et al.655’s impactor model
with em = 0.2−0.4, and for the hypothetical impactor model with em = 0.1 or 0.2
(table 11.1). We recall the average angles from the western warm pole 76° and
84° for Fassett et al.645’s and Werner650’s crater records, respectively. The equiva-
lent statistic for the simulated D > 100 km cratering distributions is between these
average angles for the Lowell observatory impactor model with em = 0.1, 0.2, or
0.4 and for Bottke et al.655’s impactor model with em = 0.1 or 0.2, but is below
76° for all results with the hypothetical impactor model (table 11.1). Other sim-
ulations with the impactor models of the Lowell observatory and Bottke et al.655

show a less pronounced East-West asymmetry, but show an increased D > 100
km cratering near the points of minimum moments inertia (figure 11.8c-e). We
conclude that cratering in a former synchronous rotation can produce a similar
degree of asymmetry in the distribution of large craters as is present in the ob-
served distribution of large Mercurian craters, depending on the impactor model
and Mercury’s orbital eccentricity.

Results of D > 100 km cratering simulations for Mercury in a 2 : 1 spin-orbit
resonance are presented in figures 11.10 and 11.11 and summarized in table 11.1.
The D > 100 km cratering distributions associated with the Lowell observatory
and hypothetical impactor models show a pronounced East-West asymmetry (fig-
ure 11.10). For the simulated D > 100 km cratering distributions for the Lowell
observatory impactor model with em = 0.3 and 0.4, and for the hypothetical im-
pactor model with em = 0.4, the fractions of craters located in the most cratered
hemisphere are in-between the equivalent statistics of the records of observed
large craters (table 11.1). The average angle from the western warm pole for sim-
ulations for the Lowell observatory impactor model with em = 0.2 and for the
hypothetical model with em > 0.2 is in-between the corresponding statistics of the
records of observed large craters (table 11.1). The simulated D > 100 km crater-
ing distributions with Bottke et al.’s655 impactor model are less asymmetric than
the observed crater records (table 11.1). We conclude that cratering in a former
2 : 1 spin-orbit resonance can produce a similar degree of asymmetry in the distri-
bution of large craters as is present in the observed distribution of large Mercurian
craters, depending on the impactor model and Mercury’s orbital eccentricity.

11.2.8 Statistical Tests
We perform Komogorov-Smirnoff (KS) tests (table 11.2) on the angle from the
western warm pole, longitude and absolute latitude distributions (figures 11.7, 11.9,
and 11.11) to statistically test the hypothesis that the observed large craters on
Mercury (Figure 11.1) are a sample from the simulated D > 100 km cratering dis-
tributions. The P-values of below 0.05 (indicated in red in table 11.2) for all tests
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Figure 11.11: Distributions of (a) angle from Mercury’s western warm pole (0°N, 90°W),
(b) longitude, and (c) absolute latitude of D > 100 km cratering for Mercury in a 2:1
spin-orbit resonance for the Lowell observatory654 (blue), Bottke et al.655 (green), and
hypothetical (red) impactor models, compared to observed large craters (figure 11.1). The
orbital eccentricity of Mercury is 0.1 (solid lines), 0.2 (dashed lines), 0.3 (dash-dotted
lines), or 0.4 (dotted lines).

comparing angle from western warm pole - and longitude - distributions of Fas-
sett et al.’s645 crater record with those simulated for Mercury in its current 3 : 2
spin-orbit resonance indicate that Fassett et al.’s645 crater record is statistically
different from all these simulated distributions at a significance level of 5%. The
corresponding P-values for these tests with Werner’s650 crater record are higher
than 0.05 (table 11.2), which is due to the smaller degree of East-West asym-
metry and smaller sample size of Werner’s650 crater record. Still, these P-values
are rather low (< 0.22), which is indicative of a poor level of agreement between
Werner’s650 crater record and the simulated cratering distributions for Mercury in
the 3 : 2 spin-orbit resonance.

The P-values higher than 0.90 (indicated in green in table 11.2) for tests com-
paring angle from western warm pole - and longitude - distributions of Fassett et
al.’s645 crater record with some of those simulated for Mercury in synchronous
rotation (with a Lowell observatory impactor model and 0.1 orbital eccentricity
for Mercury and with the Bottke et al.655 impactor model and 0.3 or 0.4 or-
bital eccentricity for Mercury) point to an excellent agreement between this crater
record and these simulated distributions. However, the equivalent P-values for
Werner’s650 crater record are all below 0.68. Additionally, the P-values of below
0.05 for some tests with simulated distributions for Mercury in a synchronous
rotation (those with the Lowell observatory impactor model and 0.3 orbital ec-
centricity for Mercury and those with the hypothetical impactor model and 0.3
or 0.4 orbital eccentricity for Mercury, indicated in red in table 11.2) show that
the crater records are statistically different from the simulated distributions un-
der other model assumptions. This confirms that the goodness of fit is highly
dependent on the orbital elements of impactors and Mercury, for Mercury in a
synchronous rotation.

The P-values higher than 0.90 (indicated in green in table 11.2) for tests com-
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Table 11.2: Results of KS-tests between the simulated D > 100 km crater distributions and
the two records of observed large craters

Im-
pactor
Model

Orbital
Ec-
cen-

tricity
of

Mer-
cury
(em)

P-value of KS-test between
angle-from-(0° N, 90° W)-distributions

P-value of KS-test between
longitude-distributions

P-value of
KS-test
between
latitude-

distributions
3 : 2
S-O

vs R1

3 : 2
S-O

vs R2

1 : 1
S-O

vs R1

1 : 1
S-O

vs R2

2 : 1
S-O

vs R1

2 : 1
S-O

vs R2

3 : 2
S-O

vs R1

3 : 2
S-O

vs R2

1 : 1
S-O

vs R1

1 : 1
S-O

vs R2

2 : 1
S-O

vs R1

2 : 1
S-O

vs R2

All
S-O’s
vs R1

All
S-O’s
vs R2

Lowell
Observa-

tory
(M)

0.1 0.02 0.21 0.99 0.28 0.13 0.59 0.02 0.12 0.95 0.62 0.08 0.51 0.85 0.94
0.2 0.02 0.22 0.28 0.34 0.49 0.65 0.01 0.17 0.34 0.58 0.44 0.74 0.57 0.70
0.3 0.02 0.21 0.02 0.09 0.96 0.40 0.02 0.12 0.02 0.06 0.99 0.70 0.82 0.91
0.4 0.02 0.19 0.16 0.45 0.40 0.09 0.02 0.09 0.08 0.20 0.99 0.40 0.36 0.36

Bottke et
al.655 (M)

0.1 0.02 0.16 0.29 0.34 0.04 0.32 0.02 0.10 0.29 0.53 0.03 0.22 0.77 0.92
0.2 0.02 0.12 0.63 0.24 0.06 0.32 0.02 0.09 0.73 0.68 0.06 0.23 0.54 0.68
0.3 0.02 0.11 0.90 0.25 0.04 0.24 0.02 0.07 0.98 0.49 0.04 0.17 0.66 0.83
0.4 0.02 0.12 0.73 0.24 0.02 0.14 0.02 0.07 0.99 0.28 0.02 0.09 0.79 0.95

Hypothe-
tical
(M)

0.1 0.02 0.23 0.42 0.15 0.16 0.60 0.02 0.10 0.87 0.10 0.12 0.45 0.21 0.18
0.2 0.02 0.19 0.40 0.17 0.21 0.78 0.02 0.07 0.86 0.11 0.19 0.46 0.23 0.22
0.3 0.02 0.21 0.10 0.02 0.66 0.80 0.02 0.08 0.36 0.05 0.56 0.75 0.16 0.13
0.4 0.02 0.23 0.02 0.03 0.96 0.58 0.02 0.09 0.14 0.03 0.76 0.82 0.19 0.16

Table 2: The P-values of the KS-tests that test the hypothesis that the large-crater record
of Fassett et al.645 (denoted by ‘R1’) and the large-crater record of Werner650 (denoted
by R2’) are a sample of the simulated D > 100 km distributions. ‘3 : 2 S-O’, ‘1 : 1 S-O’,
and ‘2 : 1 S-O’ denote the simulated D > 100 km cratering distributions for Mercury in
the 3 : 2, 1 : 1, and 2 : 1 spin-orbit resonances, respectively (figures 11.7, 11.9, and 11.11).
The simulated absolute latitude distributions are identical throughout these resonances.
For this reason, only two columns are devoted to KS-tests between simulated absolute
latitude distributions and the crater record (R1 and R2). P-values below 0.05 indicate
that the crater record is not a sample of the simulated D > 100 km cratering distribution
at a significance level of 5% (highlighted in bold red). P-values higher than 0.90 are
indicative of an excellent agreement between the crater record and the simulated D > 100
km cratering distribution (highlighted in bold green).

paring angle from western warm pole - and longitude - distributions of Fassett
et al.’s645 crater record with a Lowell observatory impactor model and 0.3 or
0.4 orbital eccentricity for Mercury and with the hypothetical impactor model
and 0.4 orbital eccentricity for Mercury point to an excellent agreement between
this crater record and these simulated distributions. The equivalent P-values for
Werner’s650 crater record are below 0.82. Additionally, the P-values of below 0.05
for those with the Bottke et al.655 impactor model and 0.1, 0.3 or 0.4 orbital eccen-
tricity for Mercury (indicated in red in table 11.2) show that the crater records are
statistically different from the simulated distributions under other model assump-
tions. This confirms that the goodness of fit is highly dependent on the orbital
elements of impactors and Mercury, also for Mercury in a 2 : 1 spin-orbit reso-
nance. The tests that indicate an excellent agreement (P-value > 0.90) between
the observed crater record and simulated distributions for Mercury in a 2 : 1 spin-
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orbit resonance are all obtained with an orbital eccentricity above 0.2 for Mercury
(table 11.2).

We stress that the comparisons of D > 100 km cratering simulations for Mer-
cury in a 1 : 1 or 2 : 1 spin-orbit resonance with present-day crater records have an
intrinsic ambiguity that A1 may correspond to either of Mercury’s hot poles. This
propagates to an ambiguity in whether any hemispheric asymmetry in D> 100 km
cratering represents an increased crater production in the present-day Western or
Eastern Hemisphere. The geographical location of A1 in figures 11.8, 11.9, 11.10,
and 11.11 is chosen such as to maximize the correlation between the simulated
distributions and the records of observed large craters.

11.3 Mercury’s Rotational Dynamics

11.3.1 Efroimsky’s Torque
The rotational evolution of Mercury is governed by the torques acting on the
planet. The dominant torques are the solar triaxial torque Ttri and tidal torque
Ttide which, assuming a negligible obliquity, are related to the rotational accelera-
tion of Mercury by647

θ̈ =
Ttri +Ttide

C
, (11.29)

with θ the sidereal angle between Mercury’s A-axis and the inertial line (see fig-
ure 2 of Goldreich and Peale154) and C the maximum moment of inertia (set to
6.8 ·1035).672 For Mercury in-between spin-orbit resonances, Ttri averages to near-
zero and Ttide does not vary significantly throughout the oscillations in rotational
velocity produced by Ttri. Hence, in-between spin-orbit resonances, Ttide domi-
nates Mercury’s secular rotational dynamics. We compute the secular tidal torque
following Efroimsky.648, 649

Neglecting higher order and oscillating components, Ttide is given by (equa-
tion 10 of Makarov647)

Ttide =
3GM2

s R5

2α6
m

∑
q∈Z

G2
20q(e) · k̄2(|ω220q|) · sin(|ε2(|ω220q|)|) ·Sign(ω220q),

(11.30)
with Kaula’s36 eccentricity function G20q related to Hanson’s coefficients by G20q(e)=
X−3,2

2+q (e), which we compute by the integral (equation 2 of Hughes (1981)673)

X−3,2
2+q (em) =

1
2π

∫ 2π

0

( r
αm

)−3
cos
(
2ψ− (2+q)ψ

)
dM, (11.31)

with r and ψ functions of M and em through equations 11.1, 11.2, and 11.3,
with equation 11.3 solved by Bessel’s5 equations. In equation 11.30, k̄2(χ) is
the frequency-dependent complex Love number of second order (equation 59 of
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Figure 11.12: (a) The direction and magnitude of the tidal torque (arrows) as a function of
Mercury’s eccentricity and rotation rate. Color-shaded areas mark the regions where the
tidal torque drives Mercury towards the 1 : 1 (blue), 3 : 2 (green), and 2 : 1 (red) spin-orbit
resonance, respectively. Thick black lines denote the range where spin-orbit resonance
capture is uncertain. Hence, the uncolored region marks the area where the following
spin-orbit resonance capture is uncertain. (b, c) The tidal torque at various eccentricities
near the 3 : 2 and 2 : 1 spin-orbit resonances, respectively (near thick black lines of (a)).
Colors in (a) do no not relate to colors in (b, c).

Efroimsky648) and ε2 is the frequency-dependent tidal phase lag of second order
(equation 62 of Efroimsky648). Combined, as in equation 11.30, they are given by
(equation 64 of Efroimsky648)

k̄2(χ) · sin
(
|ε2(χ)|

)
=−

3J∆2Im
(
J̄(χ)

)
2 ·
((

Re
(
J̄(χ)

)
+ J∆2

)2
+ Im

(
J̄(χ)

)2) , (11.32)

where J = 1
µ

is the static compliance with µ the unrelaxed rigidity (set to 8 ·1011)
and J̄ is the complex compliance. Assuming an Andrade rheology, the real and
imaginary parts of J̄ are given by (equations 36b and 37b of Efroimsky648)

Re
(
J̄(χ)

)
= J+ J · (χτa)

−a · cos
(aπ

2

)
·Γ(1+a) (11.33)

Im
(
J̄(χ)

)
=−J ·

(
(χτM)−1 +(χτa)

−a · cos
(aπ

2

)
·Γ(1+a)

)
, (11.34)

with a the Andrade parameter (set to 0.2), Γ the gamma function, τa and τM the
Andrade and Maxwell timescales of creep (both set to 500 years, as in Noyelles
et al.155), and ∆2 a quantity given by (equation 58 of Efroimsky648)

∆2 =
57µ

8πG(ρR)2 , (11.35)
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with ρ the average density of Mercury (5427 kg·m−3), G and R the gravitational
constant and Mercury’s radius as before. The ω220q := (2+q)n−2θ̇ that appear
in equation 11.30 are the dominant modes of resonant rotational frequencies q for
Mercury at a rotational frequency θ̇

n , n being Mercury’s mean motion.
Figure 11.12a shows the dynamics of Mercury’s rotation in between resonant

states
(

2θ̇

n 6∈Z). Mercury is generally in de-spinning mode, but for em > 0.2−0.3
and em > 0.32−0.43, spin-up to the 3 : 2 and 2 : 1 spin-orbit resonances, respec-
tively, occurs at rotational velocities below these spin-orbit resonances (consistent
with figure 3 of Makarov647). For this reason, capture in these resonant states
is certain if Mercury approached the 3 : 2 and 2 : 1 spin-orbit resonances from
either direction with em > 0.2 and em > 0.32, respectively. The tidal torques
of zero magnitude in between the spin-orbit-resonances are unstable equilibria
(figure 11.12a). This results in the absence of stable pseudo-synchronous reso-
nances,674 in contrast to earlier tidal models.168, 169, 646

For lower em, the tidal torque is positive for rotation rates only slightly below
the spin-orbit resonance rotation rates (figure 11.12b and c). This does not nec-
essarily result in a capture at the corresponding spin-orbit resonance, because the
tidal torque varies in sign and magnitude throughout the oscillations in rotation
rate produced by the triaxial torque. A more detailed analysis, that is required
to determine whether capture occurs on the thick black lines of figure 11.12a, is
presented in the next section.

11.3.2 Capture Probabilities near Spin-Orbit Resonances
It is well-established that a higher order spin-orbit resonance is Mercury’s most
likely primary capture if it is partially liquid.155 Here we examine the spin-orbit
resonance capture probabilities for a rigid Mercury, which Noyelles et al.155 sug-
gested to be the most feasible state of Mercury during its spin down, at the thick
black lines of figure 11.12a. Nearby spin-orbit resonances, the triaxial torque
needs to be considered, which is given by (equation 2 of Goldreich and Peale154)

Ttri =−
3(B−A)n2α3

m

2r3 sin
(
2(θ −ψ)

)
. (11.36)

Averaging Ttri over an orbital period, Goldreich and Peale154 obtained

γ̈ =
3(B−A)n2

2C
G20q′(em) · sin(2γ), (11.37)

with γ = θ − (1+ q′
2 )M the libration angle about the resonance number q′ (as in

Goldreich and Peale;154 γ equals half the value of Makarov’s647 definition for γ)
and B−A

C the triaxiality. Equation 11.37 is recognized as the pendulum equation.
Hence, in light of equation 11.29, the rotational dynamics near a spin-orbit reso-
nance can be well-understood by the analogy of a pendulum for rotational velocity
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Figure 11.13: The capture probability at 3 : 2 (green), 2 : 1 (red), 5 : 2 (black), and 3 : 1
(purple) spin-orbit resonances for a rigid Mercury (equation 11.38) with a triaxiality of
9.40 ·10−5 (dotted line), 4.7 ·10−6 (dashed line) and 2.1 ·10−7 (solid line).

about a spin-orbit resonance, governed by the triaxial torque, which is disturbed
by a secular (tidal) torque.647 The corresponding separatrix between rotation and
libration is (equation 17 of Goldreich and Peale154)

γ̇ = n
(

3
B−A

C
G20q′(em)

) 1
2

cos(γ). (11.38)

Following Makarov,647 the capture probability (P) at a spin-orbit resonance q′ is
given by

P =
2

1+ πV∫ π/2
π/2 W (γ̇)dγ

, (11.39)

with V the sum of tidal torque (equation 11.30) components of frequency modes
that do not correspond to the nearby spin-orbit resonance (the q 6= q′ terms), and W
the component of the tidal torque of the mode of the nearby spin-orbit resonance
(the q = q′ term). Substituting ω220q′ by −2γ̇ , W is given by (equation 16 of
Makarov647)

W (γ̇) =−3GM2
s R5

2α6 G2
20q(em) · k̄2(|2γ̇|) · sin

(
|ε2(|2γ̇|)|

)
·Sign(γ̇), (11.40)

with γ̇ as in equation 11.38.
For the triaxiality of Mercury, that arises in equation 11.37, Noyelles et al.155

adopted the present-day value of ∼ 9.40 ·10−5.672 The thermal bulge that is pro-
duced by the spatially heterogeneous insolation of solar radiation is estimated to
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increase triaxiality at a rate of ∼ 3.15 · 10−5 Ga−1 since Mercury’s capture in its
present-day 3 : 2 spin-orbit resonance,675 so that this process may account for
the dominant part (∼ 95%) of the current triaxiality.676 The hydrostatic equi-
librium value of Mercury’s triaxiality in a 3 : 2 spin-orbit resonance is ∼ 450
times lower.677 The Caloris impact may have substantially deformed the planet as
well.678 We calculate spin-orbit resonance capture probabilities for three differ-
ent values of triaxiality: The present-day triaxiality of ∼ 9.40 ·10−5,672 5% of its
present day value,676 and the hydrostatic equilibrium triaxiality of 2.1 ·10−7 for a
3 : 2 spin-orbit resonance.677

The results (figure 11.13) using Mercury’s present-day triaxiality are con-
sistent with Makarov (his figure 8)647 and Noyelles et al. (their figure 9).155

For lower triaxiality, the spin-orbit resonance capture probabilities increase (fig-
ure 11.13). For the hydrostatic equilibrium triaxiality, for example, capture in the
2 : 1 spin-orbit resonance is certain for the present-day eccentricity of Mercury
(em = 0.206), which is consistent with Makarov.647

11.3.3 Spin-Orbit Resonance Transitions due to Large Impacts
Finally, we examine the possibility that impacts have initiated transitions in Mer-
cury’s rotational state. To leave a spin-orbit resonance, an impact must sufficiently
accelerate or decelerate Mercury’s rotation. Assuming that librations were negli-
gible prior to the impact (γ ∼ 0), the lower boundary for the change of spin rate
(∆ω) follows from the separatrix (equation 11.38) (equation 41 of Noyelles et
al.155)

∆ω > n

√
3

B−A
C

G20q′(em). (11.41)

Note that a lower triaxiality lowers the right side of inequality 11.41, which eases
the destabilization of spin-orbit resonances. If Mercury’s core is decoupled from
an outer solid shell, A, B and C of inequality 11.41 should be replaced by Am,
Bm and Cm, the respective inertia momenta of Mercury’s outer solid shell. We
estimate the ∆ω related to each crater-impact of the D > 300 km craters of Fas-
sett et al. (their table 1)645 and the D < 300 km craters of Herrick et al.679 For
sake of simplicity, we neglect the loss of impact energy to heat, Mercury’s inter-
nal stresses, and release of impact ejecta. We also neglect impact-induced polar
wander through a re-distribution of Mercury’s mass, and assume that any impact-
induced libration in Mercury’s obliquity (nutation) will eventually damp.156 Un-
der these assumptions, ∆ω is given by

∆ω =
MiUX ,Y RC

C
, (11.42)

with Mi the mass of the impactor and UX ,Y the relative velocity component at
impact parallel to Mercury’s orbital (and equatorial) plane given by the positive
root of

U2
X ,Y =U2

X +U2
Y , (11.43)
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Figure 11.14: The probability distributions of (a) the impact velocity (U, solid line), its
component in the orbital plane of Mercury (UX ,Y , dashed line), and (b) the impact angle
(γ) averaged over 0°−10° (black), 30°−40° (blue) and 70°−80° (red) absolute latitude
(|φ |) bins for impact simulations performed by adopting Bottke et al.’s655 impactor model
(figure 11.4) and em = 0.2 (similar to the cratering simulations of section 2.7). (c) The
three different crater scaling laws adopted in this study (see text for details).

and RC the moment arm of impact with respect to Mercury’s rotational axis. We
parametrize RC by

RC = x ·R · cos(|φC|), (11.44)

with x a stochastic variable on the interval [0 1] and φC the latitude coordinate of
the crater. Neglecting gravitational focusing, x would be uniform if all impactor-
orbits are parallel to Mercury’s orbital plane, but differs from a uniform distribu-
tion otherwise. We expect the non-uniformity in x to be small. C may be replaced
by Cm (<C) in equation 11.42 if Mercury’s core is decoupled from an outer solid
shell, which would ease the de-stabilization of the spin-orbit resonance.

To address the uncertainty in RC and the relation between crater diameter (D)
and impactor diameter (d),680 we calculate the number of craters whose generat-
ing impact would destabilize the 1 : 1, 3 : 2 and 2 : 1 spin-orbit resonances (using
equations 11.41, 11.42, and 11.44) for x = 0.25, x = 0.5 or x = 0.75 under appli-
cation of three crater scaling laws: We use the crater scaling law of equation 11.27
(with ρm

ρi
set to 1) with and without accounting for crater collapse (equation 11.28).

The third crater scaling procedure is a constant (large) scaling factor of 20, which
Bottke et al.681 suggested to be suitable for crater scaling on terrestrial planets. d
is converted to an equivalent impactor mass (Mi in equation 11.42) using a density
of 2500 kg·m−3.

To constrain the impact angle (γ), U (for equation 11.27) and UX ,Y (for equa-
tion 11.42) of the crater-impact, we perform impact simulations similar to those
in section 2.5, adopting Bottke et al.’s655 impactor model (figure 11.4), em = 0.2,
and Φ = (φ ,λ ,U,UX ,Y ) in equation 11.19. We make the simplifying assumption
that the probability distributions of γ , U and UX ,Y do not vary with longitude. The
probability distributions for γ , U and UX ,Y at various latitudes (φ ) are shown in
figure 11.14. The probability distributions of U are consistent with Le Feuvre and
Wieczorek (their figure 4).653 The probability distributions of γ and U do not vary
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Figure 11.15: The number of crater-impacts that would have destabilized a 2 : 1 (red), 3 : 2
(green) or 1 : 1 (blue) spin orbit resonance based on (a) a crater scaling procedure without
accounting for crater collapse (equation 11.27), (b) a crater scaling procedure that does
account for crater collapse (equations 11.27 and 11.28), and (c) a constant scaling factor
of 20,681 set out against the orbital eccentricity of Mercury. The calculations are performed
with values 0.25 (solid line), 0.5 (dashed line) and 0.75 (dotted line) for x (equation 11.44),
which is approximately uniformly distributed between 0 and 1 (see text).

much with latitude: The average value of U varies from ∼ 44 km·s−1 near the
equator to ∼ 41 km·s−1 near the poles, and the average value of γ varies from
∼ 43° near the equator to ∼ 48° near the poles (consistent with Le Feuvre and
Wieczorek (their figure 8)664). Because these variations are insignificant in the
context of spin-orbit resonance transitions, we make the simplifying assumption
that the probability distributions of U and γ do not vary with crater latitude. The
probability distribution of UX ,Y does vary substantially with absolute latitude: its
average values of ∼ 37 km·s−1 near the equator and ∼ 28 km·s−1 near the poles
correspond to a decrease of ∼ 0.1 km·s−1 per absolute crater latitude (|φC(°)|).
U and UX ,Y have a correlation of ∼ 0.84 and are approximately proportional to
one another. Because U is positively related to both ∆ω (equation 11.42) and the
produced crater diameter (equation 11.27), the minimum crater size to destabilize
a spin-orbit resonance is relatively insensitive to the value of U . For calculations
we use the average values of U (43 km·s−1) (in equation 11.27) , γ (45°) (in equa-
tion 11.27) and UX ,Y (37−0.1 · |φC(°)| km·s−1) (in equation 11.42).

Results (figure 11.15) show that the number of crater-impacts that would
destabilize a spin-orbit resonance is highly dependent on the crater scaling proce-
dure. Under the crater scaling procedure that does not account for crater collapse,
more than a dozen crater-impacts would likely destabilize any spin-orbit reso-
nance (figure 11.15a). The 3 : 2 and 2 : 1 spin-orbit resonance are more easily
destabilized if impacts occurred at a low orbital eccentricity (em) of Mercury. The
number of crater-impacts that would destabilize the 3 : 2 and 2 : 1 spin-orbit res-
onance increases to between 17− 25 and 25− 41 (depending on the value of x)
respectively, for em = 0.05. If we do take crater collapse into account, between
2 and 5 crater-impacts would destabilize a synchronous resonance, depending on
the value of x (figure 11.15b). This number is between 4 and 15 and between 15
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and 19 for the 3 : 2 and 2 : 1 spin-orbit resonances, respectively, for em = 0.05.
For the constant scaling factor of 20, only 2 crater-impacts (those that produced
Caloris and ‘b30’ of Fassett et al.645) likely destabilize a synchronous rotation
(figure 11.15c). These and several other crater-impacts would still destabilize the
3 : 2 and 2 : 1 spin-orbit resonances with near certainty (down to low values of
x). The number of impacts that would have destabilized the 3 : 2 and 2 : 1 spin-
orbit resonances under this crater scaling procedure increases to 2−5 and 5−15
respectively, for em = 0.05.

Finally, we calculate how many crater-impacts Mercury may facilitate an in-
stantaneous spin-up of Mercury from a synchronous rotation to the 3 : 2 spin-orbit
resonance state. The lower boundary for ∆ω to facilitate this direct transition is
given by

∆ω >
n
2
. (11.45)

Only for the crater scaling procedure that does not account for crater collapse,
we find two (Caloris for x > 0.125 and ‘b30’ for x > 0.25) crater-impacts that
can initiate a direct spin-up from the 1 : 1 to the 3 : 2 spin-orbit resonance. We
redo the calculations with C replaced by Cm = 0.452 ·C672 to assess the (likely)
scenario of a partially liquid interior during the impact. In this scenario, only
the Caloris impact potentially facilitates a direct spin-up to the 3 : 2 spin-orbit
resonance for the crater scaling procedure that accounts for crater collapse, but
only for x > 0.75. Now we find that three crater-impacts potentially do so under
the crater scaling procedure that does not account for crater collapse, of which
one only for x > 0.75.

11.4 Discussion

11.4.1 Uncertainties in Observations and Simulations
The spatial distribution of large craters is the primary constraint for our crater-
ing simulations. Some (‘ghost’) craters are difficult to recognize, because they are
filled with volcanic material.682, 683 It has been suggested that the East-West asym-
metry in large craters shown in figure 11.1 is due to volcanic resurfacing155, 645

(there is no evidence for erosion or tectonic processes that could also have re-
moved large craters). Marchi et al.684 studied the volcanic resurfacing of D > 25
km craters. The random distribution of D > 300 km craters in both resurfaced
and non-resurfaced regions (figure 1 in Marchi et al.684) suggests that volcanic
resurfacing of D > 25 km craters has not erased many D > 300 km craters. Addi-
tionally, the distribution of volcanic smooth plains on Mercury, which are the main
candidate areas for volcanic resurfacing, is only moderately biased to the Eastern
hemisphere.685 The difference in the number of craters identified by Werner650

(37 in total) and Fassett et al.645 (46 in total) illustrates the substantial uncer-
tainties in the original crater record. Given that both Werner’s650 and Fassett et
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al.’s645 large craters records show a pronounced East-West asymmetry, we be-
lieve that this characteristic does reflect spatial variations in the primordial crater
production.

We have simulated the spatial distribution of D > 100 km crater production
on Mercury by generalizing the approach of Wieczorek et al.644 to 1 : 1, 3 : 2
and 2 : 1 spin-orbit resonances. We note that the present-day population of ob-
jects in the inner solar system is better known than the impactor models applied in
this study.657, 686 For example, Granvik et al.686 have shown that the HV of solar
system objects are not independent of their orbital elements. Additionally, Jeon-
gAhn and Malhotra687, 688 detected a bias in the angular orbital elements of Mars-
crossing objects, which they integrated in impact simulations on the present-day
Martian impact flux. The population of Mercury-crossing objects is, however, less
constrained by observations than the population of Mars-crossing objects. More
importantly, the population of Mercury-crossing objects during the production of
Mercury’s large craters (∼ 3.8− 4.2 Ga)650 likely differs substantially from the
present-day population. At least two theories for the origin of Mercury’s exten-
sive cratering are consistent with a strong deviation of Mercury’s past impactor
population from its present-day impactor population.659, 689 As noted before, the
results of Marchi et al.659 point towards generally more high-eccentricity orbits
in the LHB impactor population. Leake et al.689 hypothesized that a signifi-
cant portion of the Mercurian basins were formed by collisions with objects that
have long remained interior to Mercury’s orbit. This would imply a substantial
contribution of objects with low semi-major axis to Mercury’s past impactor pop-
ulation. Although no object interior to Mercury’s orbit has been detected yet, it
is unclear whether such a population existed during the LHB. A small fraction of
such objects may strongly affect impact dynamics, because Mercury’s collision
probability with low semi-major axis objects is higher than with high semi-major
axis objects (figure 11.3). Additionally, such a population would significantly in-
crease the collision probability at perihelion (figure 11.3) at which Mercury has a
specific orientation (figure 11.2), and specifically impact Mercury’s local leading
hemisphere (figure 11.5). Hence, the range of impactor models examined here
may not overlap with the ‘true’ population of past Mercury impactors.

The purpose of the D > 100 km cratering simulations was to illustrate that it
is possible to match the observed distributions of large craters. To our knowledge,
robust orbital elements distributions of LHB projectiles have yet to be developed.
Additionally, Mercury’s long-term average eccentricity may have differed from its
present-day value. For these reasons, we have randomized the angular elements
of Mercury crossing objects, implemented three different Mercury crossing object
populations, and varied the eccentricity of Mercury to examine the D > 100 km
cratering distribution within a range of dynamics that may have governed large
crater production on Mercury. It is outside the scope of this paper to further eval-
uate the consequences of different impactor models.

Another source of uncertainty for the cratering simulations is the appropriate-
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ness of the crater scaling law for large craters on Mercury. Crater scaling laws for
large craters are generally calibrated against lunar craters with sizes between ∼ 1
and ∼ 300 km, because D > 300 km craters on terrestrial planets are sparse. This
makes it highly uncertain which crater scaling law is appropriate for simulating
the production of large craters on Mercury. We note that the cratering simula-
tions are only marginally sensitive to the applied lower boundary for the crater
diameter, consistent with Wieczorek et al.644

11.4.2 Comparison with Observations
Primordial cratering in Mercury’s current rotational state is inconsistent with the
pronounced East-West asymmetry of large craters (figure 11.7), but the D > 100
km cratering simulations shown in figure 11.6 do show substantial spatial vari-
ations in crater production in its current rotational state. In particular, most of
our cratering results for Mercury in its current rotational state show an increased
D > 100 km crater production at Mercury’s hot poles compared to Mercury’s
warm poles. This spatial variability is only moderately sensitive to the adopted
lower boundary of crater diameter, and the spatial variability in the cratering rate
does not disappear at lower crater diameters. Hence, spatial variability in the cra-
tering flux on Mercury of any crater size is present in its current rotational state.
The effect of a spatially variable cratering rate on crater counting ages for Mer-
cury’s surface690 should be further explored, as has been done for the Moon.653

Consistent with results of Wieczorek et al.,644 we found that the D > 100 km
cratering distribution is strongly heterogeneous for Mercury in a synchronous ro-
tation. In this rotational state, the D > 100 km cratering distribution can take vari-
ous forms, depending on the orbital eccentricity of Mercury and the impactor pop-
ulation (figure 11.8). Our results indicate that cratering in a former synchronous
rotation can match Mercury’s present-day crater record (figure 11.9, tables 11.1
and 11.1), refuting the criticism of Noyelles et al.155 on this issue. We have
also demonstrated that it is possible to match Mercury’s record of large craters by
primordial crater production in a former 2 : 1 spin-orbit resonance (figures 11.10
and 11.11 and tables 11.1 and 11.1). For the impactor models and crater records
examined here, the latter does require a substantial orbital eccentricity (em > 0.2)
of Mercury during the period of cratering of large craters and a generally higher
or lower eccentricity in the population of Mercury-crossing objects compared to
the impactor model of Bottke et al.655 The lower bound on Mercury’s eccentric-
ity may be relaxed by considering a larger variety of impactor models and crater
records.
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11.4.3 Capture Probabilities and Spin-Orbit Resonance Tran-
sitions

Following the scenario of a pre-differentiated prograde de-spinning Mercury, we
calculated the capture probabilities for the 3 : 2 and several higher order spin-orbit
resonances for several values of Mercury’s triaxiality (figure 11.13). Results show
that the odds of passing of spin-orbit resonances in decreasing order all the way
to the 3 : 2 spin-orbit resonance relies on Mercury’s large present-day triaxial-
ity to be representative for the pre-differentiated Mercury. Perry et al.677 view
the current triaxiality to be problematically large. Suggested causes for the large
present-day triaxiality are that the Caloris impact occurred during Mercury’s de-
spinning,678 which is not commensurate with a pre-differentiated 3 : 2 spin-orbit
resonance capture, or that a cumulative increase in the thermal bulge of Mercury
occurred.675, 676 The latter mechanism cannot have increased the triaxiality during
the de-spinning of Mercury, because it requires Mercury to be locked in a spin-
orbit resonance. Given that the hydrostatic triaxiality for Mercury in a 3 : 2 spin-
orbit resonance is much lower than the current triaxiality of Mercury, it appears
unlikely that the present-day triaxiality is representative for a pre-differentiated
Mercury. Hence, if Mercury completed de-spinning prior to attaining its current
deformed state, it would likely first get captured in a higher order resonance (fig-
ure 11.13).

We have shown that any rotational state would get destabilized with near cer-
tainty by impacts for which we have crater evidence, even under application of the
largest crater scaling procedure (figure 11.15). These results are consistent with
Correia and Laskar.646 For these calculations, we assumed a rigid Mercury and
adopted its present-day triaxiality. A partially liquid state and a lower triaxiality
for Mercury would ease the destabilization of spin-orbit resonances by impact.
Only few craters (Caloris and ‘b30’) support the possibility for an instantaneous
spin-up from a synchronous rotation to the 3 : 2 spin-orbit resonance (consistent
with Noyelles et al.155), and only under application of a small scaling procedure.
This result is independent of Mercury’s triaxiality, and only slightly sensitive to its
interior configuration. We remark here that ‘b30’ is not recognized by Werner650

as an impact basin.

11.4.4 General Discussion
Since the discovery of Mercury’s 3 : 2 spin-orbit resonance, its rotational evolution
has been a hotly debated topic. Two series of papers on this topic can be consid-
ered as the most advanced to date: Correia and Laskar168, 169, 646 and Wieczorek et
al.644 have implemented the most detailed orbital evolution models, with the two
2012 papers arguing that the rotational evolution is dominated by large impacts.
Makarov647 and Noyelles et al.155 have implemented the most sophisticated tidal
model, with Noyelles et al.155 suggesting that Mercury’s 3 : 2 spin-orbit resonance
is its primary rotational state, which it has never left. Noyelles et al.155 reconcile
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the East-West asymmetry of large craters by referring to volcanic re-surfacing,
but do not provide geological evidence for the removal of such large craters by
this process. Their calculations rely on Mercury’s present-day triaxiality to be
representative for its pre-differentiated value, which appears unlikely. It also ap-
pears unlikely that the 3 : 2 spin-orbit resonance survived the numerous impact
events for which we have crater evidence (figure 11.13). In particular, the Caloris
impact would de-stabilize any rotational state with near certainty. Our D > 100
km cratering simulations show that cratering in a former synchronous rotational
state can match the present-day distribution of large craters (figures 11.8 and 11.9
and tables 11.1 and 11.2), as suggested by Wieczorek et al.644 Under application
of ‘small’ crater scaling procedures, it is particularly likely to reach synchronous
rotation from an initial prograde rotation by de-spinning after destabilizing one or
several spin-orbit resonances by impacts, consistent with Correia and Laskar.646

A former synchronous rotation is only feasible under application of small crater
scaling procedures, because only those enable the instantaneous transition to the
3 : 2 spin-orbit resonance. Otherwise, this transition would require a high eccen-
tricity during a synchronous rotation destabilizing impact. However, under such
small crater scaling procedures, the synchronous rotation is likely de-stabilized
and re-visited many times throughout its history (figures 11.12a and 11.15). To
preserve the spatial bias in cratering, these synchronous re-captures have to oc-
cur with the same orientation of Mercury. Unless one of Mercury’s current hot
poles has a much higher probability of getting oriented towards the Sun upon
synchronous capture than Mercury’s other current hot pole, these multiple re-
captures pose a problem for explaining the spatial distribution of Mercury by a
former synchronous rotation. Conversely, a large crater scaling procedure must
be appropriate if Mercury has not reached synchronous resonance, for otherwise
Mercury would have visited spin-orbit resonances in decreasing order under the
influence of resonance destabilizing impacts and the tidal torque (figure 11.12a).

We propose a rotational evolution for Mercury from an initial prograde rota-
tion. Mercury may have briefly visited spin-orbit resonances of orders higher than
the 2 : 1 spin-orbit resonance, which are more easily destabilized by impact (or a
temporary low eccentricity) compared to the 2 : 1 spin-orbit resonance.646 Mer-
cury was eventually captured in the 2 : 1 spin-orbit resonance state, which is likely
with or without a partially liquid core. In this rotational state, Mercury endured
intense bombardment during a substantial orbital eccentricity, consistent with the
distribution of large craters (figures 11.10 and 11.11 and tables 11.1 and 11.2). In
such a substantially eccentric orbit, only a hand full of crater-impacts are likely to
destabilize the 2 : 1 spin-orbit resonance under the intermediate and large crater
scaling laws examined in this paper (figure 11.15). We propose that the first im-
pact to have destabilized the 2 : 1 spin-orbit resonance in de-spinning direction
would have been near the end of the LHB (potentially Caloris), after which Mer-
cury was captured in the (current) 3 : 2 spin-orbit resonance state.
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11.5 Summary
We have simulated the impact flux and D > 100 km cratering distributions for
Mercury in its current 3 : 2 and in 1 : 1 and 2 : 1 spin-orbit resonances, for a range
of impactor models. Results show that the impact fluxes and cratering rates are
non-uniform for all of these rotational states when Mercury’s orbital eccentricity
is substantial. The D > 100 km cratering distribution in Mercury’s current 3 : 2
resonance does not match the observed East-West asymmetry in present-day large
surface craters, but that in both a former 1 : 1 or 2 : 1 spin-orbit resonance poten-
tially does. Either former rotational state probably requires a large impact to alter
Mercury’s rotational state to its current 3 : 2 spin-orbit resonance. If spin-up is
not assured by tidal acceleration, as is the case for low-to-moderate eccentricities,
then the Caloris forming impact is the major candidate to facilitate a transition
from a synchronous rotation to a 3 : 2 spin-orbit resonance. A former 2 : 1 spin-
orbit resonance can get de-stabilized by many more impacts for which we have
crater-evidence. After destabilizing a 2 : 1 spin-orbit resonance, Mercury would
reach the 3 : 2 spin-orbit resonance state by simple de-spinning. Based on these
results we conclude that a former 2 : 1 spin-orbit resonance for Mercury is consis-
tent with its rotational evolution and the spatial distribution of large craters.
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Abstract

This paper presents an analysis of present-day interior configuration
models for Mercury considering cores of Fe-S or Fe-Si alloy, the lat-
ter possibly covered by a solid FeS layer, in light of the improved
limit of planetary contraction of 7 km derived from MErcury Sur-
face, Space ENvironment, GEochemistry, and Ranging observations
of surface landforms. Density profiles, generated by a Monte Carlo
approach, are constrained by Mercury’s mass, polar moment of in-
ertia (C), fraction of polar moment corresponding to its outer solid
shell (Cm/C), and observed planetary contraction. Results show that
the outer liquid core boundary is constrained to 1985− 2090 km in
radius, where large radii correspond to high Si and S core contents
and high mantle densities or the presence of an FeS layer at the top of
the outer core. The bulk core S and Si contents are within 2.8− 8.9
wt% and above 8.5 wt%, respectively, where an increase of light ele-
ment core-content correlates positively with mantle density and core
size. The size of the inner core is constrained by the observed plan-
etary contraction to below 1454 or 1543 km in radius for bulk cores
rich in S (near 8.9 wt%) or Si (near 25 wt%), respectively. For cores
poor in light elements, inner cores up to 1690 km in radius remain
consistent with the observed planetary contraction. Finally, we show
that solid FeS at outer core conditions, previously argued to float on
liquid Fe-S, may be denser than the residual liquid. This implies that
a separate mechanism may be required to maintain an FeS layer at
the suggested location.
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12.1 Introduction
Prior to the Mariner 10 (Mercury flybys in 1974 and 1975) and Mercury Sur-
face, Space Environment, Geochemistry, and Ranging (MESSENGER) (Mercury
flybys in 2008− 2009 and in orbit from 2011 until 2015) space missions, our
knowledge of the innermost planet was limited to its size, basic orbital dynamics
and the anomalously high bulk density of 5427 kg m−3, indicative of a large iron
(Fe)-rich core.90, 103 The discovery of a magnetic field intrinsic to Mercury420, 572

and visual confirmation of the prior radar observation by Pettengill and Dyce in
1965140 that Mercury is locked in a 3 : 2 spin-orbit resonance state are among
the major accomplishments of the Mariner 10 mission.148 Mercury’s magnetic
field was a strong but non-conclusive indication that Mercury’s core is partially
liquid.608 Later, the amplitude of forced librations in longitude direction of Mer-
cury’s surface was determined using radar speckle measurements.163 Because the
solar gravitational torque is too small to force librations of the observed amplitude
for the whole of Mercury, an outer solid shell must be decoupled from its interior.
This confirms the presence a global liquid internal layer,163 which has important
implications for the current interior temperature, structure and composition of the
planet. In particular, it was suggested that the core may include light elements
sulfur (S) or silicon (Si), which lower the melting temperature with respect to a
pure Fe core and may have prevented the core from total solidification.608, 692

An additional radar observation is the near-constant tilt of Mercury that is ap-
proximately coplanar with the orbit normal and the ecliptic normal. Combined
with the locked spin-orbit resonance, this indicates that Mercury is in or very near
a Cassini state 1. Consequently, the number of coupled variational equations that
describes the planet’s rotational dynamics is reduced from six to four.159, 172 As-
suming that the core does not follow the 88 day libration period of the outer solid
shell but does follow the perihelion precession with a period of 250,000 years, a
formulation for the planet’s polar moment of inertia (C) and the fraction of the po-
lar moment of inertia that corresponds to the outer librating solid shell (Cm/C) has
been deduced in terms of the planet’s obliquity, the amplitude of forced librations
in longitude, and the gravitational harmonics C22 and C20.159, 636, 637 Recent deter-
mination of C22 and C20, obtained by radio tracking of the MESSENGER space-
craft,693, 694 and improved estimates for the obliquity and the amplitude of forced
librations of the outer solid shell672 have yielded the normalized polar moment of
inertia (C/MR2) and Cm/C of 0.349± 0.014 and 0.424± 0.024, respectively.694

These parameters constrain the density distribution of Mercury’s interior and the
size of the outer solid shell in particular. Van Hoolst et al.695 and Dumberry et
al.696 showed that the 88 day librations of the core are significant if the inner core
is large. In that case, the value of Cm/C as given by Margot et al.672 and Mazarico
et al.694 would be overestimated by up to 5%. Among the many accomplishments
of the MESSENGER mission are compositional measurements of major element
abundances on Mercury’s surface697–699 and global high-resolution imaging of
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the planet’s surface.700 Low measured surface abundances of Fe combined with
Mercury’s large Fe-rich core are indicative of a low oxygen fugacity (3−6.5 log
units below the iron-wustite buffer) for the planet’s bulk composition.692, 701, 702

Other compositional features include an unusual high S content of the surface.
High-pressure experiments have shown that concentrations of S and Si in core-
forming metal alloys in equilibrium with the silicate mantle are substantial for
such oxygen-poor compositions.692, 703, 704 These are strong indications in favor
for the hypothesis that one or both of these light elements are present in Mercury’s
core.

Prior to MESSENGER’s global high-resolution imaging, estimates of the planet’s
radial planetary contraction by identification and examination of contraction fea-
tures (fault and fold structures) ranged up to 3 km.423, 453, 705, 706 These obser-
vational estimates were in substantial disagreement with the larger amount of
contraction of ∼ 4 km to ∼ 10 km that the planet should have endured due to
long-term planetary cooling according to a wide range of thermal evolution mod-
els.456, 605, 609, 633, 707, 708 Recently, this discrepancy has come closer to being re-
solved by a thorough examination of MESSENGER’s high resolution images with
global coverage that yields global contraction estimates up to 7 km in radius.700

Many have studied the thermomechanical evolution of the planet605, 608–610, 707–710

or the present-day interior configuration.307, 316, 317, 632, 635, 711–719 The first type of
studies relates planetary evolution scenarios covering the time span of our solar
system to the evolution of interior temperatures, structure, and core solidification.
They yield, for example, estimates of planetary contraction induced by planetary
cooling and core solidification. Most of the earlier studies model the contraction
that results from solidification of a pure Fe core,605, 609, 720 whereas most more
recent studies incorporated the effect of S on planetary contraction induced by
core solidification.633, 707 Tosi et al.708 did not examine the contribution of core
solidification to planetary contraction but focused on total volume changes asso-
ciated with thermal expansion/contraction, partial melting, and differentiation of
a cooling Mercury. The effect of Si as a core constituent on planetary contraction
has not been studied, although the presence of silicon (Si) in the core has been
suggested repeatedly in the past few years.692, 716 C/MR2 and Cm/C have con-
strained the location of the outer liquid boundary (OLB), equivalent to the base of
the librating outer solid shell, to around 2020± 50 km in radius.716, 717 Smith et
al.693 and Hauck et al.716 suggested that a solid FeS layer may reside on top of
the liquid portion of the core and take part in the outer solid shell. Consequently,
the core mantle boundary (CMB) would be located at a larger radius. Whether the
CMB is identical or similar to the well constrained OLB (and the size of the crust
+ mantle is approximately known) thus depends on the existence and thickness of
an FeS layer. The location of the inner core boundary (ICB) is poorly constrained
by C/MR2 and Cm/C, especially if the density difference between solid and liquid
core material is small or the inner core is not particularly large. Dumberry,715 Van
Hoolst et al.695 and Dumberry et al.696 examined how different inner core sizes
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would induce ‘free’ libration modes of different periods in decadal timescales.
Generally, they conclude that a large inner core increases the period of this free
libration from ∼ 11 years for an inner core of < 1000 km in radius to ∼ 17 years
for an inner core of 1900 km in radius. Long-term series of libration observations
may, thus, eventually yield constraints on the size of an inner core. Future space-
craft observations with high measurement precision will be particularly useful to
detect such libration modes. Libration modes of similar long term frequencies
induced by gravitational interactions with Jupiter may, however, complicate the
interpretations of such observations.721

In the absence of observational constraints on the size of Mercury’s inner core
today, various modeling studies aim to constrain the inner core size and the core’s
chemical composition by relating feasible temperature profiles to experimentally
determined iron-sulfur melting behavior,719 or by relating the size of the inner
core to equivalent planetary contraction that results from core solidification and
planetary cooling.722 Dumberry and Rivoldini719 have, for example, recently con-
strained the size of the inner core to a maximum radius of 1325± 250 km by
simultaneously considering feasible temperature profiles and interior configura-
tions consistent with C/MR2 and Cm/C for cores of binary Fe-S alloys, taking
into account the presence of Fe-snow zones that likely occur in Mercury’s liquid
core in case it is S rich. To date no study has been performed to constrain the
interior configuration simultaneously by the corresponding amount of planetary
contraction, C/MR2 and Cm/C.

In this study we re-examine implications for the interior structure of Mercury
of three proposed end-member interior configurations by generating a large num-
ber of density profiles consistent with the planet’s bulk density in a Monte Carlo
approach similar to Harder and Schubert632 and Hauck et al.635, 716 For each den-
sity profile, the corresponding C/MR2 and Cm/C and the amount of radial con-
traction that directly results from core solidification (∆Rcs) are calculated. The
known C/MR2 and Cm/C and the observed radial planetary contraction for Mer-
cury constrain the generated profile set, in particular the boundary locations and
the composition of the core. We do not estimate the total volume changes that are
associated with thermal expansion/contraction, partial melting and differentiation
of a cooling Mercury but discuss implications of these volume changes by taking
into consideration the results of Grott et al.707 and Tosi et al.708 As detailed in
the following section, the interior configurations considered here include binary
Fe-S or Fe-Si cores and Fe-Si core with a solid FeS layer positioned between the
silicate mantle and the outer core.
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12.2 Method

12.2.1 The interior configuration models
The three main interior configuration models examined in this paper assume a
silicate mantle and crust and a partially liquid core of Fe-S or Fe-Si composi-
tion, the latter possibly overlain by a layer of solid FeS (similar to the models
described by Hauck et al.716). Only binary core alloys are considered, because the
density of ternary metal systems at high pressures and high temperatures is insuf-
ficiently known at present. Additionally, the segregation of ternary melts towards
two pseudo-binary liquid layers is likely for the core compositions considered
here.625, 703, 723–725

Fe-S model

S has been often suggested to alloy with Fe in Mercury’s core because its decreas-
ing effect on liquidus temperatures may explain the presence of liquid material
in Mercury’s interior today. Additionally, the S-abundance of Mercury’s surface
appears to be higher than of the surface of any other terrestrial planet.697, 698 The
Fe-S model assumes a core of binary Fe-S composition with bulk core S contents
below that of the eutectic composition, that is determined at around 15 wt% S for
this pressure range,621, 626 with core solidification starting at the planet’s center.
Because the fractionation of S into solid is negligible for S contents below 15
wt% at pressures relevant for Mercury’s interior,624 the residual liquid enriches in
S during core solidification. In case the ICB attains pressures higher than 18 GPa
and the residual liquid attains the eutectic composition, Fe3S will precipitate and
form an outer layer on the inner core.621 Because Fe3S has a higher density than
liquid of similar composition, it has a larger contribution to Mercury’s moment
of inertia compared to that of a liquid with similar S content. For this reason, a
configuration with high S content may potentially be consistent with Mercury’s
moment of inertia if it contains an Fe3S layer, whereas results of Rivoldini and
Van Hoolst717 indicate that the bulk core S-content is bounded from above at 6.3
wt% based on models without an Fe3S layer. By solidification at the eutectic, the
composition of the residual liquid will not change significantly. For this reason,
the Fe-S model assumes a solid inner-core of one or two solid layers, pure Fe at
the center and possibly Fe3S as the outer solid shell, and a liquid outer core of Fe-
S alloy. If the Fe3S layer is modeled, we force the liquid outer core to contain 15
wt% of S. The CMB is assumed to be located between 1700 km and 2200 km in
radius, and the ICB is between the CMB and the planet’s center. In case an Fe3S
layer is modeled, a solid Fe-Fe3S boundary will be located between the center of
the planet and the ICB.
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Table 12.1: The free-parameter space for the interior configuration models

Parameter \Model Fe-Si Fe-S Fe-Si-FeS
TOLB 1600−2000 1600−2000 1600−2000
RCMB(km) 1700−2250 1700−2250 1750−2300
ROLB(km) RCMB RCMB RCMB-RCMB−200
Ric(km) 0−RCMB 0−RCMB 0−ROLB
RFe3S(km) - 0−Ric -
χS(fraction) - 0−0.15 -
χSi(fraction) 0−0.25 - 0−0.25
ρ0,mantle(kg·m−3) 2800−3600 2800−3600 2800−3600

Table 1: TOLB is the temperature at the OLB, which equals the CMB for the Fe-S and Fe-Si
model. ROLB denotes the outer liquid boundary, Ric the inner liquid boundary and RFe3S
denotes the Fe3S-Fe boundary within the solid inner core. χS and χSi denote the S and
Si contents in the total core in terms of weight fraction, respectively. ρ0,mantle denotes the
reference density used in the EOS to parametrize mantle density (equation 12.1).

Fe-Si model

Si is the most abundant element on Mercury’s surface and likely among the most
abundant elements in its mantle. Several experimental studies have indicated that
the fractionation of Si into metal during metal-silicate equilibration increases sig-
nificantly in the low-oxygen environments that are proposed for Mercury.614, 692, 726

The Fe-Si model assumes that Si is the only element to significantly alloy with
iron in the core during core-mantle segregation. In this case it is likely that core
solidification will initiate at the center of the planet, where it attains maximal pres-
sure. Experimental studies show that solid-liquid fractionation in the binary Fe-
Si system at high pressure occurs non-preferentially in terms of elemental abun-
dances.727 For this reason, we define the composition of solid core equal to that
of the liquid (and bulk) core. Similar to the Fe-S model, the CMB is assumed
between 1700 km and 2200 km in radius and the ICB is assumed between the
CMB and the planet’s center. The compositional range for the core in this model
is between pure Fe and 25 wt% Si.

Fe-Si-FeS model

In case both S and Si alloy with Fe during core-mantle segregation, the immis-
cibility in Fe-S-Si liquids625, 703, 723–725 likely causes these liquids to segregate in
upper S-rich Fe-S-Si and lower Si-rich Fe-S-Si liquid as a result of their density
contrast.692 Smith et al.693 and Hauck et al.716 argued that this may result in an
outer core layer sufficiently enriched in S to form solid FeS. They proposed that
this FeS layer accretes to the outer solid shell. An FeSi solid inner core may so-
lidify at the planet’s center, as in the Fe-Si model. This Fe-Si-FeS model assumes
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an interior configuration with a solid FeSi inner core and a liquid Fe-Si outer core
with Si contents below 25 wt%, covered by a solid FeS layer of maximum 200
km thickness. The CMB is assumed between 1750 km and 2300 km in radius,
and the ICB is assumed between the base of the FeS layer and the planet’s center.
The ranges for boundary locations corresponding to the above models, the consid-
ered ranges for mantle reference density (ρ0,mantle) and that for CMB temperature
(TCMB) are listed in table 12.1. The TCMB range, 1600− 2000 K, includes the
range of feasible present-day temperatures according to thermal evolution model
results of Tosi et al.708 and Grott et al.707 and is similar to results of simula-
tions performed in Michel et al.710 The implementation of these parameters is
explained in sections 12.2.2 and 12.2.3.

12.2.2 EOS parameters
We use the third-order Birch-Murnaghan equations of state (EOS)733 to charac-
terize the density of the solid and liquid phases described in the previous section:
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(12.1)
In equation 12.1, P is pressure, ρ the local density, K the material’s bulk modulus,
α the material’s thermal expansion coefficient and Kd the pressure derivative of
the bulk modulus. ρ0 is the material’s reference density and T0 is the reference
temperature of the applied EOS. In this section we motivate the EOS parameters
that are applied throughout this study, as compiled in table 12.2.

At pressures and temperatures relevant for Mercury’s core, solid Fe exists
mainly in the fcc phase.728 EOS parameters for this well-studied high-pressure
phase616, 734 are taken from Komabayashi and Fei.728 For solid FeSi alloys we
interpolate and extrapolate the EOS parameters linearly based on those of pure Fe
and those of Fe71Si29 ( 17 wt% Si), the latter based on high pressure experiments
ranging up to 55 GPa.729 For Si contents of around 8 wt% a phase transition in
solid Fe-Si alloy has been detected between 16 GPa and 36 GPa729 but the density
difference between these phases is small and considered negligible here. EOS
parameters of solid Fe3S are based on high-pressure experiments at around 21
GPa621 that have later been extended to pressures up to∼ 80 GPa.628 Solid FeS is
modeled only as a layer located at the top of the outer core, where pressures below
∼ 8 GPa are attained. At these pressures and the relevant high temperatures, FeS
has the NiAs - type structure (FeS V). The density of this phase was studied in
Fei et al.735 and Urakawa et al.627 Results of Urakawa et al.627 indicate that the
density of this phase cannot be properly parametrized across its entire pressure
range by a single EOS. Instead, they present EOS parameters for the pressure
range above 11 GPa, where FeS V is referred to as FeS V (HPP), and the offset
for the density of FeS V in the lower pressure range, that is referred to as FeS V
(LPP), is plotted at a temperature of 1200 K (see figure 3 of Urakawa et al.627).
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Table 12.2: EOS parameters used in this study

Parameter Value Unit Source
Kmantle 120 GPa Harder and Schubert632

Kdmantle 4.25 - Harder and Schubert632

ρ0,mantle 2800−3600 kg m−3 Hauck et al.720

T0,mantle 440 K Harder and Schubert632

αmantle 3 ·10−5 K−1 Harder and Schubert632

KFe,solid 165 GPa Komabayashi and Fei728

KdFe,solid 5.5 - Komabayashi and Fei728

ρ0,Fe,solid 8170 kg m−3 Komabayashi and Fei728

T0,Fe,solid 293 K Komabayashi and Fei728

αFe,solid 6.4 ·10−5 K−1 Komabayashi and Fei728

KFe−Si(17wt%),solid 141 GPa Lin et al.729

KdFe−Si(17wt%),solid 5.70 - Lin et al.729

ρ0,Fe−Si(17wt%),solid 7147 kg m−3 Lin et al.729

T0,FeS(V ),solid 300 K Lin et al.729

αFeS(V ),solid 6.4 ·10−5 K−1 Lin et al.729

KFe3S,solid 150 GPa Fei et al.621

KdFe3S,solid 4 - Fei et al.621

ρ0,Fe3S,solid 7033 kg m−3 Fei et al.621

T0,Fe3S,solid 293 K Fei et al.621

αFe3S,solid 6.3 ·10−5 K−1 Fei et al.621

KFeS(V ),solid 54.3 GPa Urakawa et al.627

KdFeS(V ),solid 4 - Urakawa et al.627

ρ0,FeS(V ),solid 4872 kg m−3 Urakawa et al.627

T0,FeS(V ),solid 1000 K Urakawa et al.627

αFeS(V ),solid 10.4 ·10−5 K−1 Urakawa et al.627

KFe,liquid 87 GPa Anderson and Ahrens,629 Balog et al.631

KdFe,liquid 5 - Anderson and Ahrens,629 Balog et al.631

ρ0,Fe,liquid 7019 kg m−3 Anderson and Ahrens,629 Balog et al.631

T0,Fe,liquid 1770 K Anderson and Ahrens,629 Balog et al.631

αFe,liquid 9.2 ·10−5 K−1 Anderson and Ahrens,629 Balog et al.631

KFe−Si(17wt%),liquid 73 GPa Yu and Secco,730 Sanloup et al.731

KdFe−Si(17wt%),liquid 4 - Yu and Secco,730 Sanloup et al.731

ρ0,Fe−Si(17wt%),liquid 6000 kg m−3 Yu and Secco,730 Sanloup et al.731

T0,Fe−Si(17wt%),liquid 1723 K Yu and Secco,730 Sanloup et al.731

αFe−Si(17wt%),liquid 9.2 ·10−5 K−1 Yu and Secco,730 Sanloup et al.731

Ka,Fe−S,liquid 780.8 GPa χ
−2
S Sanloup et al.,630 Jing et al.732

Kb,Fe−S,liquid −462.4 GPa χ
−1
S Sanloup et al.,630 Jing et al.732

Kc,Fe−S,liquid 85.9 GPa Sanloup et al.,630 Jing et al.732

KdFe−S,liquid 5.1 - Sanloup et al.,630 Jing et al.732

ρ0,a,Fe−S,liquid 31524 kg m−3 χ
−2
S Sanloup et al.,630 Jing et al.732

ρ0,b,Fe−S,liquid −20012 kg m−3 χ
−1
S Sanloup et al.,630 Jing et al.732

ρ0,a,Fe−S,liquid 7019 kg m−3 Sanloup et al.,630 Jing et al.732

T0,Fe−S,liquid 1770 K Sanloup et al.630

αFe−S,liquid 9.2 ·10−5 K−1 Sanloup et al.630

Table 2: The reference density and bulk modulus of liquid Fe-S is parameterized as x =
xa ·χ2

S +xb ·χS +xc, with x the corresponding parameter and χS the sulfur weight fraction.
Parameters of liquid Fe-Si are linearly interpolated and extrapolated using pure Fe EOS
parameters629 and the EOS parameters for Fe-17 wt% Si.729 The density of solid FeS is
lowered by a factor between 2% and 6% with respect to the EOS from Urakawa et al.627

provided in this table.
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These results indicate that the offset between the HPP and LPP phases is large at
ambient pressures and disappears at ∼ 11 GPa. According to Selivanov et al.736

the density of FeS V at 1000 K and ambient pressure equals ∼ 4560 kg m−3,
which corresponds to an offset of 6.8% with respect to the EOS for FeS V (HPP).
Since outer core pressures in Mercury are likely in the range of 3−7 GPa and this
offset decreases with pressure, the offset is likely smaller than 6% in the relevant
pressure range at 1000 K (that is, the reference temperature of the EOS). Given
that the temperature at the top of the outer core in Mercury is likely higher than
1000 K at present,708, 710 and given that the thermal expansion coefficient of FeS
V (LPP) is about twice that of FeS V (HPP),627 the 6% offset is likely a maximum
at the conditions relevant to a FeS layer in Mercury. To account for the rather
large uncertainty in the density of FeS V (LPP), we vary the reference density for
FeS between 4580 kg m−3 and 4775 kg m−3, which corresponds to densities 6%
and 2% below the EOS of FeS V (HPP) given in Urakawa et al.627

For the density of pure Fe liquid we use the experimental EOS parameters
presented by Anderson and Ahrens629 with the adiabatic bulk modulus translated
to an isothermal bulk modulus using the Gruneisen parameter.631 Although this
EOS has later been updated by integrating additional experimental results,728 the
latter EOS does not differ significantly for pressures relevant for Mercury’s core.
The EOS of Anderson and Ahrens629 has the advantage of being centered at sim-
ilar reference temperatures to the other liquid EOS’s used in this study. For Fe-S
liquids we use an EOS from values of Sanloup et al.630 determined from X-ray
absorption measurements on Fe-rich liquid with 10 wt% S, 20 wt% S, and 27
wt% S. Although that study presents experimental results for pressures only up
to 6.2 GPa, sound velocity measurements up to 8 GPa732 were consistent with
these values and the EOS parameters of liquid Fe-S containing 10 wt% S have
been validated up to ∼ 20 GPa by sink/float experiments.631 Given that liquid
iron alloys in our study all contain 15 wt% S or less, the implementation of this
EOS is suitable for most of Mercury’s core. The reference density of liquid Fe-S
alloys is quadratically interpolated through values of Jing et al.,732 that are based
on Kaiura and Toguri,737 Hixson et al.,738 and Sanloup et al.630 The non-linear re-
lation in reference densities according to Sanloup et al.630 and Jing et al.732 seems
to be based on the small S dependence on the ambient pressure density of liquid
FeS737 that seems insufficient to meet the high ambient pressure density of pure
Fe by linear extrapolation. Ambient pressure density measurements of Fe-rich
liquids with intermediate S contents (0− 36 wt% S) are lacking to conclusively
validate this quadratic relation, but nonetheless, the quadratic relation seems a
reasonable assumption at present. The EOS of Fe-Si liquids (up to 25 wt% Si)
used here is based on the results of sink/float experiments up to 12 GPa,730 which
differ only slightly from results obtained by X-ray absorption measurements up
to 5 GPa.731 The bulk modulus of liquid Fe-S alloys is quadratically interpolated
through measurements of Sanloup et al.630 and all other EOS parameters are lin-
early interpolated (table 12.2).
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12.2.3 Generation of density profiles
Assuming a spherically symmetric distribution of matter throughout Mercury’s
interior, we generate sets of internally consistent one-dimensional gravity, pres-
sure, and density profiles with a method similar to Harder,739 Harder and Schu-
bert,632 and Hauck et al.635, 716 For each set of profiles we fix the mantle reference
density, the locations of phase boundaries, and the bulk core composition to a ran-
dom value within the ranges that are considered by the four interior configuration
models (table 12.1). We generate the profiles by consecutively calculating mass,
gravity, pressure, temperature, and density from the planet’s surface toward the
planet’s center in steps of 1 km by iteratively solving the equations 12.2 - 12.4
and 12.1:

M(r) = M(R)−4π

∫ R

r
ρ(x)x2dx, (12.2)

g(r) =
G
r2 M(r), (12.3)

P(r) =
∫ R

r
g(x)ρ(x)dx, (12.4)

with M the planetary mass interior to radius r, R the planet’s radius (set to 2440
km), g the local gravitational force, and G the universal gravitational constant. The
initial boundary condition is the total mass of the planet M(R), set to 3.3023 ·1023

kg. The third-order Birch-Murnaghan EOS (equation 12.1) is numerically solved
for ρ by the Levenberg-Marquardt algorithm.740, 741 Equation 12.1 requires a tem-
perature profile T to be defined for the mantle and core. For the mantle, Harder
and Schubert632 have modeled the temperature profile in the outer solid shell of
Mercury as a stepwise linear function through a lithosphere and mantle, with a
temperature jump of between 0 and 300 K at the CMB to account for a ther-
mal boundary layer. Later, Hauck et al.635, 716 and Rivoldini and Van Hoolst,717

among others, have noted that small variations in the mantle density are of neg-
ligible influence on the moment of inertia constraints and that only the average
mantle density and mantle size are of significant importance in the case of Mer-
cury. Nevertheless, in this paper we do account for a slope in the density of the
outer solid shell due to pressure and temperature effects by integrating an EOS for
the mantle similar to Harder and Schubert632 with a first order temperature pro-
file that we take linear in the outer solid shell given a surface temperature of 440
K and a temperature jump of 150 K at the CMB, or the OLB for the Fe-Si-FeS
model, to CMB (or OLB) temperatures given in table 12.1. A temperature profile
in the liquid core is often approximated by an adiabatic temperature profile. As
long as the adiabatic gradient is smaller than the melting curve of the correspond-
ing core material, the intersection of these curves is unique and defines the ICB.
In case the core is S-rich, this intersection may not be unique and Fe-snow zones
will form.742



138 CHAPTER 12. THE INTERIOR CONFIGURATION OF ...

To model the consequences of such snow zones for the temperature curve,
Dumberry and Rivoldini719 defined the temperature curve equal to the local melt-
ing curve in the Fe-snow zone. But given that the Fe-snow process additionally
results in a compositional gradient, the melting temperature at a given radius is
difficult to determine. Given that it is not the scope of this paper to examine ther-
modynamic constraints on the ICB, nor to discuss the most feasible temperature
profile in detail, we choose not to relate the ICB to the modeled temperature pro-
file. Instead, we adopt a similar procedure to Harder and Schubert,632 Hauck et
al.635, 716 by varying the ICB independent of the temperature profile in the liquid
core (which we assume adiabatic) at the expense of a temperature inconsistency
with respect to the local melting temperature. The merits and shortfalls of this
approach in terms of errors in density profiles will be addressed in section 12.4.1.

The adiabatic temperature profile is obtained by integration of the adiabatic
relation

dT
dP

=
αrT (r)

ρCp
, (12.5)

with T (r) the local temperature, Cp the material’s thermal heat capacity, set at 825
J K−1 kg−1,743 and α(r) the local thermal expansion coefficient given by

αr = αK
(

ρ
dP
dρ

)−1

. (12.6)

Mercury’s solid inner core, if present, may either be conductive or convective.
Results in Rivoldini et al.714 suggest that both assumptions yield similar results.
In this paper we assume an isothermal temperature profile for the inner core, sim-
ilar to Hauck et al.635, 716 By iteratively solving equations 12.1 - 12.6 we obtain
a self-consistent set of gravity, pressure, density, and temperature profiles for any
interior configuration model. For each profile set consistent with Mercury’s total
mass (we allow a deviation of ±0.2% with respect to Mercury’s total mass), we
calculate the polar moment of inertia C by

C =
8π

3

∫ R

0
ρ(r)r4dr. (12.7)

The polar moment of inertia corresponding to the outer solid shell (Cm) is calcu-
lated by equation 12.7 with the outer liquid boundary (OLB), which is identical
to the CMB in Fe-S and Fe-Si models and identical to the base of the FeS layer
for the Fe-Si-FeS model, as the lower boundary for the integral. After calculating
C and Cm, the normalized polar moment of inertia C/MR2 and the fraction of it
corresponding to the outer solid shell Cm/C are easily derived.

As a goodness of fit statistic with respect to the moment of inertia param-
eters we calculate the root of the weighted sum over squared deviations of our
calculated C/MR2 and Cm/C with respect to the observed values, with weights
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reciprocal to their squared standard deviations, given by

EWSS =

√((x−X
σ(x)

)2
+
(y−Y

σ(y)

)2
)
, (12.8)

with x, y the C/MR2 and Cm/C calculated from density profiles and X , Y the ob-
served central values of C/MR2 and Cm/C, 0.349 and 0.424, respectively, with
standard errors σ(x) and σ(y) of 0.014 and 0.024.694 This one-dimensional mea-
sure for the system’s deviation from both planetary moment parameters is useful
for presentation purposes and is instrumental to infer the goodness of fit of a given
density profile with respect to C/MR2 and Cm/C. In this procedure the possible
overestimation of Cm/C for Mercury of maximum 5% for large inner cores ac-
cording to Van Hoolst et al.695 and Dumberry et al.696 is neglected because it is
small.

12.2.4 Planetary contraction
Usually, core solidification induced radial planetary contraction (∆Rcs) is calcu-
lated based on the assumption that the density jump upon solidification (δρ) is
constant in case the liquid and solid are of similar composition. For Mercury,
(δρ) of 5%,720 3.5%633, 707 and ∼ 1%609 have been assumed in the past. Often,
(∆Rcs) is estimated based on the simplifying assumption that the composition of
the liquid and solid is similar throughout the core solidification process. In such
analyses, (∆Rcs) estimates are proportional to (δρ). In reality, (δρ) is not a con-
stant: it varies with pressure and composition. Van Hoolst and Jacobs633 and Grott
et al.707 take the effect of the compositional difference between liquid and solid
into account by considering the preferential fractionation on S in the liquid during
the solidification of an inner core. The effect of pressure on (δρ) has not been
included yet.

In this study, (δρ) is parametrized as the fractional difference between den-
sities of the crystallizing solid and the initial liquid according to their EOSs, that
are evaluated along the corresponding pressure profile (P) and the corresponding
melting temperature (Tm, to be defined later). The obtained (δρ) is plotted as a
function of pressure in figure 12.1 for several relevant compositions of the solid
and liquid. Note that the obtained (δρ) that corresponds to the solidification of
Fe3S (between 12% and 25%) is significantly higher than any previously assumed
constant.633, 707 For each generated set of profiles, the volume of contraction (VC)
is calculated by

VC =
∫ Ric

0
4πr2 ·∆ρ(r)dr, (12.9)

with (δρ) the density jump upon solidification given by

∆ρ(r) =
ρs(r,cs(r))−ρl(r,cl(r))

ρl(r,cl(r))
,
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where ρs and ρl represent the density of the crystallizing solid and the coexisting
liquid given their respective composition cs and cl at radius r in terms of light
element content (in wt%). ρs and ρl are parametrized as a solution of the EOS
equation 12.1

ρs,l(r,cs,l) = EOS
{

P(r),Tm(P(r),cl(r)),cs,l(r)
}
,

with melting temperature Tm for the light element content of the liquid compo-
sition cl evaluated at a pressure P, which is given by the pressure profile (equa-
tion 12.4), and cs the light element content of the precipitating solid.

In the Fe-Si model, cs and cl are constant during core solidification. For the
Fe-S model, the liquid outer core enriches in S as long as a solid core of pure Fe
forms. As a result, cl varies upon solidification by

cl(r) =
cB(

1− M(r)
M(rcmb)

) , : r ∈ [0,min(RICB,RFe3S)],

with cB the S content of the bulk core and M(r) the planetary mass interior to
radius r given by the mass profile (equation 12.2). Contrary to the increasing
density jump that increases the contraction for the Fe-S model, the liquid core
volume expands as its S content increases. This volumetric expansion (VE) is
given by

VE =
∫ RCMB

RIC

4πr2 ·∆q(r)dr, (12.10)

with δq the density difference between liquid of the bulk core composition and
that of the residual liquid, approximated by

∆q(r) =
ρl(r,cB(r))−ρl(r,cL(r))

ρl(r,cL(r))
,

with ρl determined as a solution of the EOS equation 12.1

ρl = EOS
{

P(r),Tm(P(r),cL),cB,L

}
,

with melting temperature Tm evaluated at pressure P (given by the generated pres-
sure profile) and cB and cL the light element content of the bulk core and that of
the residual liquid respectively. Finally, the radial planetary contraction (∆Rcs) is
calculated by

∆Rcs =
VC−VE

4πR2 . (12.11)

For the melting curve of pure Fe-S alloys we apply the parametrization of Dumb-
erry and Rivoldini,719 which is a slightly altered version of that in Rivoldini et
al.,744 based on experimental melting data and curve fitting from Brett and Bell,745

Boehler et al.,616, 617 Shen et al.,622 Fei et al.,621 Li et al.,624 Stewart et al.,623
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Figure 12.1: The fractional density difference (a) between solid Fe or Fe3S and liquid Fe-S
and (b) between solid and liquid for solid FeSi and liquid Fe-Si according to the Birch-
Murnaghan EOS (equation 12.1 and table 12.2) along the melting curve of corresponding
compositions. Note the different scale on the y axis for (a) and (b).

Chudinovskikh and Boehler,626 Chen et al.,742 Morard et al.,625 and Anzellini et
al.746 For Fe-Si alloys the melting temperature is linearly interpolated between the
pure Fe melting curve and the melting curve of Fe-Si eutectic. For completeness,
we provide the parametrization of the melting curve (Tm):

Tm(P,χS,χSi) = Tm,Fe(P)−
Tm,Fe(P)−TeS(P)

χeS

χS−
Tm,Fe−TeSi

χeSi

χSi,

where χ with subscripts S or Si denotes the concentration of S or Si of the liquid
and with subscripts eS or eSi it denotes the S or Si concentration at the eutectic of
the corresponding binary Fe-S or Fe-Si system. The melting temperature of Fe is
parametrized by

Tm,Fe(P) = a1(P0 +P)a2 ,

where a1 = 495.5 K GPa−a2, a2 = 0.42, and P0 = 22.2 GPa. The Fe-S eutectic
composition and the melting temperature of the Fe-S eutectic are parametrized as
functions of pressure by

TeS(P) =


1265K−11.15 K

GPa(P−3GPa) for 3GPa≤ P < 14GPa

1143K +29 K
GPa(P−14GPa) for 14GPa≤ P < 21GPa

1346K +13 K
GPa(P−21GPa) for 21GPa≤ P < 60GPa

and
χeS(P) = 0.11+0.187exp

(
− 0.065P

GPa

)
.

For more information on the Fe-S melting curve we refer to Dumberry and Rivol-
dini719 and Rivoldini et al.744 Based on melting experiments at 21 GPa,727 we set
the Fe-Si eutectic composition (χeSi) at 0.26 Si weight fraction and the offset of
the corresponding melting temperature with respect to the melting curve of pure
Fe (Tm,Fe− TeSi) at 400 K. We note that there is a general lack of experimental
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Figure 12.2: (a and b) The core-mantle boundary radius (RCMB) for solutions of the Fe-S
and Fe-Si models, respectively. Colors indicate the total core weight percentage of Si and
S for these profiles. (c) The outer liquid boundary radius (ROLB) for solutions of the Fe-Si-
FeS model. The colors indicate the CMB radius. (d and e) The CMB pressures for solutions
of the Fe-S and Fe-Si models, respectively. Colors indicate the average mantle density. (e)
The OLB pressures of profiles for the Fe-Si-FeS model. The results are set out against
the standardized error (EWSS) (see equation 12.8). Solid and the dashed lines correspond
to 1 and 2 standard deviations, respectively, from the moment of inertia parameters. All
corresponding solutions are consistent with Mercury total mass up to 0.2%. The small
plots are zoomed in versions of the general plots.

data on the melting curve in the Fe-Si system. For this reason, we are unable
to parametrize the pressure dependence of (Tm,Fe− TeSi). The above method to
calculate ∆Rcs is not suited to quantify the amount of contraction related to so-
lidification of an outer solid FeS-layer, because the Fe-Si-FeS models assume a
non-homogeneous liquid core in terms of composition just after core-mantle seg-
regation. The liquid composition from which FeS solidifies is poorly constrained
to S rich compared to the Fe-FeS eutectic. Additionally, the large uncertainty in
the density of FeS V (discussed in section 12.2.2) propagates to a large uncertainty
in the calculation of the density jump upon solidification (δρ). For these reasons,
we do not estimate the amount of contraction or expansion that may result from
solidification of an FeS layer.

12.3 Results
For each interior configuration model we have generated over 2000 profile sets
consistent with Mercury’s total planetary mass to within ±0.2%. Figure 2 shows
the radius and pressure of the core-mantle boundary (CMB) and, for the Fe-Si-FeS
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Figure 12.3: (a) The volumetric contraction induced by core solidification calculated by
integrating the density jump upon solidification for the Fe-S model (equation 12.9). (b)
The volumetric expansion of the residual liquid due to the enrichment of S as Fe-core
solidifies (equation 12.10). (c and d) The total radial contraction (equation 12.11) due to
core solidification for the Fe-S and Fe-Si models, respectively. The solid and the dashed
lines correspond to the radial contraction of 7 km from Byrne et al.700 and a contraction
of 3 km that incorporates 4 km thermal contraction.707, 708 The small plots are zoomed in
versions of the general plots. Colors indicate the S (a-c) and Si (d) contents in the total
core. Filled enlarged squares and circles denote solutions below 1 EWSS and below 2 EWSS,
respectively (see figure 12.2).

models, that of the outer liquid boundary (OLB) for these profiles plotted against
the deviation of corresponding C/MR2 and Cm/C with respect to the observed val-
ues for Mercury according to Mazarico et al.,694 in terms of propagated standard
errors (EWSS; see equation 12.8). Instances of Fe-S and Fe-Si models correspond-
ing to 1 EWSS or lower have CMB radii between 1985 km and 2090 km and 1985
km and 2078 km, respectively, in which CMB radius increases with increasing S
and Si concentrations. For the Fe-Si-FeS model, solutions with EWSS < 1 have
OLB radii between 1990 km and 2090 km, which correlate positively with CMB
radii ranging 1995−2276 km. These results set the broadest range for the CMB
depth in Mercury today at 164− 455 km below the surface, whereas only CMB
depths in the range 350−455 km are feasible in absence of an FeS layer. The rela-
tion of Si core contents to the OLB in Fe-Si-FeS model, not shown in figure 12.2,
is similar to their relation to the CMB in the Fe-Si model. Although solutions
consistent with Mercury’s total mass yield CMB pressures between 3.4 GPa and
9 GPa for Fe-S and Fe-Si models, instances with EWSS < 1 are constrained to
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Figure 12.4: (a-c) The central pressures for Mercury are plotted against the radius of
the ICB. (d-f) The average core density plotted against the average mantle density for
the Fe-S, Fe-Si or Fe-Si-FeS model respectively. Colors indicate the S in the total core
(a) and (d), the Si contents in the total core (b), (c), and (e), or the thickness of the FeS
layer (f). Filled enlarged squares and circles denote solutions below 1 EWSS and below 2
EWSS, respectively, and correspond to a contraction below 7 km in radius (see figures 12.2
and 12.3).

4.6−5.5 GPa and 4.7−5.4 GPa, respectively (figure 12.2d, e). High CMB pres-
sures correspond to profiles with high average mantle density. For the Fe-Si-FeS
model, the OLB pressures constrained by EWSS < 1 vary between 4.9 GPa and
5.9 GPa and correspond to CMB pressures ranging 1.8− 5.5 GPa, respectively
(figure 12.2f).

Figure 12.3 shows the volumetric contraction and expansion (VC and VE ) by
core solidification as estimated by equations 12.9 and 12.10 for the Fe-S model
and the resulting radial planetary contraction (∆Rcs) calculated by equation 12.11
for both the Fe-S and Fe-Si model. Because core solidification in the Fe-Si model
does not imply compositional mixing, VE equals zero and VC simply equals ∆Rcs
times the total area of Mercury’s surface, by equation 12.11. For Fe-S models, VC
is generally large for high S contents, as a direct result of the large density jump
in those instances (figure 12.1). For cores that contain approximately 15 wt%
S, VC is slightly smaller compared to cores with lower S concentrations. This is
a direct consequence of the lower density of the Fe3S phase, which solidifies in
these instances, with respect to pure Fe and the corresponding lower density jump
(figure 12.1). VE is generally large for intermediate S contents because at low S
contents enrichment of the liquid in S is small, and at high bulk core S contents
the composition of the liquid will hit the eutectic (15 wt% S) early on in the
solidification process, leading to crystallization of Fe3S which has a composition
close to that of the liquid. ∆Rcs is generally high for large inner cores and high S
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contents. However, most profiles with high bulk core S contents are not consistent
with known values for C/MR2 and Cm/C. For solutions with EWSS < 1, the profile
with the smallest inner core exceeding the 7 km contraction constraint has an ICB
at 1454 km in radius and a bulk core S content of 8.2%. For smaller S content,
∆Rcs remains below 7 km for significantly larger cores. The largest inner core
constrained by EWSS < 1 and ∆Rcs < 7 km are 1543 km in radius and has bulk core
S contents of 4 wt%. Similar to the Fe-S model, ∆Rcs increases with Si content.
For solutions with EWSS < 1, the smallest core exceeding 7 km contraction has a
radius of 1601 km and a Si core content of 24 wt%. The largest inner core that
satisfies both EWSS < 1 and ∆Rcs < 7 km in the Fe-Si model is 1690 km in radius
and corresponds to a Si core content of 14 wt%. If we relax the moment of inertia
constraint to EWSS < 2, inner cores up to 1850 km with 4 wt% Si can be found
consistent with ∆Rcs < 7.

The central pressure of the planet varies between 32 GPa and 44 GPa for
the Fe-S model, between 32 GPa and 40 GPa for the Fe-Si model and between
29 GPa and 40 GPa for the Fe-Si-FeS model (figure 12.4a-c). High Si and S
core content (i.e., a low average core density) lowers the central pressure for all
models, whereas the size of the inner core only affects the central pressure in
case of S-rich cores; a large pure-Fe inner core increases the central pressure in
this model. The insert in figure 12.4a shows all solutions of the Fe-S model,
whereas the S-enriched profiles that result in an Fe3S inner core layer are left out
of the general plot of figure 12.4a. None of the solutions with an Fe3S phase
meet the constraints set by C/MR2, Cm/C, and the maximum of 7 km planetary
contraction simultaneously. We conclude that the Fe3S layer does not provide a
feasible configuration and the results with an Fe3S phase are therefore left out
for the remainder of this paper. Figures 12.4d and 12.4e show that there is a
typical tradeoff between the average density of the core and that of the mantle in
configurations that meet the constraints set by C/MR2 and Cm/C. For both the Fe-
S and Fe-Si models, the average core and mantle densities are within 6500−7500
kg m−3 and 3000− 3600 kg m−3, respectively, if we only consider models that
satisfy EWSS < 1. If we relax the moment of inertia constraints to EWSS < 2, we
find solutions with average core up to 8000 kg m−3 and average mantle densities
down to 2800 kg m−3. For the Fe-Si-FeS model (figure 12.4f), the same upper
density limits apply but no lower boundaries for the average density of the core or
of the mantle seem to exist within the ranges examined in this paper. This result
is due to the high density for solid FeS with respect to the silicate mantle that
attributes to the moment of inertia of the outer solid shell. Therefore, the presence
of a large FeS layer requires a low average mantle and low core density in order
to remain consistent with Cm/C and C/MR2.

The relation between core composition and CMB radius for results of the Fe-
S and Fe-Si models is presented in figure 12.5 with colors to indicate either the
assumed CMB temperature, the inner core radius (RICB) or the average density of
the mantle. The S content of Mercury’s total core is constrained to 2.8−8.9 wt %
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and the Si content is constrained to above ∼ 8.5 wt% by EWSS < 1 and ∆Rcs < 7
km for the Fe-S and Fe-Si model, respectively. The effect of CMB temperature
on the CMB radius is identified but small, as we notice that the correspondence
between high CMB radii and high CMB temperatures and the correspondence be-
tween low CMB radii and low CMB temperatures are barely observed through the
noise in colors (figures 12.5a and 12.5b). The size of the inner core plays a role
in the Fe-S model, where large core sizes are allowed only for low S contents and
small CMB radii, whereas the inner core size has little effect in the Fe-Si model.
The variables that dominate the variability in CMB radius are the abundance of
light elements in the core and the averaged mantle density. Higher mantle densi-
ties relate to a larger core and more light elements in the core, whereas solutions
with low average mantle densities correspond to smaller cores that mainly consist
of Fe.

12.4 Discussion

12.4.1 Error propagation
All profile sets used for this study are self-consistent in terms of mass, gravity,
pressure, density, and temperature and agree with Mercury’s total mass to within
0.2%. The density profiles and planetary contraction estimates calculated in this
study depend largely on the EOS parameters that characterize the density of the
corresponding materials. The accuracy of these EOS parameters determines the
accuracy of the results in this study. Generally, densities of solid phases are known
more accurately compared to those of liquid phases because their unit cell vol-
umes can be studied with relatively high precision by in situ diffraction measure-
ments up to pressures exceeding the range relevant for Mercury. Densities of all
solids in this study (HCP Fe, FeS V, FeSi and Fe3S) have been studied across
the entire pressure regime for which they are applied here (< 45 GPa), whereas
the densities of liquid alloys are mostly extrapolated from EOS’s derived from
experiments at lower pressures. The uncertainties in solid and liquid densities
are often assumed to be around 1% and 2.5% respectively.630, 635, 716, 737 In many
modeling studies, however, only the best fit EOS is implemented, neglecting these
errors. The method applied in this study, which is similar to that in e.g., Harder,739

Harder and Schubert,632 Hauck et al.,635, 716 has a temperature inconsistency at the
ICB with respect to the local melting temperature and differs from, e.g., Rivol-
dini et al.,714 Rivoldini and van Hoolst717 and Dumberry and Rivoldini719 on this
issue. By varying the ICB and TCMB independently within ranges given in ta-
ble 12.1, largest local temperature inconsistencies are ∼ 500 K. Although this is
rather large from a thermodynamic point of view, the density variations resulting
from this offset is at most ±2% and is of the same order as the errors on EOS
parameters. Given that it is not the scope of this paper to examine whether there
exists a feasible temperature profile that corresponds with the location of the ICB,
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Figure 12.5: These plots show the relation between the CMB and S and Si total core
content for the Fe-S and Fe-Si models, respectively. Colors correspond to values of (a
and b) the CMB temperature, (c and d) the inner core boundary (Ric), and (e and f) the
average mantle density. Filled enlarged squares and circles denote solution below 1 EWSS
and below 2 EWSS, respectively, and correspond to a contraction below 7 km in radius (see
figures 12.2 and 12.3).

the variable local temperature offset results in an error that is not larger than the
error propagation in the bulk set of density profiles.

Additional error propagation for the density of solid FeS V is provided by
varying the corresponding reference density by ±2%. Small inaccuracies of a
few percent could, however, substantially affect the obtained estimates for plane-
tary contraction since these estimates are mainly sensitive to density differences
that are on the order of a few percent, as parametrized by the EOSs (figure 12.1).
However, these planetary contraction estimates are derived from the density dif-
ferences between solid and liquid phases, implying that only internal consistency
of the applied EOSs is required to yield reliable results. We argue that these uncer-
tainties are minimized by carefully selecting an internally consistent set of EOSs
and by evaluating the density jump at melting temperatures corresponding to the
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respective composition. For instance, the quadratic relation of the bulk modulus
for Fe-S liquid with S content as determined by Sanloup et al.630 fits the 0 wt%
S (pure Fe) EOS of Anderson and Ahrens629 remarkably well when the latter is
transformed to the here applied equivalent isothermal bulk modulus.631 The same
applies to the linear relation of Fe-Si liquids bulk modulus with Si content.731 The
difference between liquid and solid of equal compositions for pressures relevant
for most core material is between 1% and 6% for pure Fe and Fe−24 wt% Si,
respectively (figure 12.1b), which is in the range of previously applied constant
values for δρ .609, 634, 707 For Fe3S and liquid of similar composition δρ takes val-
ues of around 20% at high pressure, which is significantly larger than the value
assumed by Van Hoolst and Jacobs633 but does induce an expected downward
jump in δρ when the liquid of Fe-S composition reaches the eutectic during so-
lidification of a pure Fe inner core (figure 12.1a). We argue that more accurate
EOSs would increase the robustness of our results and may resolve the discrep-
ancy in the values that are used for δρ throughout various studies.

12.4.2 Comparison with previous studies
The ranges presented here for OLB radii (1985−2090 km) are broadly consistent
with those obtained by Rivoldini and Van Hoolst (1965−2043 km)717 and Hauck
et al. (1990− 2050),716 as is the trend toward larger RCMB for higher concen-
trations of light elements for the core and higher average mantle densities. The
reason for obtaining an upper limit for OLB radius of 2090 km, i.e. higher than
that of Hauck et al.716 and Rivoldini et al.717 is likely a result of the slightly
lower Cm/C of Mazarico et al.694 that is adopted in this study compared to that of
Margot et al.672 that was adopted in the other studies.

The range of core S contents constrained to 2.8− 8.9 wt% by C/MR2 and
Cm/C for the Fe-S model implies that the presence of Fe3S in Mercury’s core is
impossible assuming a binary Fe-S core. This range is larger than the range de-
duced by Rivoldini and Van Hoolst717 that constrain the S content to 4.5± 1.8
wt%. The main reason for this discrepancy is that they varied the mantle densi-
ties within the range 3300± 200 kg m−3, whereas we explored a larger range of
3200±400 kg m−3. Additionally, the variability in temperature profiles provides
some error propagation of applied EOSs, whereas such errors have not been taken
into account in Rivoldini et al.714 These differences in methodology broaden the
feasible solution space and specifically the range of S content that is found consis-
tent with C/MR2 and Cm/C (figure 12.5e). The Si content of a binary Fe-Si core
is constrained to above 8.5 wt%, but in case of an FeS layer attached to the base
of the mantle the minimum Si content increases with the size of such a layer to 20
wt% Si for a FeS layer of 200 km thickness (figure 12.6). The range of average
core densities consistent with C/MR2 and Cm/C of 7000±500 kg m−3 spans the
ranges of both Rivoldini and Van Hoolst717 and Hauck et al.716 of, respectively,
7233±267 kg m−3 and 6980±280 kg m−3. Our results show that there is a typi-



12.4. DISCUSSION 149

cal tradeoff between the average mantle and core densities that slightly influences
the location of the CMB (figures 12.4 and 12.5). Additionally, we observe that
a large FeS layer relates to low average mantle densities (figure 12.6). This is
consistent with figure 11 of Hauck et al.716

Regarding solutions of the Fe-S and Fe-Si models, relating the planetary con-
traction estimates to the maximum radial contraction of 7 km given by Byrne et
al.700 has constrained the inner core size for instances with high S (∼ 8.9 wt%)
or Si (∼ 25 wt%) contents down to a radius of 1454 km and 1543 km respectively
(figure 12.3), whereas cores of low Si or S contents would allow inner cores to
solidify up to 1690 km in radius. Dumberry and Rivoldini719 concluded that the
size of an inner core for the Fe-S model is likely constrained to a maximum radius
of 1325±250 km based on thermodynamic arguments and taking the presence of
snow zones into account. No equivalent claim can be made based on our results
regarding the planetary contraction limit of 7 km by Byrne et al.700 However, ther-
mal expansion/contraction, partial melting, and differentiation of a cooling planet
substantially affect the overall planetary contraction. Grott et al.707 and Tosi et
al.708 most recently estimated the net contribution of mantle differentiation and
the thermal contraction of Mercury as a whole on radial planetary contraction in
the range of 2− 4 km in radius. Additionally, total global contraction estimates
down to 3.1 km have been given in Byrne et al.700 Consequently, the upper limit
for ∆Rcs in this study may be substantially lowered. Using a contraction of 3 km
(obtained by subtracting the maximum 4 km thermal contraction from the 7 km
total contraction observation by Byrne et al.700 as upper limit for ∆Rcs) would,
for example, constrain the size of the inner core to a maximum radius of 1274 km
for bulk core compositions near 8.9 wt% and 1300 km for a bulk core of approx-
imately 25 wt% Si. Inner cores for a core low in light elements (∼ 2.8 wt% S or
∼ 8.5 wt% Si) ranging up to 1380 km in radius are found consistent with ∆Rcs < 3
km.

12.4.3 The evolution of a solid FeS layer
The presence of a solid FeS layer has important implications for the current ther-
mal state and evolution of Mercury, given the FeS melting temperature,708, 710 and
would lower the size of silicate mantle significantly693, 716 (figure 12.2). The latter
has large implications for studies that focus on the mineralogical makeup and dy-
namics of Mercury’s mantle.747–749 For this reason it is of interest to discuss the
likelihood of such a configuration. The configuration was first proposed in Smith
et al.693 and Hauck et al.716 based on the assumption that solid FeS, which may
precipitate at the outer core, is less dense than the surrounding Fe-S liquid, al-
though the liquid is required to be S rich compared to the eutectic composition. In
Hauck et al.,716 the density of solid FeS V at pressures corresponding to the lower
outer solid shell (between 3 GPa and 6 GPa) varies between 7.5% and 12.5% be-
low the EOS for FeS V (HPP) as published in Urakawa et al.,627 which fits FeS V
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Figure 12.6: In this figure the thickness of the FeS layer has been plotted against the Si
content corresponding to the core below the FeS layer for solutions of the Fe-Si-FeS model.
Colors indicate the corresponding averaged mantle density. Filled enlarged squares and
circles denote solution below 1 EWSS and below 2 EWSS, respectively, and correspond to a
contraction below 7 km in radius (see figures 12.2 and 12.2).

densities at higher pressures (above ∼ 11 GPa). We have argued in section 12.2.2
that this density offset is more likely in the range of 2− 6%. Figure 12.7 com-
pares the density ranges of solid FeS V as parametrized by Hauck et al.716 (red
area) and by us (green area) in this study at 1400 K. The density of liquid Fe-S
for the eutectic composition and that of 27 wt% S based on Sanloup et al.630 and
Jing et al.732 (table 12.2) have been plotted as well. Given that a S content of 27
wt% is close to the eutectic for the corresponding pressure regime, the density of
the liquid shown in figure 12.7 is likely on the high end and will further decrease
for higher S contents. Figure 12.7 shows clearly that the density of solid FeS ac-
cording to the EOS applied in our study is higher than that of liquid Fe-S for the
eutectic composition. We argue based on figure 12.7 that it is doubtful that solid
FeS will float upon crystallization at the outer core of Mercury. Solid FeS may
well sink to greater depth instead. This indicates that a solid FeS layer attached
to the mantle may be unlikely and an alternative mechanism would be required to
have FeS layer located at top of the outer core. We stress that there are substantial
discrepancies in the density of S-rich liquids between recent studies.732, 750–753 In
particular, the difference in reference densities that are applied for liquid Fe-S of
intermediate S-contents (0− 36 wt% S) propagates to large diversity of the den-



12.5. SUMMARY AND CONCLUSION 151

Figure 12.7: This plot shows density curves of solid FeS and liquid Fe-S at 1400 K: The
black curve shows the FeS V (HPP) EOS from Urakawa et al.,627 the green area shows
the range of densities for solid FeS applied in this study, the red area shows the range of
densities for solid FeS applied in Hauck et al.,716 the purple curve shows the density of the
liquid Fe-S for the eutectic composition at corresponding pressure, and the brown curve
shows the density of liquid Fe-S for 27 wt% S. The applied liquid EOS parameters are given
in table 12.2 and are based on Sanloup et al.630 and Jing et al.732

sity of liquid Fe-S at high pressure between different recent studies. Additional
high-precision data will be required to further resolve the issue of the buoyancy
of an FeS layer in the core of Mercury.

12.5 Summary and conclusion
Three end-member interior configuration models with core compositions in a lim-
ited part of the Fe-Si-S system for the planet Mercury were examined based on
corresponding density profiles, specifically to assess which of these models when
accompanied with partial core solidification is consistent with the new limit of 7
km planetary contraction as observed by Byrne et al.700

Results indicate that the CMB, or the lower boundary for an FeS layer that has
been proposed to reside between mantle and liquid outer core, is between 1985
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km and 2090 km in radius, with the high values corresponding to high Si and S
contents and high mantle densities or the presence of an FeS layer. The pressure
of this boundary is between 4.6 GPa and 5.5 GPa for models without an FeS layer
and between 4.9 GPa and 5.9 GPa for models with an FeS layer. A comparison
of density data for solid FeS and liquid Fe-S has been performed to examine the
capability of FeS to float on liquid Fe-S upon precipitating at the outer core and
subsequently accrete to the lower mantle. This comparison shows that it is not
at all evident that solid FeS will float, but instead may well sink to greater depth.
This would imply that a separate mechanism is required for an FeS layer to be
located at the top of the outer core. Alternatively, it indicates that the suggested
FeS layer is more likely absent. We stress that caution on this point should be
made due to large uncertainties in the density of relevant Fe-S liquids.

Considering models without an FeS layer, the S and Si total core content are
constrained to 2.8− 8.9 wt% and above 8.5 wt% respectively. Results indicate
that an FeS layer requires high Si contents in the rest of the core in order to be
consistent with the planetary moment parameters. The size of the inner core is
constrained by the observed planetary contraction of 7 km700 to below 1454 km
or 1543 km in radius for bulk cores rich in S (∼ 8.9 wt%) or Si (∼ 25 wt%),
respectively. For cores low in light elements (∼ 2.8 wt% S or ∼ 8.5 wt% Si),
inner cores up to 1960 km may remain consistent with this amount of planetary
contraction due to core solidification. If we assume a net contribution of radial
contraction by long-term mantle differentiation and thermal cooling of 4 km, in-
ner core sizes are constrained to below 1274 km or 1300 km in radius for bulk
cores rich in S (∼ 8.9 wt%) or Si (∼ 25 wt%), respectively, and ∼ 1380 km for
cores low in light elements. Such constraints are similar to constraints on the
size of the inner core proposed by Dumberry and Rivoldini719 based on thermo-
dynamic arguments. We do note that more precise EOSs, more detailed analysis
of surface landforms and a better understanding of Mercury’s thermal evolution
are necessary to make global contraction constraints on the size of the inner core
more robust.
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Abstract

We have studied the thermal and magnetic field evolution of planet
Mercury with a core of Fe-Si alloy to assess whether an Fe-Si core
matches its present-day partially molten state, Mercury’s magnetic
field strength, and the observed ancient crustal magnetization. The
main advantages of an Fe-Si core, opposed to a previously assumed
Fe-S core, are that a Si-bearing core is consistent with the highly
reduced nature of Mercury and that no compositional convection is
generated upon core solidification, in agreement with magnetic field
indications of a stable layer at the top of Mercury’s core. This study
also present the first implementation of a conductive temperature pro-
file in the core where heat fluxes are sub-adiabatic in a global thermal
evolution model.

We show that heat migrates from the deep core to the outer part of the
core as soon as heat fluxes at the outer core become sub-adiabatic.
As a result, the deep core cools throughout Mercury’s evolution in-
dependent of the temperature evolution at the core-mantle boundary,
causing an early start of inner core solidification and magnetic field
generation. The conductive layer at the outer core suppresses the rate
of core growth after temperature differences between the deep and
shallow core are relaxed, such that a magnetic field can be generated
until the present. Also, the outer core and mantle operate at higher
temperatures than previously thought, which prolongs mantle melting
and mantle convection. The results indicate that S is not a necessary
ingredient of Mercury’s core, bringing bulk compositional models of
Mercury more in line with reduced meteorite analogues.
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13.1 Introduction
Observations of planet Mercury provide enigmatic constraints on its thermal evo-
lution. The ancient crust of Mercury684 and its partially liquid present-day iron
(Fe) - rich core163 are indicative of a low planetary cooling rate. Measurements
by NASA’s MErcury Surface, Space Environment, Geochemistry, and Ranging
(MESSENGER) spacecraft indicate that Mercury’s magnetic field is actively gen-
erated by core convection today,755 which requires a superadiabatic core cooling
rate to be thermally driven. Previous thermal evolution studies have assumed a
substantial sulfur (S) abundance in Mercury’s core to reconcile these observa-
tions. S significantly reduces the core solidification temperature, such that the
partially liquid present-day state of the core can be matched by a higher core
cooling rate, and the S fractionation in the liquid upon core solidification pro-
vides compositional buoyancy that helps to generate and sustain core convec-
tion.608, 609, 707, 708, 720 The high elemental S/Si ratio of Mercury’s surface confirms
the presence of substantial S abundances on Mercury.697

The low intensity and large scale geometry of Mercury’s magnetic field755 has
been reconciled by a thin outer shell core dynamo,588 or by a deep core dynamo
covered by a conductive liquid core layer that attenuates small scale rapidly vary-
ing magnetic signatures that propagate toward the surface.590, 756 The deep core
dynamo scenario is supported by the consistent result among thermal evolution
studies that the core-mantle boundary (CMB) heat flux becomes sub-adiabatic
in the first billion years (Gyr) of Mercury’s evolution,608, 609, 707, 708, 720 thermally
stratifying an outer core layer. However, these thermal evolution studies always
fixed the core’s internal energy distribution by the adiabat, which is inconsistent
with heat fluxes becoming sub-adiabatic in the outer core.

A key problem for the deep core dynamo scenario with an Fe-S core is that the
compositional convection, related to S fractionation in the liquid core, penetrates
the outer core’s thermally stable layer and produces a magnetic field that is in-
consistent with observations.757 A scenario where Fe precipitates in shallow core
regions and ‘snows’ down to be re-molten in the deeper core has been proposed,
which stratifies an outer core layer compositionally.742, 758, 759 This requires a S-
core concentration above ∼ 4 wt% to sufficiently flatten the Fe-S melting curve,
such that it intersects the temperature profile in a shallow core region and Fe-snow
is produced.742, 760

These S-rich core compositions for Mercury are difficult to reconcile with
other key characteristics of the planet. The large proportion of metallic Fe (60−
80 wt%) in Mercury’s bulk716 and the planet’s low FeO surface content (<∼ 2
wt%)697 indicate that Mercury is relatively poor in oxygen (O). At the corre-
sponding low O fugacity conditions (between −4.5 and −7.3 log units below
the Fe-FeO buffer702), S dominantly fractionates into the mantle whereas the Si
fractionation in the core increases.614, 692, 704, 726, 761, 762 If Si is also a substan-
tial component of Mercury’s core, the low core density of an Fe-S-Si core alloy
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with > 4 wt% S is difficult to reconcile with the moment of inertia of Mercury’s
core, mantle and bulk planet.717 Additionally, the theory that Mercury’s reduced
characteristic is related to an accretion of early condensates that separated from
the solar nebular at high temperatures near the Sun predicts a low S content for
Mercury relative to other terrestrial planets.237 In combination with the S-poor
olivines and pyroxenes that may form the lower mantle in the mantle crystalliza-
tion sequence,747, 762 the high S/Si ratio of Mercury’s surface may represent an
upward migration of S during the planet’s differentiation and may be indicative of
a S-deficient deep interior and core in particular.

Metal-silicate partitioning experiments at reducing conditions yield Fe-rich
metal with substantial Si concentrations and devoid of S.692, 762 Because Si neg-
ligibly fractionates between solid and liquid metal,727 the solidification of an Fe-
Si inner core does not produce significant compositional buoyancy, maintaining
the stability of a thermally stable upper core layer. Although Si lowers the core
melting temperature by only ∼ 15 K·(wt% Si)−1, less efficient compared to the
decrease of melting temperature with S of ∼ 50 K·(wt% S)−1,727, 763 the core
can accommodate higher Si than S contents within the moment of inertia con-
straints.691 Additionally, Si increases the latent heat release upon solidification764

and lowers the thermal conductivity of the metal.765–767

Here, we present thermal evolution calculations with Si as Mercury’s domi-
nant core alloying element, along with the first implementation of an outer core
conductive layer in a global thermal evolution model. The main purpose is to ex-
amine the evolution and present day state of Mercury’s core in this scenario and
assess the implications for Mercury’s magnetic field. Additionally, we examine
the possibility of generating a magnetic field for a long period in the planet’s evo-
lution in light of the recent detection of magnetized ancient crust768 and discuss
trends in model outcomes with relevance to the recent estimates for Mercury’s
crustal thickness769 and the evolution of Mercury’s mantle.

13.2 Methods

13.2.1 The thermal evolution model
Gravitational energy released during core-mantle differentiation is sufficient to
heat Mercury to a molten and convective interior state.609 Because Mercury’s sur-
face does not show geological features of the planetary expansion related to this
heating event, the age of the primary crust of ∼ 4.2 Ga684 sets a minimum age for
core-mantle differentiation. If accretional energy has been sufficiently retained by
the planet, differentiation occurred in tandem with planetary formation.609 If ac-
cretional energy was largely radiated away, it may have taken several hundreds of
millions of years after formation to reach sufficiently high temperatures by radio-
genic heating for differentiation to start.155, 609 The starting point of the thermal
evolution examined in this study is set at 4.3 Ga (just after core mantle differenti-
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Figure 13.1: A sketched interior configuration and temperature profile of Mercury. Ri
refers to the inner core radius, Rc′ and Tc′ the radius of and temperature at the boundary
of convective and conductive molten outer core, Rc and Tc the radius of and temperature
at the CMB, Rb and Tb the radius of and temperature at the lower boundary of the man-
tle convection cell, Rm and Tm the radius of and temperature at the upper boundary of
the mantle convective cell, Rl and Tl the radius of and temperature at the bottom of the
lithosphere, Rcr and Rreg the bottom radii of the crust and regolith respectively and Rp the
planet’s radius.

ation) with a hot planet.
Mercury is modeled by concentric shells of a (partially) liquid Fe-Si metallic

core, silicate mantle and silicate lithosphere. The solid part of the core grows from
the planet center. A conductive layer forms at the top of the outer core when the
CMB heat flux drops below the adiabatic heat flux. The mantle is characterized by
a convective region in between conductive thermal boundary layers . We represent
the upper part of the lithosphere by a low-density and low-conductivity crust and
a small regolith layer with further reduced thermal conductivity (as in Grott et
al.707). A schematic layout of the planet is given in figure13.1.
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13.2.2 The evolution of mantle and crust
The rate of change of the temperature Tm at the upper convective mantle boundary
(Rm) is given by energy balance equation770

Vmρmcm(1+St)
dT m

dt
=−Al

(
Fm +

(
ρcrLcr +ρcrccr(Tm−Tl)

)dDcr

dt

)
+AcFc +VmρmQm,

(13.1)

with Vm = 4π

3 (R3
l −R3

c) the mantle (m) volume, Ac,l = 4πR2
c,l the surface areas of

the CMB (c) and the bottom of the lithosphere (l), Rc,m,l and Tc,m,l the boundary
locations and corresponding temperatures, ρm,cr, cm,cr and Lcr the density, heat
capacity and latent heat of fusion of mantle and crust (cr), Fc,m the outward heat
flux through the CMB and through the mantle’s upper conductive layer, Dcr the
crustal thickness, Qm and αm the radiogenic heating rate and thermal expansion
of the mantle, g the local gravity, and St the Stefan number (Appendix A).

The rate of change of the lithosphere thickness (Dl) is determined from energy
balance considerations at the lithospheric base

ρmcm(Tm−Tl)
dDl
dt

=−Fm+
(
ρcrLcr +ρcrccr(Tm−Tl)

)dDcr

dt
−Fl , (13.2)

with Fl the heat flux from the mantle into the lithosphere. The rate of change
of the crustal thickness ( Dcr

dt ) is estimated through the mantle melting model of
Morschhauser et al.770 (Appendix A), where the mantle solidus curve for Mer-
cury of Namur et al.771 (their figure 6) is implemented. The parametrization of
radioactive heating is described in Appendix B.

Assuming a linear temperature profile in the mantle thermal boundary layers,
Fm and Fc are given by

Fm = km
Tl−Tm

δu
(13.3)

and
Fc = km

Tc−Tb

δc
(13.4)

with km the mantle thermal conductivity and δu,c the thickness of the upper (u)
and lower (c) thermal boundary layer. Flux Fl is given by

Fl = km
dT
dr
|r=Rl , (13.5)

with dT
dr |r=Rl the thermal gradient at Rl . We derive this thermal gradient from

steady state heat conduction equations for the triple conductive layers at the lower
lithosphere, crustal lithosphere and regolith

d
dr

(
r2kx

dT
dr

)
+ r2Sx = 0, (13.6)
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where Sx is the local volumetric energy source, which we assume to be dominated
by radioactive heating and parametrize by Sx = ρxQx with ρx, Qx and kx the local
density, volumetric heat production rate and conductivity, i.e. x = m, cr, or reg
(regolitih). Solutions of the heat conduction equations are obtained with Tl and Tp
as boundary conditions for conduction through the lithosphere.

Equations 13.1 and 13.2 are integrated with respect to time, using initial con-
ditions

Tm(0) = Tm,0, (13.7)

Tc(0)−Tb(0) = ∆Tcm, (13.8)

Dl(0) = Dl,0, (13.9)

Dcr(0) = Dcr,0, (13.10)

constant core and surface radii Rc and Rp, and Tc provided by the core model of
next section.

13.2.3 The core evolution
For sake of simplicity, we assume that the thermal conductivity in the conductive
core layer is sufficiently high for a rapid convergence to a steady state. In steady
state, the temperature profile in the conductive layer (Rc′ < r < Rc, with Rc′ the
boundary between the convective and conductive regions) is given by the solution
of equation 13.6 with a source Sc that describes secular cooling (we neglect tidal
dissipative and radioactive energy in the core):

Tcond =−Scr2

6kc
+

A
r
+B,Rc′ < r < Rc. (13.11)

Parameters Sc and A are related to heat fluxes at the CMB and at Rc′ by

kc

(ScRc

3kc
+

A
R2

c

)
= Fc, (13.12)

and
kc

(ScRc′

3kc
+

A
R2

c′

)
= Fc′ =−kc

dTad

dr
(Rc′). (13.13)

The temperature profile in the adiabatic core region (r < Rc′ ) is determined
from the adiabatic gradient

dTad

dr
(r) =−αc(r)g(r)T (r)

cc
, (13.14)

with cc and αc the heat capacity and local thermal expansion of the core metal. g
is taken linear throughout the core

g(r) = gc
r

Rc
,r < Rc, (13.15)
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with gc the grvity at the CMB taken equal to the surface fravity (gc = gs). We treat
the core’s thermal expansion as a pressure (P) dependent variable

αc(P) =
αT,0KT,0

KT,0 +P dKT,0
dP

, (13.16)

with αT,0 and KT,0 the ambient pressure thermal expansion and bulk modulus at a
suitable reference temperature, dKT,0

dP the pressure derivative of the bulk modulus,
and pressure given by

P(r) =
∫ Rp

r
ρ(x)g(x)dx. (13.17)

The average temperature in the adiabatic region is ε(Rc′)T (Rc′), with T (Rc′) given
by the conductive profile in the upper layer by continuity, and

ε(r) =
∫ r

0 4πx2T (x)dx
4π

3 r3T (r)
. (13.18)

The core’s total energy is

E =ρccc

(
ε(Rc′)T (Rc′)Vc′ +2πA(R2

c−R2
c′)

+
4π

3
B(R3

c−R3
c′)−

4π

30kc
Sc(R5

c−R5
c′)
)
,

(13.19)

with T (Rc′) = Tcond(Rc′), Vc′ the volume enclosed by Rc′ , and ρc the core density.
The size of the inner core is derived from the intersection of the temperature

profile with the melting curve, here parametrized by Simon-Glatzel’s equation

Tmelting(P) = T0

( P
β1

+1
) 1

β2 , (13.20)

with T0, β1, and β2 composition dependent parameters.
The energy balance equation at Rc′ is

Vc′ρcccεc′
(dTc′

dt
− dRc′

dt
dTad

dr
(Rc′)

)
= AiLcρc

dRi

dt
−Ac′Fc′ , (13.21)

with Lc the metal’s latent heat of solidification.
The core’s evolution is obtained from integrating the core energy balance

equation
dEc

dt
= LcρcAi

dRi

dt
−FcAc, (13.22)

where the CMB heat flux is used as boundary condition to determine the five vari-
ables Rc′ ,

dTc′
dt (and hence Tc′ ), A, B, and Sc from the five equations 13.11, 13.12, 13.13, 13.19,

and 13.21. The obtained temperature profile determines Tc which (along with the
mantle evolution) causes the boundary condition Fc to evolve with time.
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Figure 13.2: The core radius (a), the average core density (b) and the average mantle
density (c) as a function of Si content of Mercury core (χSi). Symbols correspond to interior
models computed by the approach of Knibbe and van Westrenen691 that satisfy Mercury’s
mass to within 0.2 %, and Mercury’s C

MR2 and Cm
C up to one (black solid dots) and two

(open gray dots) standard error.772 Red lines show the best fit linear regression lines.

13.2.4 Magnetic field scaling
Numerical simulations are needed to fully characterize the magnetic field for a
given thermal and dynamical core state.590, 756–758 Here, first order characteristics
are inferred from considerations on energy dissipation with the use of calibrated
magnetic field scaling methods.773, 774 These provide estimates for the magnetic
Reynolds number (Rem), which is believed to have to exceed a threshold of∼ 40−
100 for planetary magnetic fields to be generated, and the local Rossby number
(Rol), which is an indicator of the geometry of the magnetic field.590, 756, 757

Under the assumption of efficient mixing in the dynamo region, and using
that the buoyancy flux at Rc′ equals zero, the dissipation (Φ) produced in the
convective layer is given by775

Φ = qi(ψ̄−ψi), (13.23)

where

(ψ̄−ψi) =
2π

5
Gρc

R5
c′ −R5

i

R3
c′ −R3

i
− 2π

3
GρcR2

i (13.24)

is the difference between the average gravity potential in the convective layer and
the gravity potential at Ri

775 and qi is the buoyancy flux at Ri. The buoyancy
flux arises from the excess heat flux at Ri, here solely generated by the latent heat
release of core solidification and the secular cooling of the inner core, compared
to the maximum heat flux that can be conducted along the adiabat:

qi =
αc(Ri)

cc

(
ρcLcAi

dRi

dt
−Viρcccεc(Ri)

dT (Ri)

dt
− kcαc(Ri)g(Ri)T (Ri)

cc
Ai

)
.

(13.25)
The scaling from dissipation to magnetic field intensity, Rem and Rol follows

Aubert et al.773 and Rückriemen et al.774 and is elaborated on in Appendix D.
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Table 13.1: Compilation of ranges of input parameters that are varied between thermal
evolution runs.

Symbol Parameter name Value Unit Remark
χSi Core Si content 0.07−0.20 wt fraction
ρc Core density 7930−6600 ·χSi kg·m−3

ρm Mantle density 2750−3800 ·χSi kg·m−3

Rc Core radius X1+610 ·χSi 103m X1∼ unif[1930,1960]km
Lc Core latent heat of fusion 2.75+15.25 ·χSi 105J·kg−1

T0 Melting curve parameter X3−1000 ·χSi K X3∼ unif[1578,1678]K

f Present-day ratio of mantle/crustal
abundance of radioactive elements 0.1−0.9 Fraction

αT,0 Metal reference thermal expansion 8−11 10−5K−1

η0 Reference mantle viscosity 1019−1022 Pa·s
Tm,0 Initial upper mantle temperature 1700−2100 K
∆Tcm Initial core temperature excess 50−300 K
kc Core thermal conductivity X2−50 ·χSi W·(m·K)−1 X2∼ unif[30,60]W·(m·K)−1

kcr Crustal thermal conductivity 1.5−4 W·(m·K)−1

Dreg Regolith Thickness 0−5 103m

13.2.5 Parameters
We have performed the above thermal and magnetic field evolution scheme 1200
times with variable input parameters. Based on a re-analysis of Knibbe and van
Westrenen691’s Fe-Si model, with CMB temperatures in a range consistent with
a partially liquid core of Fe-Si alloy (1800− 2200 K), using updated values for

C
MR2 and Cm

C parameters772 and a corrected bulk modulus of solid Fe-(17wt%)
Si of 199 GPa,729 a Si core weight fraction (χSi) of 0.07− 0.20 is feasible if
Si is the only light element in Mercury’s core (figure 2). We parametrize the
core radius as Rc = X1+ 610 km·χSi, with X1 varied with uniform probability
between 1930 km and 1960 km to propagate the uncertainty in the core size.
Core density and mantle density are taken constant and are parametrized as ρc =
7930 kg·m−3 − 6600 kg·m−3 · χSi and ρm = 2750 kg·m−3 − 3800 kg·m−3 · χSi
(figure 13.2).

Based on the latent heat of fusion (Lc) of Si metal at ambient pressure of
1785− 1810 kJ·kg−1,764 we parametrize Lc linearly with Si content, Lc = 275
kJ·kg−1 + 1525 kJ·kg−1 · χSi. Likely values for the thermal conductivity kc of
pure liquid Fe at the low pressures of Mercury’s core vary between 30 W·(m·K)−1

and 60 W·(m·K)−1.765–767 To account for a decrease of kc with Si-content, we
parametrize kc as kc =X2−50 W·(m·K)−1 ·χSi, with X2 varied randomly between
30 W·(m·K)−1 and 60 W·(m·K)−1. The electrical conductivity of the metal (σ )
is proportional to kc by the Wiedemann-Franz law

(
σ = kc

LTc′

)
, with L the Lorenz

number of 2.2 ·10−8 WΩ·K−2.765–767

Experimental studies have consistently found a Si-induced liquidus decrease
for Fe-rich metal at 21 GPa of 15 K·(wt% Si)−1.727, 763 Accordingly, we use
the melting curve for Fe(80%)-Ni(5%)-Si(15%) of Morard et al.763 (their table
3) in equation 13.19 (β1 = 10, β2 = 3), decreasing T0 linearly with Si-content
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Table 13.2: Compilation of ranges of parameters that are fixed throughout thermal evolu-
tion runs.

Symbol Parameter name Value Unit
Rp Surface radius 2.44 106m
g Surface gravity 3.7 m·s−2

Tp Surface temperatur 440 K
ρcr Crustal density 2800 kg·m−3

cm Mantle heat capacity 1212 J·(kg·K)−1

cc Core heat capacity 835 J·(kg·K)−1

ccr Crustal heat capacity 1000 J·(kg·K)−1

ν Molecular diffusivity 106 m2·s−1

R Gas constant 8.3144 J·(K·mol)−1

Tre f Viscosity reference temperature 1600 K
A Activation energy 3 ·105 J·mol−1

km Mantle thermal conductivity 4 W·(m·K)−1

kreg Regolith thermal conductivity 0.2 W·(m·K)−1

Racrit Critical Rayleigh number 450
u0 Convection velocity scale 2 ·10−12 m·s−1

Dl,0 Initial lithosphere thickness 5 ·104 m
Dcr,0 Initial crust thickness 5 ·103 m
Lcr Crustal latent heat of fusion 6 ·105 J·kg−1

Θ Constant in equation 13.43 2.21
β Constant in equation 13.32 1

3
L Lorentz number 2.2 ·10−8 WΩ·K−2

τT h
1/2 Half life time of Th 14 Gyr

τK40
1/2 Half life time of K40 1.25 Gyr

τU235
1/2 Half life time of U235 0.704 Gyr

τU238
1/2 Half life time of U238 4.47 Gyr

QT h
cr,0 Initial crustal heating rate of Th 2 ·10−12 W·kg−1

QK40
cr,0 Initial crustal heating rate of K40 10−10 W·kg−1

QU235
cr,0 Initial crustal heating rate of U235 7 ·10−12 W·kg−1

QU238
cr,0 Initial crustal heating rate of U238 3.5 ·10−12 W·kg−1

T0 = X3− 1000 K·χSi. X3 is varied randomly between 1578 K and 1678 K to
propagate uncertainties in the Fe-Si melting curve. The ambient pressure thermal
expansion coefficient (αT,0) is varied between 8 ·10−5 K−1 and 11 ·10−5 K−1.767

KT,0 and dKT,0
dP are kept constant at 85 GPa and 4.5 respectively, which are central

to the reported range for pure Fe and Fe(83 wt %)-Si(17 wt%) liquids at pressures
and temperatures relevant for Mercury.730

Other adopted parameters are taken from Grott et al.,707 Morschhauser et
al.770 and Rückriemen et al.774 and do not need further elaboration. All varied
and fixed parameters are listed in table 13.1 and table 13.2.

13.3 Results

13.3.1 A representative scenario
Figure 13.3 shows a representative thermal evolution scenario. The mantle heats
up rapidly in the first 500 million years powered by heat from the initially hot core
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Figure 13.3: The thermal evolution for a representative scenario with the parameter set
Tm,0 = 1740 K, ∆Tcm = 200 K, Dreg = 5000 m, η0 = 5 · 1021 Pa·s, kcr = 3 W·(m·K)−1,
f = 1

3 , kc = 35 W·(m·K)−1, ρm = 3340 kg·m−3, ρc = 6940 kg·m−3, Rc = 2035000 m, Lc =

5.03 ·105 J·kg−1, T0 = 1470 K, and αT,0 = 9 ·10−5 K−1. (a) The temperature evolution at
the CMB (Tc), the upper mantle (Tm), and the convective to conductive boundary in the core
(Tc′ ). (b) The evolution of the crust (Rcr), that of the upper convective and lower convective
mantle boundaries (Rm and Rb) and the partial melt zone (gray shaded). (c) The evolution
of the inner core radius (Ri, in units of 105 m) and of the location of the boundary between
the conductive and convective core region (Rc′ ). (d) The heat flux integrated across the
CMB (FcAc) and the latent heat generation (FL = LcρcAi

dRi
dt ).

and radioactive decay (figure 13.3a). While the temperature difference between
the mantle and CMB decreases, the CMB heat flux drops below the adiabatic
heat flux (∼ 25 mW·m−2 at the CMB, equivalent to FcAc of ∼ 12 · 1011 W in
figure 13.3d) within a few million years. Among general thermal evolution runs,
the CMB heat flux becomes subadiabatic within 1 Gyr or is already subadiabatic
at the start. In the latter case we start with a conductive layer thickness dictated
by the CMB heat flux. As a result of the reduced heat flow out of the core, the
heat-density difference between the hot deep part of the core and its colder upper
region relaxes. This leads to the formation of a conductive outer core layer, which
has a flatter temperature profile, and the consequent heating of the CMB by en-
ergy that originates from the deeper core (figure 13.3c, 13.4a, and 13.1). We find
that a period of inward CMB heat flow is possible only in extreme mantle heating
scenarios, in contrast to results of Tosi et al.708 where the core’s energy distribu-
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Figure 13.4: The temperature profile in the core and near the CMB at several points in time
for the scenario of figure 13.3 (solid lines of different thickness). The position of Rc′ along
each profile is indicated by solid circles, and the dotted line shows the Fe-Si core melting
curve.

tion was fixed throughout time by the adiabat. The cooling of the deep core during
the period of CMB heating is particularly well illustrated in figure 13.3 by the ac-
companied growth of an inner core (figure 13.3c). During core solidification, the
produced latent heat suppresses the growth of the conductive layer (figure 13.4c),
and dominates the heat flow into the conductive region (figure 13.3d). The area-
integrated heat flows at the CMB and at Rc′ show that the conductive region in-
creases in energy almost throughout the growth period of the conductive region
(until ∼ 1.3 Gyr). After ∼ 1.3 Gyr, the CMB integrated heat flux exceeds the
energy delivered from the adiabatic region (figure 13.3d). In the late stages of the
evolution, the decreased mantle radioactivity and resulting mantle cooling lead to
an increased extraction of core heat and a corresponding thinning of the conduc-
tive layer. From energy balance principles with the temperature in the adiabatic
region defined by the temperature (Tc′ ) at the upper boundary of the adiabatic re-
gion, the latent heat production cannot exceed the heat flow out of the adiabatic
region (FL < Ac′Fc′ ). However, latent heat production does temporarily exceed the
energy loss at the CMB between 0.4 and 1.1 Gyr (FL > AcFc), indicating that the
core as a whole is gaining energy in this period. This becomes possible because
the cooling of the deep core is related to a redistribution of energy within the core.

A mantle partial melt zone in this scenario is located between 160 km - 400 km
in depth and closes after 2.2 Gyr (figure 13.3b). The production of crust through
extraction of mantle melts is most efficient in the first 1.5 Gyr because the melt
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Figure 13.5: The magnetic field evolution corresponding to the scenario of figure 13.3. (a)
The mean field strength in the dynamo region (Brms). (b) The magnetic Reynolds number
(Rem). (c) The local Rossby number (Rol). (d) The scaled surface dipole moment (Bsur f

dip ).

fraction within the melt zone strongly decreases over time. The final crust is 28
km thick and mantle convection ceases after 3.3 Gyr, i.e. when the top (Rm) and
bottom (Rb) boundaries of the convective mantle combine.

Figure 13.4a shows the temperature profile in the core and near the CMB at
various points in time. The temperature profile in the conductive region varies in
shape with time. The reason is that the source term Sc (equation 13.11) is nega-
tive when the conductive layer gains energy (Sc temporarily represents a secular
heating sink instead of a secular cooling source). This is the case in a large part of
the time period of growth of the conductive layer. The low (or negative) value for
Sc causes the conductive temperature profile to be strongly curved in anti-convex
direction during the growth of the conductive layer, in particular when additional
heat is produced by inner core solidification. After 1.3 Gyr, the conductive re-
gion is losing more energy to the mantle, such that Sc becomes positive and the
conductive temperature profile becomes practically linear.

The magnetic field evolution that corresponds to the above thermal evolution
scenario (obtained by magnetic field scaling, Appendix D) is shown in figure 13.5.
In the initially fully liquid core, the magnetic field is solely generated by rapid sec-
ular cooling of the liquid and inner core. However, our scaling law only considers
the secular cooling of the inner core, such that the results show no magnetic field
before the inner core starts to solidify (figure 13.5a). The magnetic field appears
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at the onset of core solidification due to the latent heat release, but decreases in
strength when energy differences in the core are relaxed. The magnetic field re-
covers in the late evolution when core growth increases as a result of a larger heat
extraction by the mantle. Similar trends are found in Rem, Rol and the surface
dipole (Bsur f

dip ) (figure 13.5b,c,d). Rem attains a value of ∼ 400 at present day,
which is above the threshold needed for magnetic field generation. Rol is ∼ 40 at
present, which puts the internal field in the multi-polar regime. Bsur f

dip is roughly
6000 nT according to this magnetic field scaling.

13.3.2 Sensitivity analysis
Figure 13.6 shows the influence of parameter variations on the present-day state
of the core. Although the Si core concentration does influence the CMB temper-
ature to some extent (by the accompanied lower melting temperatures, increased
latent heat release, and lowered thermal conductivity), the CMB temperature is
dominated by the efficiency of heat extraction by the mantle. In particular, the
mantle’s reference viscosity and (to a smaller extent) radiogenic heat production
strongly influence the present-day CMB temperature. The present-day CMB tem-
peratures in our models range from 1700 K - 2100 K (figure 13.5a). ±60 K of this
variability is related to the fraction of mantle to crustal radiogenic heat production
( f ) ranging 0.1 - 0.9, and±150 K is related to the reference viscosity (eta0) rang-
ing 1019 Pa·s - 1022 Pa·s. The present-day mantle temperature (Tm, not shown in
figures) is 40-80 degrees lower than Tc.

The inner core size is dominated by mantle viscosity, mantle radiogenic heat
production, and the core Si content (figure 13.6b, c). A high Si core content lowers
the size of the inner core by its reduction of the core melting temperature, but also
by the increased latent heat release and decreased thermal conductivity of the core
which decrease the size of and increases the temperature gradient in the outer core
conductive layer, and consequently increases the temperature in the deep core.

The thickness of the convective core layer is dominated by the Si core content
(figure 13.6d). The influence of Si core content on the convective layer is three-
fold. First, an increased Si core content reduces the size of the inner core by a
lowering of the melting temperature, with a partially liquid core as a necessary re-
quirement for having a convective liquid core layer. A partially liquid core is not
a sufficient requirement for having a convective layer, because the heat flux can
be, and is in various scenarios, sub-adiabatic throughout the outer core. However,
due to the decrease of the adiabatic gradient with pressure and the larger latent
heat flux per spherical area unit in deeper core regions, heat fluxes are more easily
found superadiabatic in deeper parts of the core. For an inner core size below
∼ 1500 km in radius, a convective layer is almost always present in our models
(figure 13.6d). Second, the increased latent heat release with higher Si content
increases the core heat flux and the size of the convective layer. Third, the size
of the conductive layer decreases with a lowered thermal conductivity. The un-
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Figure 13.6: Key characteristics of the 1200 computed thermal evolution runs. (a) The
present day CMB temperature (Tc) with varying reference viscosity (η0) and fraction ( f )
of mantle/crustal radiogenic heat production. (b) The radius of the inner core (Ri) with
varying reference viscosity η0 and fraction ( f ) of mantle/crustal radiogenic heat produc-
tion. (c) The radius of the inner core (Ri) with varying reference viscosity eta0 and core Si
weight fraction (χSi). (d) The size of the convective layer (Rc′ −Ri) and the radius of the
convective - conductive core boundary (Rc′ ) with varying core Si weight fraction (χSi).

certainty on the thermal conductivity itself (±15 W·(m·K)−1) in our study is set
higher than the influence of Si content on thermal conductivity (−0.5 W·(m·K)−1

per wt% Si). Hence, the effect of Si core content on our results is only marginally
related to a lowered thermal conductivity of metallic liquid. A high mantle vis-
cosity and mantle radiogenic heat production also affect the thickness of the con-
vective layer, positively through their decreasing influence on the inner core size
(figures 13.6b,d) but also negatively due to their negative effect on the core heat
flow and the consequent increase of the thickness of the conductive layer. Deep
convective layers are generated in scenarios with high mantle viscosity and high
radioactivity, whereas shallower convective layers are produced with low mantle
viscosity and low radioactivity (not shown in figures).

Figure 13.7 shows the influence of input parameters on magnetic field charac-
teristics and evolution. Rem is dominated by the size of the convective layer and
exceeds the critical range for planetary magnetic field generation of 40 - 100 when
the convective region is thicker than ∼ 200 km (figure 13.7a). In these circum-
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Figure 13.7: Key magnetic field characteristics of the 1200 computed thermal evolution
runs. (a) The magnetic Reynolds number (Rem) and the size of the convective layer (Rc′ −
Ri), with varying Si core weight fraction (χSi). (b) The surface dipole moment (Bsur f

dip ) set
out against the size of the convective layer (Rc′ −Ri) and local Rossby number (Rol). (c)
The starting point of inner core growth set out against the present day inner core radius
(Ri) and Si core weight fraction (χSi). (d) The starting point of inner core growth set out
against the present day inner core radius (Ri) and the reference viscosity of the mantle
(eta0).

stances, Rol is 10 or higher (figure 13.7b). This puts the dynamo in the multi-polar
regime, consistent with Christensen590 and Christensen and Wicht.756 Bsur f

dip is of
the order of 104 nT (figure 13.7b).

The timing of core solidification, which is the dominant mechanism of mag-
netic field generation, is an interesting characteristic in light of the recent detection
of ancient magnetized crust.768 The rate of core growth is dominated by the Si
core content (figure 13.7c) and by the mantle’s viscosity (figure 13.7d). Mantle
viscosities exceeding ∼ 1020 Pa·s and ∼ 1021 Pa·s seem required to start inner
core solidification early in time and still have its size < 1500 km and < 1000 km
in radius, respectively, at present. Also, high Si core fractions and radioactive
mantle heating reduce the solidification rate. It seems possible to start core solid-
ification relatively early and form an inner core of only moderate size today with
the presence of a stable outer core layer.

Figure 13.8 shows the influence of reference viscosity and mantle radiogenic
heat production on the mantle’s evolution. In figure 13.8b, the depth where the
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Figure 13.8: Similar as figure 13.6, but here: (a) The crustal thickness (Dcr), (b) the closing
depth of the melting gap, (c) the closing time of the melting gap, and (d) the end of mantle
convection with varying reference viscosity η0 and fraction f of mantle/crustal radiogenic
heat production. An end of mantle convection at 4.3 Gyr corresponds to a convective
mantle layer at present.

melt zone closes is presented as an indicator for the depth of the mantle partial
melt zone throughout its evolution. For mantle viscosities below 1020 Pa·s, the
model generates ∼ 40− 150 km thick crusts (figure 13.8a), independent of the
duration of melting (figure 13.8c). In these low viscosity scenarios, a large and
shallow part of the mantle is convecting, which makes crustal recycling effective
in removing the lower crustal material. When the mantle viscosity is higher, the
convective region is confined to the deep mantle. This makes the formation of
thick crusts possible if crust production is efficient. The CMB heat flow does pro-
vide heat for the lower regions of the mantle, but crustal production is inefficient
in the deep mantle in our model due to the high solidus at the corresponding deep
mantle pressures. The most efficient way of producing thick crusts is by heating
the whole mantle by radiogenic decay. For this reason, in case of moderate to high
viscosities, the variability in crust size is strongly controlled by the fraction ( f ) of
mantle/crustal radiogenic heat production (figure 13.8a). The duration of mantle
convection is also dominated by mantle viscosity and radiogenic heat production
(figure 13.8d). Only in model runs with moderate to high mantle viscosities and
low radiogenic heating in the mantle has mantle convection ceased before the
present-day.



13.4. DISCUSSION 171

13.4 Discussion

13.4.1 Core evolution and magnetic field
A first objective of this study is to examine if the thermal evolution of Mercury
with an Fe-Si core can be reconciled with Mercury’s present day partially liquid
core. In pilot thermal evolution runs with an adiabatic profile throughout the outer
core, the core remained fully liquid at a Si core concentration of ∼ 15 wt% and
mantle viscosity of ∼ 1021 Pa·s.776 As a result of the core’s heat redistribution in
this study, the temperature in the deep core is substantially lower and fully liquid
cores at present are almost impossible. Present-day inner cores down to ∼ 800
km in radius are commonly generated in our models at high mantle viscosities
of ∼> 1021 Pa·s and preferably high mantle radiogenic heating rates and high
core Si concentrations. On the other hand, because the energy from the deep core
migrates to the outer core and mantle, fully solidified cores are produced only
in models with low Si-core concentrations (∼< 11 wt%), low mantle viscosity
(∼< 1020 Pa·s), and low radiogenic mantle heating ( f of ∼< 0.5). We conclude
that it is possible to have a Mercurian Fe-Si core partially liquid at present, but an
inner core of substantial size likely exists.

A second objective of this study is to examine whether the thermal evolution
with an Fe-Si core can yield magnetic field generation at present and in particular
whether it satisfies the deep dynamo scenario with a conductive layer at the top
of the core without compositional convection.590, 757 In all our thermal evolution
scenarios the upper part of the outer core is indeed conductive. A convective layer
of >∼ 200 km seems required to generate a magnetic field. This is a general
feature of model runs with a present-day inner core of <∼ 1500 km in radius.

A third objective of this study is to examine whether core solidification can
start early in Mercury’s history, as the magnetized old crust suggests.768 Our
results show that the conductive outer core layer plays a crucial role in the timing
of core solidification and the rate of core growth. Due to the re-distribution of heat
from the deep core to the outer core region, the deep core cools independently of
the temperature evolution at the CMB (which temperature may temporarily rise).
This causes a rapid cooling of the deep core in the early evolution and an early
start of core solidification. The heat that is produced by core solidification is
effectively contained in the core when the outer core contains a conductive layer.
The reason is that the increased extraction of core heat by the mantle in the later
evolution stage dominantly draws energy from the shallow core. Only after the
outer part of the core is again much cooler than the deeper core, the energy release
from the deep core also increases. This causes a more gradual cooling of the deep
core, resulting in an early start of core solidification combined with the persistence
of a liquid outer core of substantial size until the present.

The surface dipole moments calculated in this study are generally an order
of magnitude larger than the measured present day surface dipole of Mercury of
∼ 300 nT.755 However, the magnetic field scaling of Aubert et al.773 adopted here
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was derived for dipole-dominated dynamos and was adapted by Rückriemen et
al.774 for the application to Ganymede. This magnetic field scaling is likely not
suitable for Mercury in its current form because the slow rotation of Mercury puts
the local Rossby number of Mercury’s dynamo in the order of 10, corresponding
to a strongly multi-polar dynamo regime (it is between 2-10 for Ganymede774

and below 0.1 for dipole-dominated dynamos). As a result, the dipole fraction
of Mercury’s magnetic field is expected to be small, and more variable in time.
This will likely also result in a more effective skin effect for Mercury and possibly
smaller surface dipole moments compared to those calculated here (Christensen,
personal communication). Additionally, the magnetic field scaling due to the skin
effect is expected to depend on the thickness of the conductive layer, but has been
taken constant in this study. To our knowledge, no suitable magnetic field scaling
laws for multi-polar dynamos with conductive upper layers exist. This is a topic
that needs further study.

13.4.2 Mantle and crust
A fourth objective of this study is to discuss trends in our results in light of the
recently derived thickness of Mercury’s crust of 18-58 km.769 For this purpose,
we have adopted the one-dimensional melting model of Morschhauser et al.,770

using the mantle solidus of Namur et al.771 for an Mg-rich Mercury mantle. Our
results on crustal thickness are particularly sensitive to the depth and duration of
the melt zone, which are governed by the mantle’s viscosity and radiogenic heat
production. A problematic trend in our results is that thermal evolution runs with
a partially liquid core of sufficient power to generate a magnetic field are in favor
of a high radioactive heating rate and high viscosity of Mercury’s mantle, for
which our model calculates much thicker crusts compared to the crustal thickness
estimate of Padovan et al.769 However, the crustal production model adopted
in this study comes with limitations. The two-dimensional coupled magmatism-
convection models of Ogawa777 show that the mantle will compositionally stratify
within hundreds of million years which suppresses mantle convection and magma
upwelling, in particular if the viscosity of the mantle is high. This illustrates
that our results regarding crust production and the duration of mantle convection
could be substantially overestimated. Nonetheless, the higher present-day mantle
temperatures of 1640 K - 2040 K compared to the ranges obtained in previous
studies,708, 710 which largely follow from the redistribution of core heat, causes the
mantle to operate at elevated temperatures compared to previous models, which
must have a prolonging effect on partial melting and mantle convection.

In some evolution runs, a lower region of the mantle remains partly molten
until the present. A lower partially molten mantle may not directly follow Mer-
cury’s physical librations, an assumption that is used in the librational constraints
on Mercury’s core size. A lower molten mantle region that does not take part of
the physical librations would take part of the liquid outer core in current interior
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configuration models, and reduces the size of the core. However, in most of the
thermal evolution runs computed here, no partially molten region exist at present,
or it is small.

13.4.3 The composition of Mercury and its core
The lowered temperature gradient in the conductive outer core layer may com-
plicate the hypothesis of Fe-snow in Mercury’s core of previously assumed Fe-S
cores, since Fe-snow requires a lower gradient of the melting curve compared to
that of the temperature profile in an outer core region. This has been taken into
account by Dumberry and Rivoldini.760 However, the uncertainties in the melting
curve, thermal conductivity, thermal expansion and bulk modulus of liquid Fe-S
metal warrants a careful evaluation of how much S is required for Fe-snow to be
possible in Mercury’s core.760, 767

One of the reasons to assume a S-rich core of Mercury (which is problematic
in light of Mercury’s formation, compositional core convection, and metal-silicate
fractionation) was that it was deemed necessary to explain Mercury’s present-day
partially molten core and active magnetic field. Our results show that these condi-
tions can be satisfied with an Fe-Si core with a substantial Si content, without any
S. This puts the relative abundances of Fe, Si and S for Mercury’s bulk composi-
tion closer to those of primitive meteorites that are possible building blocks of the
planet.704 For example, a mantle S content of ∼ 2−6 wt% with a core devoid of
S reflects a planetary bulk S concentration of 0.5−1.7 wt%. This bulk S content
may be lowered if the lower mantle consists of S-poor olivines and pyroxenes.
If primitive meteorites sampled on Earth should reflect Mercury’s bulk composi-
tion, Mercury could be primarily built from the highly reduced CB chondrites (see
figure 1 of Namur et al.778), consistent with a reduced origin of the planet. The
high K/Th ratio and Na concentration of Mercury’s surface remains at odds with
a reduced origin of Mercury,779 unless these surface abundances can be explained
by a planetary differentiation process typical for oxygen-poor systems.701

13.4.4 Implications for planetary thermal evolution models
This study contains the first implementation of a conductive core temperature
profile where heat fluxes are sub-adiabatic in a global thermal evolution model.
This implementation has introduced a flexibility to allow the excessive heat in the
deeper core to redistribute to shallower core regions when CMB heat fluxes be-
come sub-adiabatic, whereas the core’s energy distribution was fixed throughout
a planet’s evolution by the adiabat in former global thermal evolution studies. We
have seen that this has major consequences for Mercury with its large core and
expect that it will also be relevant for models of the thermal evolution of other
core-containing objects, including Earth. We encourage the implementation and
further development of global thermal evolution models that allow a redistribution
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of core heat for these objects upon CMB heat fluxes becoming subadiabatic, such
as applied here on Mercury.

13.5 Conclusions
We have computed thermal evolution models of planet Mercury with a core of Fe-
Si alloy, incorporating a conductive layer at the top of the liquid core. The conduc-
tive temperature profile, which is flatter than the adiabat, introduces a flexibility
in the model to allow a redistribution of core energy. The deep core temperature
decreases rapidly in the early evolution of the planet and is accompanied by an
increase of the CMB and mantle temperature. This allows an earlier start of core
solidification and magnetic field generation, consistent with the recent detection
of ancient magnetized crust.768 Hereafter, the flatter conductive temperature pro-
file in the outer core, along with the heat that is released upon core solidification,
enables a slow core growth and the maintaining of an active magnetic field until
the present. In particular, the conductive layer remains fully stable in absence of
compositional convection if the core is of Fe-Si composition, such that the criteria
for the deep core dynamo scenario of Mercury are satisfied.757 S, often assumed
as the core alloying element but difficult to reconcile with Mercury’s oxygen-poor
composition, is not a necessary ingredient for Mercury’s core.
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13.6 Appendix 13A, the melting model
Following Morschhauser et al.,770 we relate the rate of change of the crustal thick-
ness ( Dcr

dt ) to the amount of partial melt in the mantle and the convection velocity
(u) by

dDcr

dt
= uma

Va

4πR3
s
, (13.26)

with Rp Mercury’s planetary radius, Va the volume where melt is present and ma
the average melt fraction in Va. Assuming that crust will be recycled through man-
tle convection if the crust is thicker than the lithosphere, we impose the constraint
Dcr < Dl throughout the evolution (as in Morschhauser et al.770). In the situa-
tion that this effectively results in crustal thinning, the term Dcr

dt in equations 13.2
and 13.3 is replaced by the expression in the right hand side of equation 13.26,
because this term accounts for the heat loss due to volcanic heat piping which we
assume to be unaffected by the replenishment of crust.

The volume of melt-production (Va) in the mantle is defined by the region
where the local temperature exceeds that of the mantle solidus (T > Tsol). To ac-
count for the compositional effect of progressive mantle depletion though partial
melting, we increase of (Tsol) during the process of crust formation by

Tsol = Tsol,0 +
Dcr

Dre f
∆Tsol , (13.27)

with Tsol,0 the initial solidus temperature, ∆Tsol the solidus difference between the
initial mantle composition and that depleted in crustal material (assumed equal to
150 K), and Dre f the reference crustal thickness chosen as the thickness for which
the solidus increase equals ∆Tsol . Following Morschhauser et al.770 the increase
of mantle solidus ends when roughly 20% mantle volume of crust material is
formed, hence

Dre f =
0.2
3

R3
p−R3

c

R2
p

. (13.28)

We assume a linear relation of melt fraction and temperature relative to the
solidus and liquidus (Tliq)

ma =
1

Va

∫
Va

T (r)−Tsol(r)
Tliq(r)−Tsol(r)

dV. (13.29)

For the mantle liquidus we use the peridotite curve of Morschhauser et al.770

Tliq = Tliq,a0 +Tliq,a1P+Tliq,a2P2 +Tliq,a3P3, (13.30)

with Tliq,a0 = 2036 K, Tliq,a1 = 57.46 K· GPa−1, Tliq,a2 = −3.487 K·GPa−2, and
Tliq,a3 = 0.0769 K·GPa−3.
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For the mantle solidus we use the one constructed in Namur et al.771 specifi-
cally for Mercury

Tsol,0 = Tsol,ao +Tsol,a1P+Tsol,a2P2, (13.31)

with Tsol,ao = 1421 K, Tsol,a1 = 177 K·GPa−1, and Tsol,a2 =−12.2 K·GPa−2. To-
gether with the convection velocity

u = u0

( Ra
Racrit

)2β

, (13.32)

where u0 is the mantle convection velocity scale, ma and Va are used to calcu-
late the crust production rate (equation 13.26) and the Stefan number (for equa-
tion 13.2)

St =
LmVa

CmVm

dma

dTm
. (13.33)

13.7 Appendix 13B, Radiogenic heating
Radiogenic heat is produced by the radioactive decay of potassium (K), thorium
(Th) and uranium (U). Assuming that the surface concentrations are represen-
tative for the entire crust and have only been affected by radioactive decay, we
parametrize the crustal radiogenic heating rate as

Qcr = ∑
i

Qi
cr,0 exp

(−t · ln(2)
τ i

1/2

)
,? (13.34)

where the sum is over the radioactive species K40, Th, U235, and U238, Qi
cr,0 is the

heat production of isotope i at time t = 0 (4.3 billion years ago) and taui
1/2 is the

half life of isotope i. Assuming a present day crustal thickness of 38 km,769 the
total radiogenic heat production at time t is given by mass balance considerations:

Qtotal(t) = Qcr(t)ρcrVcr∗+ f Qm∗ρm(Vm∗−Vcr∗), (13.35)

with Vcr∗=
4π

3 (R3
p−(Rp−38km)3) and Vm∗=

4π

3 ((Rp−38km)3−R3
c ) the present-

day crustal and mantle volumes (here referring to mantle for everything that is not
defined as crust or core), Qm∗ the radiogenic heating rate in case the crust had
its present day thickness at time t, and f the present-day fraction of mantle over
crustal radiogenic elements concentration. From mass balance considerations, we
obtain Qm(t), the mantle radiogenic heat production at time t

Qm(t) = Qtotal(t)−
ρcrVcr(t)Qcr(t)

ρm(Vm(t)+Vl(t)−Vcr(t))
, (13.36)

with Vcr =
4π

3 (R3
p− (Rp−Dcr(t))3) and Vl =

4π

3 ((Rp−Dcr(t))3−Rl(t)3).
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We obtain QK40

cr,0 = 10−11 W·kg−1, QT h
cr,0 = 2 ·10−12 W·kg−1, QU235

cr,0 = 7 ·10−12

W·kg−1, and QU238

cr,0 = 3.5 · 10−12 W·kg−1 by fitting the exponential decay of ra-
dioactive isotopes K40, Th, U235 and U238 to the concentrations measured by
MESSENGER.779 These values are consistent with Padovan et al.769 We vary
the fraction f between 0.1 and 0.9, as in Michel et al.710

13.8 Appendix 13C, Mantle configuration
The thickness of the upper mantle’s thermal boundary layer (δu) is parametrized
by

δu = (Rl−Rc)
(Racrit

Ra

)β

, (13.37)

with Racrit the critical Rayleigh number and Ra the Rayleigh number

Ra =
αmρmgs(Tm−Tl +Tc−Tb)(Rl−Rc)

3

κmη
, (13.38)

where κm = km
ρmcm

is the thermal diffusivity of the mantle, αm and ρm are the ther-
mal expansion and density of the mantle, Tl and Tb are the temperatures at respec-
tively the mantle-lithosphere boundary (at Rl = Rp−Dl) and the lower mantle
boundary (at Rb = Rc + δu), η is the viscosity, and Tc is the temperature at the
CMB which is obtained from the solution of equation 13.11. We treat viscosity as
a temperature dependent variable

η = η0 exp
(

A
Tre f −Tm

RTre f Tm

)
, (13.39)

with η0 and Tre f a reference viscosity and temperature, A the activation energy for
creep and R the gas constant. The thickness of the lower thermal boundary layer
(δc) is parametrized by

δc =
(

κηcRai,crit

αmρmgc(Tm−Tp +Tc−Tb)

)β

, (13.40)

where Tp is the surface temperature, ηc is the viscosity at the lower thermal bound-
ary layer (given by equation 13.39 with Tm substituted by Tc+Tb

2 ) and Rai,crit the
critical Rayleigh number for the lower thermal boundary. We parametrize Rai,crit
by

Rai,crit = 0.28Ra0.21
i , (13.41)

with Rai the so-called internal Rayleigh number

Rai =
αmρmg(Tm−Ts +Tc−Tb)(Rp−Rc)

3

κη
. (13.42)
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Assuming that the temperature at the base of the lithospheric is approximately
equal to the temperature where the viscosity is an order of magnitude higher than
the upper mantle temperature, Tl is

Tl = Tm−Θ
RT 2

m

A
, (13.43)

with Θ an empirically derived constant. Assuming an adiabatic temperature pro-
file in the convecting mantle region, we have

Tb = Tm +
αmgTm

cm
(Rm−Rb), (13.44)

with Rm = Rl−δu and Rb = Rc +δc.

13.9 Appendix 13D, Magnetic field scaling
The average power density in the convective layer is773

p =
Φ

4π

3 (R3
c′ −R3

i )ρcΩ3(Rc′ −Ri)2
, (13.45)

with Ω the planet’s rotation rate. The mean magnetic field strength inside the
dynamo (Brms), the mean characteristic fluid velocity (Urms), and the magnetic
dissipation timescale (τdis) are estimated by773

Brms = c1( fohmρcµ)0.5 p0.34
Ω(Rc′ −Ri), (13.46)

Urms = c3 p0.42
Ω(Rc′ −Ri), (13.47)

and
τdis = c2µσUrms(Rc′ −Ri)

3, (13.48)

where µ is the vacuum permeability, σ is the electrical conductivity, and c1,2,3 are
constants of order unity that need to satisfy

1 = c2
1c32c2 p0.1 (13.49)

for the scaling to be internally relatively consistent.773 Based on the p-range of
this study, we set c1 = 1.17, c2 = 0.15, and c3 = 1.1. The magnetic Reynold
number and local Rossby number are estimated by

Rem = µσUrms(Rc′ −Ri), (13.50)

and

Rol = 0.54p0.48
(

ν

Ω(Rc′ −Ri)2

)−0.32( ν

κc

)0.19
(νµσ)−0.19

(
1+

Rc′

Ri

)
, (13.51)
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with ν and κc =
kc

ρccc
the molecular and thermal diffusivity of the outer core.

The mean magnetic field strength is scaled to a corresponding dipole surface
field strength (Bsur f

dip ) by Rückriemen et al.774

Bsur f
dip =

Brms

fdip

(Rc′

Rp

)3
, (13.52)

where fdip is a parameter that accounts for the dipole fraction of the magnetic
field strength, and its reduction in strength by propagation through the conductive
outer core layer as a result of the skin effect. fdip is set to 17, which is the upper
limit of values examined for the case of Ganymede by Rückriemen et al.774
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Chapter 14

Dynamo simulations for
generating Mercury’s
magnetic field

This chapter presents results of a pilot study by Knibbe1,2, J. S., J. Wicht1, U.
Christensen1, and A. Barik1.

1 Max Planck Institute for Solar System Research, Gottingen, Germany.
2 Faculty of Science, Vrije Universiteit Amsterdam, the Netherlands.
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Abstract

We have performed dynamo simulations to study the magnetic field
of Mercury, with inner core sizes > 1000 km in radius. Results show
that the deep core dynamo scenario with a stably stratified layer at the
top of the core produces a broad scale magnetic field of low intensity,
which has hitherto only been concluded for smaller inner cores. The
high quadrupole to dipole ratio of Mercury is not matched by the sim-
ulations presented here, but we expect that the use of a high Rayleigh
number may bring the simulation consistent with this determination
temporarily, or the use of latitudinal variable boundary conditions
may bring the simulation in consistency with the determination for
longer periods of time, as has previously been shown in simulation
with smaller inner core.756, 759, 780 Further dynamo simulations are
planned to examine this scenario in more detail. A method to sharpen
the transition from unstable to stable layer has been developed, which
is potentially useful for simulating the convection regime with small
stably stratified layers.
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14.1 Introduction
Mercury is the only terrestrial planet in our solar system besides Earth that cur-
rently possesses an active internally generated magnetic field. Measurements of
Mercury’s surface field strength of ∼ 300 nT and broad scale geometry obtained
by NASA’s Mariner 10 flybys in 1974 and 1975 constituted the sole observations
of the Mercurian magnetic field for over three decades.420 NASA’s MESSEN-
GER Mercury orbiter mission has recently renewed insights into the magnetic
field, showing that the magnetic equator is offset to the north by roughly 1

5 th of
the planet’s radius and is insignificantly tilted, independent of the spacecraft alti-
tude.755 In terms of spherical harmonics, this equates to a magnetic quadrupole to
dipole ratio of∼ 0.39 and an octopole to dipole ratio of∼ 0.12 (figure 14.1). Dur-
ing the low-altitude campaign of the mission, an ancient crustal field was also de-
tected, which indicates that the magnetic field is likely a long lasting phenomenon
on Mercury.768

The heavily cratered (old) silicate surface of Mercury suggests that core-mantle
differentiation of Mercury occurred > 4.2 billion years ago.684 Because the sec-
ular cooling of Mercury’s core is likely insufficient to generate sufficient core
convection to drive Mercury’s dynamo for longer more than a billion years af-
ter differentiation, the energy released by the gradual solidification of an inner
core is most likely driving the magnetic field today.608, 609, 754 Core solidifica-
tion enhances the thermal buoyancy in the outer core by the latent heat release754

and gives rise to compositional buoyancy if light elements such as sulfur (S) par-
tition preferentially into the core liquid.608, 609 In core convection simulations,
these buoyancy forces are often lumped in a single co-density buoyancy variable
(C).590, 756 This procedure is justified in the vigorously convection regime because
in this regime, turbulent flow is reigned by the kinetic diffusivity, which is inde-
pendent on the chemical or thermal nature, as opposed to the molecular diffusivity,
which is several order of magnitudes larger for the compositional relative to the
thermal component. A key problem in core convection models of Mercury is that
if the whole outer core of Mercury is convecting, the convective power of Mer-
cury’s core is expected to produce a surface magnetic field strength more than two
order of magnitudes larger than the measured intensity,608 unless the outer core is
very thin.588 In addtition, Mercury’s slow rotation and corresponding small Cori-
olis force puts its dynamo in a multipolar regime, inconsistent with the observed
broad scale geometry.

If an upper core layer is stably stratified, the skin effect attenuates rapidly
varying magnetic signatures that propagate from the underlying dynamo region
toward the core-mantle boundary (CMB) and planetary surface. In this case, the
surface field is dominated by broad scale magnetic features of low intensity, con-
sistent with the Mariner 10 observations.590, 756

In a stably stratified outer core layer, the turbulent flow is far reduced such that
the molecular diffusivity becomes relevant, and the use of the co-density formu-
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Figure 14.1: This figure maps the low-degree structure of Mercury’s magnetic field as
identified by the MESSENGER spacecraft.755

lation for simulating the flow in this region is dubious. More appropriate double
diffusive convection simulations show that compositional convection can pene-
trate the thermally stratified layer, and produces a magnetic field inconsistent with
the observations at Mercury.757 This problem has been reconciled by a suggested
iron (Fe) snow process in an upper core layer of Fe-S composition, which com-
positionally stratifies an outer region of Mercury’s core.742, 759, 760 The dynamics
within an Fe-snow layer are poorly understood and it is commonly treated as a
stably stratified layer such that a co-density approximation is, again, appropriate.

Alternatively, Mercury’s core may be of Fe - silicon (Si) composition. Solidifi-
cation of a Fe-Si core induces insignificant compositional buoyancy but enhances
the thermal buoyancy by an increased release of latent heat compared to a Fe-S
core.754 In a Fe-Si core, compositional bouyance is absent and the co-density
formulation reduces to that of single-diffusive flow. Further investigation of this
scenario is also of broader interest in light of the features in the geomagnetic field
that point to the presence of a thin stably stratified layer at the top of Earth’s core
which is also related to either thermal or compositional stratification.781

The offset of Mercury’s magnetic equator to the north detected by MESSEN-
GER has been matched only during short time periods in simulations of Chris-
tensen and Wicht that adopt a high Rayleigh number (Ra ∼ 6 ·108) that increase
make the magnetic field strongly variable with time.756, 782 Other studies have
adopted laterally varying boundary conditions to break the dipole symmetry, such
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that the magnetic equator offset can be matched for longer time periods.759, 780

So far, this has proven to be successful only when the equator is anonymously
cold,759 or when a zonal asymmetry has been incorporated in the temperature
boundary conditions.780 As of yet, no studies have been performed to investigate
if such lateral variations in CMB temperature can persist throughout Mercury’s
evolution. This may be problematic, in particular because the surface illumination
pattern on Mercury is zonally symmetric and peaks at the equator. Nonetheless,
such laterally varying boundary conditions currently provide the only solution for
obtaining dipole, quadrupole and octopole components in dynamo simulations
that approximate those determined by the MESSENGER mission for long time
periods.

In this chapter, we present magnetic field simulations with an interior con-
figuration and dynamical state inspired by the recent thermal evolution models of
Knibbe and van Westrenen754 that assume an Fe-Si core. Accordingly, we assume
that the buoyancy forces are purely thermal. Christensen590 mentions that an inner
core significantly larger than 1000 km in radius likely falsifies the deep dynamo
scenario, and previous dynamo simulations consistent with the MESSENGER
measurements were performed with a smaller inner core. Because the present-day
inner cores of the thermal evolution schemes of Knibbe and van Westrenen754 are
usually > 1000 km in radius, we investigate this aspect in more detail with simu-
lations using larger inner cores.

14.2 Dynamo simulation
We use the Magic code783 for simulating magneto and hydro dynamics in a ro-
tating spherical shell with inner and outer radius ri and ro in a Boussinesq ap-
proximation.784 Magic solves the coupled Navier-Stokes and magnetic induction
equations

E
Pm

(
δu
δ t

+u ·∆u
)
+2ẑ×u+∆Π = E∆

2u+
RaEPm

Pr

r
ro

C+(∆×B)×B, (14.1)

and
δB
δ t
−∆× (u×B) = ∆

2B, (14.2)

along with the transport equation

δC
δ t

+u ·∆C =
Pm

Pr
∆

2C− ε, (14.3)

using the free divergence conditions

∆ ·u = ∆ ·B = 0. (14.4)

Here, u and B are the velocity and magnetic induction vectors, ẑ is the planet’s
rotation unit vector, Π is dynamic pressure with gravity varied linearly with radius
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Table 14.1: Compilation of parameters used in the dynamo simulations of this study. a these
input parameters are not used in the simulations setup of case A, although rn ·D−1 = 1.85
for case A, following equation 21 of Christensen and Wicht.756 ε∗ is given in the non-
dimensional units, as in equation 14.3.

Parameter symbol case A case B
Planetary radius - 2.44 ·106 m

CMB radius ro 2.02 ·106 m
Core density ρ 6980 kg· m−3

Core conductivity σ 1.15 ·106 S· m−1

Rotation rate Ω 1.24 ·10−6 rad· s−1

Vacuum permeability µ 4π ·10−7 kg· m· (s· A)−2

Rayleigh number Ra 80 ·107

Magnetic Prandtl number Pm 3
Prandtl number Pr 1
Eckman number E 10−4

Aspect ratio ri · r−1
o 0.6

Volumetric sink ε∗ 2.283 2.15
Bell-width δ ·D−1 - a 0.08
Bell-shift ξ ·D−1 - a 0.06

Neutral radius rn ·D−1 - a 1.85

r, ε is the volumetric heat sink, length is scaled by the shell thickness D = ro− ri,
time t is scaled by the magnetic diffusion timescale D

λ
with λ the magnetic diffu-

sivity, and B is scaled by
√

ρµλΩ with ρ density, µ the vacuum permeability, and
Ω the planet’s rotation rate (see table 14.1). The variable C describes density vari-
ations that result from temperature perturbations referenced to the adiabat, hence
C = ρα(T − Tad) with Tad the adiabat. The conventional non-dimensional pa-
rameters are the Ekman number E = ν

ΩD2 with ν the kinematic viscosity, Pr =
ν

k

the Prandtl number, Pm = ν

λ
the magnetic Prandtl number, and Ra = goqiD4

k2νρ
the

Rayleigh number with qi the heat flux at the inner boundary of the convective
shell.

Following Christensen and Wicht,756 we impose a non-dimensional heat flux
at the inner boundary δC

δ r (ri) = −1 and a constant outer boundary temperature
C(ro) = 0. To date, two subtly different implementations of a stable layer in
Mercury’s core have been adopted. Christensen,590 Christensen and Wicht,756

Manglik et al.757 and Cao et al.759 adopted a constant volumetric sink term which
gradually decreases the buoyancy with radius and predefines the neutral radius
rn (which denotes the approximate boundary between convective and conductive
regimes where ∆2C = 0, equation 14.3). This constant volumetric sink term addi-
tionally defines the (modest) degree of stability in the outer core layer and allows
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Figure 14.2: The stability and buoyancy flux in cases 27a and 27b. (a, b) Areal cross
section - and time - averaged co-density (dashed line) and the diffusive co-density profile
(solid line). (c, d) Areal cross section - and time-averaged co-density fluxes. The negative
total flux (dashed line), the negative diffusive flux (solid line), and the positive advective
flux multiplied by factor 3 (dotted line). The neutral radius (rn) is at r−ri

D = 0.35 for these
models and denoted by the vertical line.

for substantial convective overshooting in the lower region of the stable layer.
This approach is taken in case A of this work.

Vilim et al.758 and Tian et al.780 on the other hand implemented stably strati-
fied zones of instantaneously constant positive co-density gradient ( δC

δ r > 0). This
reduces the convective overshooting but makes the problem non-differentiable.

Here, we prescribe a radial distribution of volumetric heat sink terms ε(r) to
control the sharpness of the buoyant to stable (negatively buoyancy) transition
as well as the neutral radius rn. A large ε(r) in the lower region of the stable
layer generates a sharp transition from buoyant to stable and reduces convective
overshooting. However, a strongly negative buoyancy also increases the Brunt-
Vaïsala frequency of gravity waves. Because we assume that gravity waves do
not significantly affect the dynamical behavior of the core, we do not attempt
to resolve these fluctuations and aim for a modestly stable outer core layer. For
this reason, ε(r) need not be large throughout the stable layer. We choose to
add a bell-shaped radial distribution of sinks (a beta distribution of degree two)
to a constant volumetric sink (see Appendix 14A to this chapter). Parameters
that control this distribution are the imposed heat flux through the inner boundary
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Figure 14.3: The time and areal cross-section averaged velocity (a,b) and magnetic field
(c,d) for models A (a,c) and model B (b,d). The poloidal, toroidal, axisymmetric poloidal,
and axisymmetric toroidal components are shown as solid, dashed, dash-dotted, and dotted
lines, respectively. The neutral radius (rn) is at ( r−ri

D = 0.35) for these models and denoted
by the vertical line.

δC
δ r (ro), the neutral radius rn, the constant volumetric sink ε∗, the width of the bell
shaped distribution (2δ ), and the shift of the bell’s center from the neutral radius
(ξ ). This approach is taken in case B of this work. By comparing cases A and
B, we will test if the nature of the transition from bouyant to stable (a sharp or
gradual transition) significantly affects the magnetic field.

Model parameters for our simulations are listed in table 14.1. Radial profiles
of C are given in figure 14.2 for cases A and B, which respectively denote sim-
ulations with solely a constant heat sink and with an added bell-shaped (beta)
distribution of sinks, respectively.

14.3 Results
We first show several diagnostics directly relate to the implementation of a bell-
shaped radial distribution of sinks in the lower region of the stable layer. The
co-density profile drops rapidly in a small lower region in the unstable layer as a
result of advective flow (figure 14.2a,b). The codensity approaches a horizontal
line throughout most of the unstable layer, indicating that temperatures follow the
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Figure 14.4: Radial profiles through the nominally stable layer ( r−ri
D > 0.35) of the total

poloidal magnetic field for case A (black, solid) and case B (red solid), and the dipole field
of these respective models (black, dashed), (red, dashed).

adiabat. The codensity profile does closely follow the diffusive solution in the
upper region of the simulation, indicative of neglegible advective transport in the
nominally stable layer. However, close to the neutral radius, the codensity profile
significantly deviates from the diffusive solution. The origin of this deviation
can be more closely examined by looking at the co-density fluxes (advective and
diffusive). The drop below zero of the advective flux profile in figure 14.2c,d is
indicative of convective overshooting in the nominally stable region r > rn. The
convective overshooting extends to r−ri

D ∼ 0.5 in case A and r−ri
D ∼ 0.45 in case

B. This suggests that the increased concentration of sinks in the lower region of
the stable layer in case B limits the region of convective overshooting.

Consistent with results of former studies,756 the toroidal magnetic field and
velocity components are almost entirely axisymmetric in the upper region of the
nominally stable layer (figure 14.3) and the poloidal magnetic field drops substan-
tially in the nominally stable layer. Figure 14.4 shows a modest increase of the
dipole component in the lowest part of the stable layer, which becomes a substan-
tial fraction of the total poloidal magnetic field. This feature is more prominent
in model 27b compared to model 27a. However, the radial profiles of dipole and
total poloidal magnetic field in the upper part of the stable layer (at r−ri

D > 0.6) are
almost indistinguishable for these models, which suggests that the nature of the
transition from unstable to stable - whether this is modeled as a sharp or gradual
transition - does not substantially influence the magnetic field at the CMB (and at
the surface).
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Figure 14.5: A time series of the main long wavelength components of the surface magnetic
field of Mercury of models 27a and 27b. The dipole g1,0 (black), the quadrupole g2,0 (red)
and octopole g3,0 (green). The x-axis is in units magnetic diffusion time (tmD), which is
∼ 30 kyrs for Mercury with ri

r0
= 0.6. The grey vertical line denotes the timestep of the

snapshot displayed in figure 14.6.

Figure 14.5 shows timeseries of the long-wavelength components of the sur-
face magnetic field for cases A and B. The field is dominated by the dipole, and
has a significant contribution of the octopole. The dipole of model A drifts from
strongly negative to strongly positive within the plotted timeframe, which suggests
that the simulation may not have fully converged yet. But the general behavior of
model A is similar to that of B, which does seem to have converged. The dipole is
∼ 400 nT in average amplitude in model B, which is similar to the dipole strength
of Mercury. However, the quadrupole is generally weaker than Mercury’s surface
field.

Figure 14.6 shows snapshots of the radial magnetic field at tmD = 4.4 for case
A and at tmD = 4.45 for case B. The surface fields show some broad spatial non-
zonal heterogeneities in both the Southern and Northern Hemispheres, but the
overall geometry is dominantly zonal and dipolar. The magnetic equator of the
snapshot of model B is slighly shifted to the North, but is not located as far to the
north as the magnetic equator in Mercury’s surface field (figure 14.1).

14.4 Discussion
The main goal of our simulations was to examine if the deep core dynamo scenario
- producing broad-scale and low-intensity magnetic fields with a stably stratified
layer - fails with inner core sizes in the range of successful thermal evolution
schemes of Knibbe and van Westrenen,754 which usually have ri

r0
> 0.5. For this
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Figure 14.6: Snapshots of the radial magnetic field at Mercury’s surface, taken at the
vertical lines of figure 14.5.

purpose, we ran magnetic field simulations with ri
r0

= 0.6. As shown above, our
simulations successfully reproduce a broad scale magnetic field at Mercury’s sur-
face with a total intensity that is similar to measurements of Mercury’s magnetic
field.

Of secondary interest is whether the nature of the transition from unstable
to stable - a sharp or gradual transition - influences the outcome of the simula-
tion. We have shown that a sharp transition causes the magnetic field to evolve
more rapidly from strongly multi-polar to dipole dominated in the lower region
of the stably stratified layer, with increasing radius. However, the difference in
the magnetic field diminishes in the upper region of the stable layer (figure 14.4).
With the large sizes of the stable layers used in the simulations presented here,
the geometry and temporal behavior of the magnetic field at the surface is there-
fore negligibly influenced by the nature of this transition. Preliminary simulations
with thinner stably stratified layers (not presented here) do show a significant dif-
ference when a sharp transition is adopted. Therefore, this approach may help in
exploring magnetic field generation with even larger inner cores and correspond-
ingly thinner stably stratified layers.

Finally, the quadrupole to dipole ratio of∼ 0.39 as measured by the MESSEN-
GER spacecraft could not be reached in any of our simulations. We expect that
such a high quadrupole can be reached temporarily by increasing the Rayleigh
number as has been done in case 4 of Christensen and Wicht,756 which induces a
stronger temporal variation in these low harmonics. We also expect that the use of
laterally variable boundary conditions could bring the magnetic field to a geome-
try more in line with the MESSENGER observations for longer periods of time.
Additional dynamo simulations are planned to examine these predictions in more
detail.
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14.5 Summary and outlook
We performed dynamo simulations to study the magnetic field of Mercury, with
inner core sizes > 1000 km in radius. Results show that the deep core dynamo
scenario with a stably stratified layer at the top of the core produces a broad-scale
magnetic field of low intensity, which has hitherto only been achieved for smaller
inner cores. The high quadrupole to dipole ratio of Mercury is not matched by
the simulations presented here, but we expect that the use of a higher Rayleigh
number may make the simulation consistent with this determination temporarily.
Alternatively, the use of latitudinally variable boundary conditions may bring the
simulation in line with observations for longer periods of time, as previously in
simulations with smaller inner cores.756, 759, 780 Further dynamo simulations are
planned to examine this scenario in more detail. A method to make the transition
from unstable to stable layer more local has been developed, which is potentially
useful for simulating the convection regime with thin stably stratified layers.
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14.6 Appendix 14A
Here we construct a bell-shaped distribution of sinks ε(r), which is composed
of a volumetrically constant term ε∗ and a bell-shaped polynomial in r of degree
4. We specify the center of the bell-curve by rn + ξ , and define the width of the
bell-curve as 2δ . Hence,

ε(r) =


ε∗ ;r < rn +ξ −δ

ε∗+ ε0 + ε1r+ ε2r2 + ε3r3 + ε4r4 ;rn +ξ −δ < r < rn +ξ +δ .

ε∗ ;r > rn +ξ +δ

(14.5)
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We use the symmetric beta-distribution of degree 2 for the polynomial ε0 + ε1r+
ε2r2 + ε3r3 + ε4r4, and reformulate the coefficients as

ε0 = A
( 1

16
− (rn +ξ )2

8δ 2 +
(rn +ξ )4

16δ 4

)
,

ε1 = A
( (rn +ξ )

4δ 2 − (rn +ξ )3

4δ 4

)
,

ε2 = A
(
− 1

8δ 2 +
3(rn +ξ )2

8δ 4

)
,

ε3 =−A
rn +ξ

4δ 4 ,

ε4 = A
1

16δ 4 ,

(14.6)

with A the factor that determines the bell-amplitude. We equate the influx at the
inner core boundary (Qi := r2

i
δC
δ r (ri)) to the total amount of sinks in the unstable

region, ∫ rn

r=ri

r2
ε(r)dr = Qi− ε

∗ r3
n− r3

i
3

. (14.7)

From this equation, we obtain

A =
Qi− ε∗

r3
n−r3

i
3[

x3 ε0
3A + x4 ε1

4A + x5 ε2
5A + x6 ε3

6A + x7 ε4
7A

]x=rn

x=rn+ξ−δ

. (14.8)

For a given flux boundary condition δC
δ r (ri) and rn, we can choose ξ and δ to

determine the width of the bell-shape sink distribution and its amplitude. These
determine the sharpness of the boundary from unstable to stable near the neutral
radius and the degree of stability of the stable layer.
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Chapter 15

Calibration of the first
multi-anvil high-pressure
apparatus in the Benelux,
named Nina

This chapter forms the basis of an article by Knibbe, J. S., S. M. Luginbuehl, R.
Stoevelaar, W. van der Plas, D. M. van Harlingen, R. van der Geer, N. Rai, E. S.

Steenstra, and W. van Westrenen which is recently submitted to peer-review
journal ‘EPJ Techniques and Instrumentation’ .

Faculty of Science, Vrije Universiteit Amsterdam, the Netherlands.
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Abstract

This paper presents the setup and pressure calibration of an 800 ton
Multi-Anvil apparatus recently installed at the Vrije Universiteit (the
Netherlands). This high-pressure device can expose cubic millime-
ter sized samples to near-hydrostatic pressures up to ∼ 10 GPa and
temperatures exceeding ∼ 2100 °C. The apparatus adds to the ex-
perimental capabilities of the Benelux union in the research fields of
Earth and planetary sciences, significantly extending the attainable
pressure-temperature range with respect to other facilities currently
available in the Benelux.
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15.1 Introduction
A fundamental problem hampering studies of the composition and structure of
terrestrial planets is that most of their mass is located at depths inaccessible to
direct investigation. The occurrence and behavior of solid and molten silicate and
metal phases at ambient pressures are relatively well constrained due to analyses
of natural surface samples. For Earth, some insights into the chemical proper-
ties of the deeper subsurface can be obtained indirectly from analyses of nat-
ural samples of deep origin, including extrusive volcanic rocks formed by par-
tial melting of planetary mantles and magmatic rocks from deeper levels en-
trained in such rocks during their transport to the surface,785–787 and high-pressure
metamorphic rocks formed at great depths but subsequently exhumed to the sur-
face in mountain belts788 or from the study of mineral inclusions in diamonds
formed hundreds of kilometers underneath the surface.789, 790 For other terrestrial
planets, chemical insights of the planet’s interior are inferred by remote sensing
of volcanic deposits.791 However, correct interpretation of such analyses relies
on the understanding of high-pressure and high-temperature phase mineralogy.
With the use of physical and chemical laws which govern the crystal structure
of minerals, e.g., thermodynamic relations and density functional theory, some
ambient-condition crystalline properties can be extrapolated to high pressures and
some high-pressure phases can be predicted.792, 793 However, such methods be-
come computationally expensive and impractical for systems containing numer-
ous elements, and have difficulties in predicting material properties in the high-
temperature regime of deep planetary interiors. Experimental techniques that ex-
pose samples to high pressures and temperatures provide crucial complementary
constraints on the matter in planetary interiors.

The Benelux Union hosts various research groups that model interiors of ter-
restrial objects,691, 717, 794–796 study deep interiors of Earth and other terrestrial
planets using natural samples,785–790, 797, 798 remote sensing data,791 or seismolog-
ical methods,799, 800 or are interested in the fundamental behavior of materials at
elevated pressures.792, 793, 801 Yet, the pressure range achievable in beneluxian ex-
perimental facilities has been limited to a maximum of∼ 3 GPa by the availability
of piston-cylinder high-pressure instruments at Université de Liège, Vrije Univer-
siteit Amsterdam and Universiteit Utrecht. Techniques that can achieve higher
pressures (e.g. multi-anvil or diamond anvil cell apparati) relevant for Earth’s up-
per mantle and the interiors of the Moon, Mercury, Mars and Ganymede would
expand the opportunities of this scientific community. To our knowledge, the only
diamond anvil cell laboratory in the Benelux (at Vrije Universiteit Amsterdam,
now defunct) focused on cryogenic temperatures only.

Here, we present the experimental setup and pressure calibration of an 800
ton multi-anvil apparatus which was recently completed at the Vrije Universiteit
in Amsterdam. This press can currently expose cubic millimeter-sized samples to
pressures up to ∼ 10 GPa and temperatures up to ∼ 2100 °C.
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15.2 Materials and methods

15.2.1 Experimental setup

Figure 15.1: The 800 tons multi-anvil apparatus at Vrije Universiteit Amsterdam. The
press was named Nina to complement the name of the lab’s first piston cylinder press
named Freddy.

Nina is an 800 ton hydraulic press built by the workshop of the Department of
Earth Sciences at the University of Bristol, UK. The apparatus contains a Walker-
type pressure module802 with a 15 cm tall, 20 cm inner diameter, and 6.3 cm thick
hardened steel wall that rests on an oil vessel. The module holds anvils in a Kawai
geometry, consisting of six hardened steel outer wedges and eight cubic-inch-
sized tungsten carbide inner anvils.803 A hardened steel module lid rests on the
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Figure 15.2: The experimental setup: (a) The assembly within the eight tungsten inner
anvils. (b) The pressure module with outer anvils surrounding the cube of inner anvils.

top three wedges and closes the module. An hydraulic pumping system regulates
the pressure in the oil vessel, which controls the pressure in the module generated
by pressing the module upward against a steel ceiling (figure 15.1). Mylar sheets
(0.1 mm thickness) lubricated with polytetrafluorethylene (FPTE) spray cover the
inner module wall and the outer surfaces of the wedges to reduce friction and
prevent electrical conductance between the wedges and the module wall.802 For
the assembly we calibrated, all inner anvils have one truncated corner with 11
mm edge length (OEL = octahedral edge length = 11 mm). They are cubically
assembled and enclose an octahedral sample assembly with 18 mm edge length
(TEL = truncated edge length = 18 mm) leaving ∼ 3.4 mm space in between the
anvils (figure 15.2). Pyrophyllite gaskets of 3.3/3.0 mm height/width are placed
between the inner anvils close to the truncated edges to prevent contact between
inner anvils and prohibit outward flow of the sample assembly’s pressure medium
during compression. PTFE tape is placed snugly against the back of the gaskets
to minimize gasket extrusion during compression. The cubically assembled inner
anvils are covered and held together by mylar sheets (0.65 mm thickness) glued
on each side of the cubic assemble. These mylar sheets also prevent electrical
conductance between the inner anvils and the outer wedges. Two copper foils,
placed through cuts in the mylar, electrically connect the bottom inner anvil with
one of the lower wedges and the top inner anvil with one of the upper wedges,
to electrically connect the bottom octahedral surfaces to the module bottom plate
and the top octahedral surface to the module top plate, respectively, via the inner
anvils, copper and wedges.

The sample assembly is a Cr2O3-doped MgO octahedron (95% MgO and 5%
Cr2O3 with 30% porosity), with a 7 mm diameter central hole.804 A zirconia
(ZrO2) sleeve of 4 mm inner diameter is placed in the hole and acts as heat in-
sulator for its interior. The assembly set-up interior to the zirconia depends on
the type of experiment. In this study, sample pressure is calibrated to the vessel’s
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Figure 15.3: Schematic assembly setup for the performed calibration experiments. (a) The
18/11 OEL/TEL assembly for room temperature calibration experiments. (b) The 18/11
OEL/TEL assembly for high temperature calibration experiments.

oil pressure by identifying and bracketing known high-pressure phase transitions.
In situ electrical resistance measurements at room temperature are performed to
detect high-pressure transitions in metals. High-temperature quench (ex-situ) ex-
periments are performed to bracket high-pressure phase transitions in silica and
calcium germanate.

For experiments that measure electrical resistance of a sample at room tem-
perature, the zirconia contains two MgO rods that squeeze a thin sample in the
assembly’s centre. Two copper ribbons are placed along the outside of MgO rods
to electrically connect the sample with the two opposite surfaces of the octahedral
assembly, and close the electrical path from the top to the bottom of the mod-
ule trough the sample (see figure 15.3a). An ohmmeter measures the electrical
resistance between the top and bottom of the module in situ during compression.

For high-temperature (ex-situ) quench experiments, a graphite sleeve with 3.6
mm inner diameter is placed inside the zirconia, and closes the electrical path
from the top of the module to the bottom. A 2 mm long graphite sample bucket
with a 1 mm thick lid contains the sample powder and is placed in the middle
of the assembly, encapsulated by crushable MgO parts (figure 15.3b). Type C
(W95Re5 and W74Re26) thermocouple wires are guided through alumina tubes
to the sample and create a junction at ∼ 0.4 mm distance above the sample con-
tainer. An electrical voltage is applied between the top and bottom of the module
to heat the sample environment by the ohmic dissipation in the graphite cylinder.
The temperature difference between the thermocouple junction and the ends of
the thermocouple wires induces a voltage over the two ends of the thermocouple
wire (the Seebeck effect). We measure this voltage and relate it to the tempera-
ture of the sample environment using the ASTM E230/E230M standard from the
National Institute of Standards and Technology (NIST).
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Table 15.1: Compilation of hgih temperature quench experiment performed in this study.
a Thermocouple readout failed in these experiments. These temperatures have been esti-
mated based on the power-temperature relationship of other experiments at similar pres-
sures and carry an uncertainty of ±150 degrees.

Experiment
name Sample Oil Pressure

bar
Power

W
Temperature

°C
Duration
hr:min

Obtained
polymorphphase

MA2 SiO2 240 392 600a 3 : 00 Coesite
MA4 SiO2 300 200 350a 2 : 50 Coesite
MA5 SiO2 175 200 350a 3 : 30 Coesite
MA6 SiO2 175 844 1100 1 : 50 Coesite
MA7 SiO2 150 773 1200 3 : 30 Coesite
MA8 SiO2 100 823 1200a 2 : 00 Quartz
MA9 SiO2 125 742 1200a 1 : 00 Quartz
MA11 SiO2 135 765 1200 3 : 30 Coesite
MA13 SiO2 110 683 1200 5 : 00 Quartz
MA14 SiO2 125 666 1200a 2 : 00 Quartz
MA15 SiO2 125 676 1200 2 : 00 Quartz
MA16 SiO2 130 697 1200 6 : 00 Quartz
MA23 CaGeO3 260 648 1000a 1 : 30 Garnet + Perovskite
MA24 CaGeO3 300 690 1000a 1 : 35 Peroskite
MA25 CaGeO3 280 667 1000a 1 : 10 Peroskite
MA26 CaGeO3 270 721 1000 1 : 10 Peroskite
MA27 CaGeO3 265 653 1000 1 : 10 Peroskite
MA28 CaGeO3 260 901 1000 1 : 10 Peroskite
MA29 CaGeO3 263 624 1000a 1 : 10 Peroskite
MA30 CaGeO3 255 670 1000a 1 : 10 Garnet
MA31 SiO2 390 748 1300 1 : 10 Coesite
MA33 SiO2 420 862 1300 1 : 10 Stishovite

15.2.2 Starting materials and phase transitions
Room temperature resistance measurements are performed on metallic bismuth
(Bi) samples. Bismuth phase transitions from trigonal to monoclinic (Bi I-II) at
2.55± 0.006 GPa, from monoclinic to tetragonal (Bi II-III) at 7.66± 0.18 GPa,
and from tetragonal to body-centered cubic (Bi III-V) at 7.66± 0.18 GPa are
historically well studied by a variety of methods including detecting changes in
sample volume, shock measurements, detecting variations in electrical resistance
and by crystal structure measurements using in-situ X-ray diffraction (see Decker
et al.805 and references therein). We identify these phase transitions by detecting
characteristic variations in the measured electrical resistance during compression.

High temperature quench experiments are performed with CaGeO3 (99% pu-
rity) and hydrated SiO2 (99% purity) sample powders. At 1200 °C, a phase transi-
tion in SiO2 from trigonal (α-)quartz to monoclinic coesite takes place at 3.2±0.1
GPa.806–812 At 1300 °C, a phase transition from monoclinic coesite to tetragonal
stishovite takes place in SiO2 at 9.4±0.4 GPa.808, 811, 813–818 At 1000 °C, a phase
transition in CaGeO3 from tetragonal garnet to orthorhombic perovskite occurs at
6.2±0.2 GPa.819–824
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15.2.3 Experimental procedure and sample analysis
After loading the sample assembly, oil pressure is increased at a rate of 20 bar per
hour for high-temperature experiments and 10 bar per hour for room temperature
experiments. For the latter, electrical resistance is measured continuously during
compression. After the target pressure is attained, high-temperature experiments
are heated at a rate of ∼ 50 °C per minute to the target temperature. Temperature
is held constant at the target temperature for a minimum of 30 minutes and up
to a few hours. Samples are quenched by switching off the power. When the
experiment is finished, i.e. after target pressure is achieved for a room temperature
experiment, or when the module is cooled down to below 50 °C after a high-
temperature experiment, oil pressure is reduced by 10 bar per hour to ambient
conditions.

Quenched samples are embedded in a 1 inch epoxy mount and ground with
alimuna paper until the sample surface is exposed. We collected Raman spectra
from these samples to determine the sample’s mineralogy using a red (785 nm)
laser on a Renishaw InVia Reflex confocal Raman microscope at Vrije University
Amsterdam using a grating of 1200 grooves per mm.

15.3 Results

15.3.1 Sample analysis
The electrical resistance measured in-situ through a Bi sample during a room tem-
perature, high-pressure experiment is plotted in figure 15.4. The detected varia-
tions in electrical resistance identify the Bi I-II phase transition at an oil pressure
of 89 bar, the Bi II-III phase transition at an oil pressure of 108 bar, and the Bi
III-V phase transition at an oil pressure of 313 bar.

Raman spectra of quenched SiO2 samples, obtained from high-temperature
quench experiments listed in table 15.1, are shown in figure 15.5. Experiments
MA16 and MA11 with oil pressures at 130 Bar and 135 Bar bracket the disap-
pearance of quartz peaks at ∼ 206 cm−1 and ∼ 464 cm−1 and the appearance of
coesite peaks at ∼ 270 cm−1 and ∼ 520 cm−1. Experiments MA31 and MA33
with oil pressures at 390 bar and 420 bar bracket the disappearance of∼ 270 cm−1

and ∼ 520 cm−1 peaks and the appearance of stishovite peaks at ∼ 230 cm−1 and
∼ 752 cm−1.

Raman spectra of quenched CaGeO3 samples, obtained from high-temperature
quench experiments listed in table 15.1, are shown in figure 15.6. Both experi-
ments MA30 at 255 GPa and MA23 at 260 GPa show clear garnet-structered peaks
at 508 cm−1 and 805 cm−1,823 which are absent in samples that were quenched
at higher pressure. The perovskite-structure peak at 284 cm−1825 is present in
MA23 and in all samples that were quenched at higher pressure. The Raman
spectra of MA23 contains both the garnet and perovskite structure signatures, and
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Figure 15.4: Electrical resistance of bismuth (Bi) measured in-situ during a high pressure
experiment at room temperature.

marks the pressure of the phase transition. Sample MA28, also obtained from an
experiment at 260 bar, does not show any garnet signature. Because the supplied
power was ∼ 635 W in experiment MA23 and ∼ 900 W in experiment MA28,
we think the temperature read-out during the MA28 experiment may have been
lower than the true sample temperature, possibly due to a significant displace-
ment of the thermocouple junction from the sample. This may have placed MA23
at the garnet-perovskite transition conditions and MA28 in the stability field of
perovskite.

15.3.2 Calibration curve
We obtain a pressure calibration curve by spline interpolation. We neglect plot-
ting the Bi II-III phase transition because it is located close to the Bi I-II transition.
The Bi phase transitions are not used in the interpolation, because they have been
identified at room temperature, whereas we are mostly interested in the pressure
calibration at high temperatures. Figure 15.7 plots the relation between oil pres-
sure and sample pressure, as indicated by the full set of experiments. Table 15.2
lists subsequent 0.5 GPa sample pressure points on this calibration curve.
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Figure 15.5: This figure shows the Raman spectra from recovered SiO2 samples obtained
from the experiments listed in table 15.1. Characteristic peaks of quartz, coesite and
stishovite are labelled by the abbreviations ‘Qtz’, ‘Cst’ and ‘Sthvt’, respectively.

15.4 Discussion

15.4.1 Uncertainties
Errors on the measured temperature that arise from the small distance between
the thermocouple junction and the sample location are typically 10 °C to 20 °C
for this type of assemblies.826 An additional error on the temperature measure-
ment arises from the pressure effect on the electromotive force induced by the
Seebeck effect that is not taken into account (the ASTM E230/E230M standard
is determined at ambient pressures). This pressure effect on the thermocouple is
expected to be small at temperatures below 1500 °C and is universally neglected
in high-pressure setups around the world. Hence, the measured temperature may
deviate from the sample temperature by ∼ 20 °C. The phase transitions used for
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Figure 15.6: This figure shows the Raman spectra from recovered CaGeO3 samples
obtained from the experiments listed in table 15.1. Characteristic peaks of garnet-
structured and perovskite-strucutred polymorphs are labelled by the abbreviations ‘Grnt’
and ‘Prvskt’, respectively.

the high-temperature quench experiments are relatively insensitive to tempera-
ture. We estimate that the temperature error propagates to an error in the pressure
calibration of below 0.1 GPa.

The largest error of our pressure calibration originates from uncertainties in
phase transition pressures themselves. These errors accumulate with increasing
pressure because fully hydrostatic experiments (when samples pressure can be
directly calculated by the amount of applied force) can only be performed at pres-
sures below ∼ 3 GPa, as most appropriate liquid pressure media will accumulate
stresses at higher pressures.805 A pressure standard for experimental studies for
higher pressure phase relations relies on the extrapolation of crystalline behavior
at low pressures using thermodynamic formulations (equations of state). The er-
rors on these extrapolations increase with pressure. As a result, the error on the
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Figure 15.7: This figure shows the pressure calibration curve, which relates the oil pressure
in the oil vessel to the attained sample pressure for temperatures between room tempera-
ture and 1300 °C. The dashed line is obtained from a spline interpolation through the
calibration points.

phase transitions used in this study are below 0.1 GPa for the Bi I-II transition,
∼ 0.2 GPa for the quartz-coesite transition in SiO2 and the garnet-perovskite tran-
sition in CaGeO3, ∼ 0.3 GPa for the Bi III-V transition and ∼ 0.4 GPa for the
coesite-stishovite transition in SiO2.

Another error originates from the identification of and interpolation between
the calibration points. This error is difficult to quantify, but likely does not exceed
0.3 GPa. The total error on the pressure calibration grows from ∼ 0.3 GPa at 100
bars to ∼ 0.8 GPa at 400 bars.

15.4.2 General discussion
Nina can expose cubic millimeter sized samples to pressure and temperature con-
ditions that exist in deep planetary interiors (down to ∼ 300 km depth in Earth,
∼ 650 km depth in Mercury and ∼ 750 km depth in Mars), using the 18 mm / 11
mm OEL/TEL assembly as valibrated in this study. The apparatus can be used
to test high-pressure phase relations predicted by ab initio calculations,793 and to
give insights into the origin of surface material that is thought to originate from
great depths. These types of experimental constraints on deep planetary matter are
complementary to other approaches currently adopted in the Benelux Union in in-
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Table 15.2: A list of points on the calibration curve.

Oil (bar) Sample (GPa) Oil (bar) Sample (GPa)
21 0.5 234 5.5
41 1 257 6
62 1.5 279 6.5
83 2 301 7
104 2.5 323 7.5
125 3 345 8
146 3.5 367 8.5
168 4 389 9
190 4.5 410 9.5
212 5 431 10

terior planetary modeling studies.691, 717, 794, 795 A smaller 8 mm / 3 mm OEL/TEL
asembly can be used in the same press expanding the accessible pressure range to
a maximum of ∼ 25 GPa.804

15.5 Summary
This chapter describes the experimental setup and pressure calibration of an 800
ton multi-anvil apparatus at Vrije Universiteit Amsterdam. The 18 mm / 11 mm
OEL/TEL assembly described here can expose cubic millimeter sized samples
to pressures of up to ∼ 10 GPa and ∼ 2100 °C, which forms the most extreme
conditions currently attainable in high-pressure systems in the Benelux Union,
expanding research possibilities in high-pressure petrology and metallurgy with
potential applications in Earth and planetary science, fundamental mineralogy and
material sciences.
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Magma ocean crystallisation
models of Mercury, a critical
assessment
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Abstract

This chapter presents models for crystallisation of Mercury’s magma
ocean with the aim of relating proposed bulk compositions for Mer-
cury mantle to its surface chemistry. The model is based on high
pressure experiments performed on the corresponding compositions.
An emphasize is on the propagation of uncertainties that are inher-
ent to the experiments and to the unknown nature of solid-liquid
fractionation (e.g., equilibrium versus fractional crystallisation). We
show that these type of uncertainties substantially accumulate in the
residual liquid composition, such that it is unlikely that any proposed
bulk mantle composition can be verified by comparing the outcome
of mantle cyrstallisation schemes to Mercury’s surface composition.
The approach taken raises awareness in the uncertainties envolved in
these type of models, which are also relevant for similar approaches
applied on other terrestrial objects, such as the Moon.
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16.1 Introduction
The origin of Mercury’s ∼ 60− 80 wt% bulk iron (Fe) content,716 anonymously
high in light of the expected compositional mixing in the early planetesimal-rich
inner solar system, is among the most enigmatic open questions related to plan-
etary formation.248 Three theories have been proposed to explain this anomaly:
(1) During the accretion of small dust grains that eventually build the planets,
Poynting-Robinson gas-drag causes particles to spiral inward until they merge
with the Sun. This process may be more effective for silicate- compared to metal-
dust grains, such that a metal-rich planet results.249, 250 (2) After Mercury com-
pleted core/mantle differentiation, one or several large impacts have stripped a
part of the mantle.251–253 (3) The heat generated by accretion and differentiation
has evaporated silicates of Mercury, and the silicate atmosphere was subsequently
removed by interaction with the solar wind.218, 255, 256 Each of these formation
scenarios is thought to have specific implications for the bulk composition and
makeup of Mercury’s mantle and surface.247, 248 The high abundance of volatiles
on Mercury’s surface as measured by the MESSENGER mission779 appears to
invalidate scenario 3, whereas scenarios 1 and 2 remain feasible in some adapted
form.827–829

Both the Lunar and Mercurian mantle have likely evolved from a hot global
magma ocean to its present-day solid state by magma crystallization processes
during a cooling evolution.830, 831 Many have modeled the lunar mantle crys-
tallization starting from a liquid silicate composition (constrained by meteoritic
and surface samples) to differentiated solid silicate and oxide cumulate layers,
and have compared model outcomes to surface composition measurements and
geophysical constraints such as crustal thickness.796, 830–833 Some of these stud-
ies have assumed a perfect fractional crystallization process, where solid layers
are formed by the near-liquidus minerals at the bottom of the ocean and the
residual melt mixes with the remainder of the magma ocean,831, 834 whereas oth-
ers have assumed that the lower mantle (e.g., the lower 50% of the mantle by
volume) crystallizes as a batch in equilibrium with the residual liquid (equilib-
rium crystallization).796, 830, 832 An additional difference is that some studies ex-
trapolate mineral phase relations identified for Earth’s conditions to lunar con-
ditions,830, 831, 833 whereas others identify mineral assemblages and compositions
experimentally.796, 832 Finally, an overturn of the mantle may follow the solid-
ification scheme if the primordial makeup is gravitationally unstable.831, 835, 836

With all these model variations and assumptions involved, it is striking that most
of these studies take little care to address explicitly uncertainties in the outcomes
of their models.

Similar approaches for studying the evolution of Mercury’s mantle692, 747, 748

suffer from poor constraints on the planet’s initial mantle composition and sur-
face mineralogy and from the lack of experimental constraints on phase miner-
alogy at Mercurian mantle conditions. However, two primitive meteorite fam-
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ilies - the EH and CB chondrites - have been repeatedly mentioned as possi-
ble relics of the proto-Mercury based on a similarly oxygen-reduced signature
as Mercury. CB chondrites have a metal to silicate ratio comparable to Mer-
cury, and may represent an end-member of a silicate-removal process in the early
solar nebula (scenario 1). EH chondrites have a lower metal to silicate ratio
than Mercury, but if the mantle has been partially and homogeneously stripped
by meteorite impacts, the silicate part of the EH chondrite may be representa-
tive for Mercury’s bulk mantle (scenario 2). The make-up of Mercury’s mantle
has been schematically estimated on the basis of these meteorite compositions.
Brown and Elkins-tanton747 modeled Mercury’s mantle evolution by perfect frac-
tional crystallization calculations, whereas Verhoeven et al.748 and Malavergne et
al.692 have made inferences on the mantle makeup from thermodynamic stabil-
ity calculations of equilibrium phase mineralogy. In light of the data obtained by
the MESSENGER mission697, 699, 779, 837 and its implications for Mercury’s man-
tle,701, 771, 778, 791, 838–841 it is the aim of this chapter to experimentally re-visit man-
tle crystallization schemes for Mercury in relation to the two formation hypotheses
that have so far stood the test of time.

We studied the magma ocean crystallization process of Mercury’s lower man-
tle for hypothetical initial mantle compositions of Mercury that may result forma-
tion scenarios 1 and 2. For this purpose we use as starting compositions synthetic
equivalents of the composition of the silicate components of CB263 and EH262

chondrites as analogues for Mercury’s bulk mantle to represent the result of for-
mation scenario 1 and 2, respectively (see table 16.1). We aim to test whether
we can discriminate between formation scenarios by comparing the outcome of
magma ocean crystallization. To avoid extrapolation-errors from applying low
pressure mineralogy to the high pressures that exist in Mercury’s deep mantle (up
to 5 GPa), we determine the sub-liquidus crystalline phases at relevant pressure
and temperature conditions experimentally. In contrast to previous experimental
studies of magma ocean crystallization, we carefully propagate and discuss the
uncertainties involved.

16.2 Methods and materials

16.2.1 Magma ocean crystallisation model
Assuming for simplicity a constant density throughout the mantle (for both solid
and molten phases), a bottom up crystallization sequence, and a homogeneous
magma composition during each precipitation stage, we formulate the conserva-
tion of bulk composition by

l0 = 4π

∫ r

RCMB

p(x)x2dx+ l(r)
4π

3
(R3

s − r3) : RCMB < r < Rs, (16.1)
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Table 16.1: This table lists the nominal (target) starting compositions for experiments per-
formed at 5 GPa (CB5 and EH5) and 4 GPa (CB4 and EH4). CB5 and EH5 are equivalent
to the silicate components of the CB and EH chondrites listed in Weisberg et al.263 and
Wiik.262 Compositions CB4 and EH4 are obtained from fractional crystallization modeling
of Mercury’s lower mantle assuming CB5 and EH5 as bulk mantle compositions, respec-
tively.

Oxides CB5 CB4 EH5 EH4
SiO2 (wt%) 49.8 50.5 61.3 62.4
MgO (wt%) 36 30.8 30.5 26.73
FeO (wt%) 4.4 4.96 1.8 2.15

Al2O3 (wt%) 5.3 7.43 2.5 3.46
Cr2O3 (wt%) 0.6 0.66 0.7 0.79
CaO (wt%) 3.7 5.35 1.5 2.12
TiO2 (wt%) 0.2 0.3 0.1 0.15
Na2O (wt%) 0 0 1.6 2.2

with p(r) and l(r) the wt% of oxide components for the precipitating material at
radius r and the residual melt after precipitating the magma ocean up to a planetary
radius r, respectively, for r larger than the CMB radius (RCMB, set at 2000 km
for Mercury), l0 the bulk silicate composition of the mantle given by the silicate
component of CB or EH chondrites (table 16.1), and Rs Mercury’s surface radius.
From equation 16.1, we obtain the finite difference scheme

l(r) = l(r−dr)+(l(r−dr)− p(r))
r3− (r−dr)3

R3
s − r3 : RCMB < r < Rs, (16.2)

with initial condition
l(RCMB) = l0. (16.3)

The composition of precipitating material is parametrized as

p(r) = s(r)−β (s(r)− l(r−dr)), (16.4)

where parameter β resembles the fraction of trapped instantaneous residual liq-
uid (TIRL) that precipitates along with the precipitating minerals and may range
between 0 and 0.06.830 The composition of the solidifying material (s(r)) is de-
termined by experiments on starting compositions determined from tracking the
evolution of the residual liquid of a fractional crystallization scheme, as described
in the following section.

16.2.2 Experimental method
High pressure experiments were performed in multi-anvil high pressure appa-
ratuses at the Geophysical laboratory of the Carnegie Institution for Science,



214 CHAPTER 16. MAGMA OCEAN CRYSTALLISATION MODELS ...

Ta
bl

e
16

.2
:

Th
is

ta
bl

e
lis

ts
th

e
ex

pe
ri

m
en

ta
l

de
ta

ils
,

ph
as

es
de

te
ct

ed
in

th
e

sa
m

pl
e,

as
w

el
l

as
m

od
al

ab
un

da
nc

es
of

ea
ch

ph
as

e
de

ri
ve

d
fr

om
m

as
s

ba
la

nc
e

ca
lc

ul
at

io
ns

.
Th

e
av

er
ag

e
co

m
po

si
tio

ns
of

O
px

an
d

Fo
ph

as
es

ar
e

lis
te

d
in

ta
bl

e1
6.

3.
Q

tz
ab

br
ev

ia
te

s
Q

ua
tr

z
(S

iO
2)

.
P

ig
de

no
te

s
an

al
um

in
a-

ri
ch

py
ro

xe
ne

pi
ge

on
ite

(S
iO

2,
M

gO
,F

eO
,A

l 2
O

3,
C

r 2
O

3,
C

aO
,T

iO
2)

=
(4

1.
9,

24
.9

,4
,2

4,
0.

9,
3.

7,
0.

6)
in

w
t%

,C
px

de
no

te
s

an
A

lim
un

a-
po

or
cl

in
op

yr
ox

en
e

(S
iO

2,
M

gO
,F

eO
,A

l 2
O

3,
C

r 2
O

3,
C

aO
,T

iO
2)

=
(5

7,
25

.7
,3
.4

,5
.5

,0
.8

,7
.3

,0
.3

)i
n

w
t%

.

N
um

be
r

Pr
es

s
St

ar
tin

g
co

m
po

si
tio

n
P

(G
Pa

)
T

(°
C

)
D

ur
at

io
n

(h
r:

m
in

)
L

iq
ui

d
(w

t%
)

O
px

(w
t%

)
Fo

(w
t%

)
Q

tz
(w

t%
)

Pi
g

(w
t%

)
C

px
(w

t%
)

8
G

ra
y

C
B

5
5

19
00
±

5
1

:0
0

10
0

-
-

-
-

-
8

G
ra

y
E

H
5

5
19

00
±

5
1

:0
0

10
0

-
-

-
-

-
9

G
ra

y
C

B
5

5
18

00
±

10
1

:0
0

10
0

-
-

-
-

-
9

G
ra

y
E

H
5

5
18

00
±

10
1

:0
0

10
0

-
-

-
-

-
10

B
lu

e
C

B
5

5
17

00
±

10
2

:3
0

10
0

-
-

-
-

-
10

B
lu

e
E

H
5

5
17

00
±

10
2

:3
0

69
.2
(1
.1
)

30
.8
(1
.1
)

-
-

-
-

11
G

ra
y

C
B

5
5

16
00
±

6
2

:0
0

61
.6
(4
.5
)

10
.2
(4
.9
)

28
.2
(1
.6
)

-
-

-
11

G
ra

y
E

H
5

5
16

00
±

6
2

:0
0

52
.6
(2
.7
)

47
.4
(2
.5
)

-
-

-
-

12
B

lu
e

C
B

5
5

15
00
±

1
4

:2
0

-
71

.9
(7
.6
)

-
6.

0(
1.

3)
-

22
.1
(9
.3
)

12
B

lu
e

E
H

5
5

15
00
±

1
4

:2
0

-
20

.8
(1

0.
1)

35
.5
(4
.0
)

-
15
.0
(3
.3
)

28
.7
(8
.9
)

13
B

lu
e

C
B

5
5

14
00
±

1
17

:0
0

-
20

.8
(1

0.
1)

35
.5
(4
.0
)

-
15
.0
(3
.3
)

28
.7
(8
.9
)

13
B

lu
e

E
H

5
5

14
00
±

1
17

:0
0

-
76

.7
(6
.2
)

-
5.

2(
1.

2)
-

18
.1
(7
.7
)

14
B

lu
e

C
B

5
5

16
50
±

1
2

:0
0

54
.9
(4
.8
)

17
.0
(5
.5
)

28
.1
(2
.1
)

-
-

-
14

B
lu

e
E

H
5

5
16

50
±

1
2

:0
0

36
.6
(1
.4
)

63
.4
(1
.4
)

-
-

-
-

15
B

lu
e

C
B

5
5

15
50
±

1
14

:0
0

39
.1
(2
.5
)

40
.8
(2
.6
)

20
.1
(1
.1
)

-
-

-
15

B
lu

e
E

H
5

5
15

50
±

1
14

:0
0

26
.3
(2

5.
7)

73
.7
(2

1.
7)

-
-

-
-

16
B

lu
e

C
B

4
4

18
00
±

1
1

:0
0

10
0

-
-

-
-

-
16

B
lu

e
E

H
4

4
18

00
±

1
1

:0
0

10
0

-
-

-
-

-
19

G
ra

y
C

B
4

4
17

00
±

6
0

:3
5

10
0

-
-

-
-

-
19

G
ra

y
E

H
4

4
17

00
±

6
0

:3
5

10
0

-
-

-
-

-
20

G
ra

y
C

B
4

4
16

00
±

10
0

:4
2

80
.0
(5
.0
)

-
20

.0
(5
.0
)

-
-

-
20

G
ra

y
E

H
4

4
16

00
±

10
0

:4
2

54
.0
(4
.5
)

46
.0
(4
.5
)

-
-

-
-

21
B

lu
e

C
B

4
4

15
50
±

1
6

:1
0

76
.0
(6
.3
)

23
.0
(3
.1
)

-
-

-
-

22
B

lu
e

C
B

4
4

16
50
±

1
3

:1
0

10
0

-
-

-
-

-
22

B
lu

e
E

H
4

4
16

50
±

1
3

:1
0

10
0

-
-

-
-

-
23

B
lu

e
C

B
4

4
14

50
±

1
17

:4
0

5.
3(

2.
2)

-
25

.3
(7
.4
)

-
13
.5
(8
.0
)

55
.9
(6
.3
)

23
B

lu
e

E
H

4
4

14
50
±

1
17

:4
0

1.
8(

6.
3)

3.
6(

32
.6
)

-
-

-
94

.1
(4

0.
8)

24
O

ra
ng

e
C

B
4

4
16

25
±

1
1

:3
0

88
.2
(3
.2
)

10
.8
(3
.3
)

1.
0(

1.
1)

-
-

-
24

O
ra

ng
e

E
H

4
4

16
25
±

1
1

:3
0

10
0

-
-

-
-

-
25

O
ra

ng
e

C
B

4
4

15
75
±

1
2

:1
5

56
.1
(8
.1
)

29
.7
(9
.7
)

14
.2
(3
.8
)

-
-

-
25

O
ra

ng
e

E
H

4
4

15
75
±

1
2

:1
5

51
.0
(2
.7
)

49
.0
(2
.5
)

-
-

-
-



16.2. METHODS AND MATERIALS 215

Table 16.3: This table lists the average composition of fosterite and orthopyroxenes among
partial melt experiments, with the variability in oxide abundances among these experiments
denoted in brackets.

CB5 CB4 EH5 EH4
Oxide Opx Fo Opx Fo Opx Opx

SiO2 (wt%) 56.3(3) 41(1) 55.7(3) 41(1) 58.4(2) 58(2)
MgO (wt%) 36.5(2) 54.9(1) 37.5(3) 55.3(2) 38.2(2) 38(2)
FeO (wt%) 2.35(0.5) 3.3(0.2) 1.9(0.4) 2.8(0.6) 1.3(0.4) 1.35(0.4)

Al2O3 (wt%) 3.1(0.2) 0.2(0.1) 3.3(0.2) 0.2(0.05) 0.98(0.4) 1.0(0.4)
Cr2O3 (wt%) 0.5(0.05) 0.4(0.1) 0.4(0.1) 0.43(0.1) 0.52(0.08) 0.65(0.07)
CaO (wt%) 1.2(0.1) 0.19(0.03) 1.12(0.2) 0.25(0.05) 0.35(0.1) 0.54(0.12)
TiO2 (wt%) 0.05(0.01) 0.01(0.005) 0.08(0.01) 0.02(0.005) 0.02(0.01) 0.06(0.03)
Na2O (wt%) - - - - 0.23(0.05) 0.4(0.2)

Washington DC, USA. Starting materials in the system NFCMATS+Cr (Na2O-
FeO-CaO-MgO-Al2O3-TiO2-SiO2+Cr2O3) were synthesized by first drying MgO
(Alfa Aesar, 99.998 % purity), Al2O3 (Alfa Aesar, 99.995 % purity), SiO2 (Alfa
Aesar, 99.5 % purity), and TiO2 (Alfa Aesar, 99.995 % purity) powders overnight
in a box oven at 800 °C. CaCO3 (Alfa Aesar, 99.99% purity) was decarbonized
and dried by increasing temperature from 600 °C to 900 °C in four hours, where
it was kept for another four hours. Fe2O3 (Alfa Aesar, 99.999% purity) was dehy-
drated at 800 °C for one hour. Dehydrated oxides were preserved in a large oven at
110 °C for later use. Dehydrated oxides were weighed and mixed under ethanol to
starting compositions for experiments listed in table16.1, where ‘CB5’ and ‘EH5’
denote the starting compositions for experiments performed at 5 GPa and ‘CB4’
and ‘EH4’ denote the starting compositions for experiments performed at 4 GPa,
derived from fractional crystallization modeling. The weighing of powders was
done at room temperature within tens of seconds up to a few minutes (fast) to
prevent powder hydration, in particular of MgO. A mass balance correction for
oxygen was applied to add the correct amount of FeO, which was in Fe2O3 form
during powder weighing and mixing. The starting material was then put in a gas
mixing furnace at 1100 °C at an oxygen fugacity of one logarithmic unit above the
Iron-Wustite buffer. These conditions are in the stability field of Fe2+, the most
abundant form of Fe in the silicates of CB and EH meteorites, and reduces Fe2O3
to FeO.

We used MgO multi-anvil assemblies, casted with ceramacast (Aremco Prod-
ucts Inc.) powder and liquid in 10 to 4.2 weight proportions respectively in an oc-
tahedral mold with 18 mm outer edge length (OEL), 3.5 mm width gasket-edges,
and 7 mm diameter central cylindrical hole. Octahedra were baked in a box oven
by increasing temperature from 100 °C up to 1000 °C in 6 hours, keeping tem-
perature stable at 1000 °C overnight. Afterwards, octahedra were stored at 110
°C in a drying oven until use, together with circonia and MgO assembly parts. A
zirconia sleeve with 4 mm inner diameter and 7 mm outer diameter was inserted
in the octahedron to insulate the heat produced by ohmic dissipation in a graphite
sleeve of 3.5 mm inner diameter and 4 mm outer diameter placed interior to the
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zirconia. Two cylindrical graphite buckets of 2 mm length with a 1 mm length
graphite lid make a binary capsule for two starting materials. Starting materials
are inserted in 1 mm deep and 1 mm diameter holes in the two graphite buckets.
The lower bucket is closed by the base of the upper bucket, which is sealed by the
graphite lid. The entire capsule is positioned in the middle of the octahedron, so
that the two samples are located at 0.5− 1.5 mm from either side of the assem-
bly’s center. An Al2O3 four bore thermocouple sleeve of 1.6 mm guides type C
(W74Re26 and W95Re5) thermocouple wires as close as possible to the sample
capsule, where the wires intersect for temperature measurement. MgO parts fill
the remainder of the assembly’s free space. Two separate grooves are cut∼ 1 mm
deep in the outer part of the assembly to guide the thermocouple wires to corners
of the assembly. Here, the wires are surrounded by a one bore Al2O3 sleeve to
prevent the wires from contacting the graphite furnace and protect them against
compressional stresses. The calibration of this assembly set-up on the (blue) 800
ton multi-anvil apparatus is described in Bertka and Fei.842 We have used the
same assembly set-up on two other presses at the Geophysical Laboratory (the
orange and gray split-sphere ‘Pressnall’ multi-anvil presses, both 2000 tons), with
pressure calibrations documented on-site.

Sixteen successful experiments have been performed in total. Pressure and
temperature conditions as well as the duration of these experiments are provided
in table 16.2. Experiments are temperature-quenched by shutting off the electric-
ity supply to the graphite furnace. Recovered experimental sample-capsules were
placed in a 1 inch diameter mount with epoxy and subsequently polished on a
cloth polishing wheel using 0.3 µm alumina paste to reveal a cross-section of the
encapsulated samples. The mount was ultrasoniced in ethanol for five minutes,
washed by de-ionized water, dried in air, and carbon-coated afterwards. Most
samples were first analyzed at the Geophysical Laboratory with an energy dis-
persive analysis system (EDS) on the JEOL 6500F field-emission scanning elec-
tron microprobe (SEM). All samples were later analyzed using a wavelength-
dispersive system on the JEOL JXA-8530F hyperprobe field emission electron
probe microanalyser (EMPA) at the Utrecht University, the Netherlands.

16.3 Results

16.3.1 Experimental results
Figure 16.1 shows EMPA and EDS images of a typical run product. They show
clearly separated phases of quenched silicate melt closest to the middle of the
assembly (the warmest area) and crystals at the coldest sample side. All samples
inhibit this architecture, which is indicative of a hotspot consistently located inter-
mediate to the samples. Mapped variations in Mg in the crystallized solid phases
of the CB sample show the presence of Fo (rich in Mg, in the middle-right part
of the sample image) and Opx (less enriched in Mg, on the right boundary of the
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Figure 16.1: This figure shows EMPA images of EH (a) and CB (b) samples of experiment
number 11, as well as corresponding maps of collected EDS intensity peaks on diffraction
lines sensitive to Mg of the EH (c) and CB (d) samples.

sample image). The EH sample only contains Opx as a crystalline phase.
A summary of EMPA measurements of experimental samples is provided in

table 16.2. The relative abundances of mineral phases in the sample in weight
fraction are obtained using mass balance considerations:

χB =
n

∑
i

αiχi, (16.5)

where χB is the bulk composition of the experiment (obtained from EMPA mea-
surements on superliquidus experiments), χi denotes the measured composition
of mineral or melt phase i, and αi is the weight fraction of mineral or melt phase
i. The αi and their standard errors are obtained by conventional linear regression.
The average composition of Fo and Opx are listed in table 16.3. The complete
compositional analysis of individual experimental sample phases is provided in
appendix 16A.

We are particularly interested in the crystalline phases in partially solidified
samples to asses the first crystals that form in Mercury’s cooling magma ocean.
Partially molten CB samples primarily contain fosterite (Fo) and orthopyroxene
(Opx), with Fo slightly more modally abundant than Opx in CB5 experiments and
Opx slightly more modally abundant in CB4 samples (table 16.3). The abundance
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Figure 16.2: This figure shows the variability of SiO2 (a), MgO (b), FeO (c), Al2O3 (d),
Cr2O3 (e), CaO (f), TiO2 (g), and Na2O (h) abundances in the residual melt against the
bottom radius of Mercury’s crystallizing magma ocean, following crystallisation schemes
of a CB or EH chondrite bulk mantle mineralogy.

ratio of Opx to Fo in CB samples is difficult to determine with high precision, and
ranges from 0.35 to 0.55 by weight fraction in experiments at 5 GPa and from 0.45
to 0.65 by weight fraction in experiments at 4 GPa. Partially molten EH samples
only contain Opx crystals. The chemical composition of and modal abundance
ratio between these mineral phases also varies as a function of temperature. How-
ever, because it is unknown if the lower mantle of Mercury followed equilibrium
or fractional crystallization during magma ocean crystallization, we are interested
in the full range of results of partial solidification experiments with < 0.6 melt
fraction (analogous to the lunar magma ocean models).

16.3.2 Deep ocean solidification
We track the evolution of the residual liquid during the initial crystallization of
Mercury’s lower magma ocean from its bottom (assumingly at 5 GPa and 2000
km radius) to a depth equivalent to a pressure of 3 GPa pressure level (assumed
to lie at 2176 km radius). Uncertainties in the bulk composition of the precipitat-
ing assemblage are propagated by running the finite-difference scheme numerous
times, with variable oxide abundances of crystallizing minerals within their re-
spective standard errors (table 16.3), a variable TIRL component (β < 0.06) and
variable ratio of Opx to Fo in the CB crystallization sequence from 0.35 to 0.55
for 4 GPa < P < 5 GPa and from 0.45 to 0.65 for 3 GPa < P < 4 GPa, with com-
positions based on table 16.3.

Figure 16.2 shows the range in feasible residual melt evolution trajectories
during magma ocean crystallization, which results purely from experimental un-
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certainties and the unknown crystallization behavior. Feasible ranges of MgO and
Cr2O3 content overlap after crystallizing the lower 176 km of the magma ocean,
which corresponds to < 40% of the mantle volume.

We use the Aitchison metric (δa)843 to quantify compositional differences

δa(X ,Y ) =

√
1
N ∑

i< j

(
log
( Xi

X j

)
− log

(Yi

Yj

))2
, (16.6)

where Xi and Yi , i = 1,N, denote the oxide abundances of compositions X and
Y . Figure 16.3 shows the range of compositional variability in the residual liq-
uid for the crystallization schemes. The calculated Aitchison distances between
various proposed bulk mantle compositions for Mercury are shown for compar-
ison. More specifically, horizontal lines in figure 16.3 show pairwise Aitchison
distances between the CB and EH enstatite compositions used in this study and
those listed in table 1 of Brown and Elkins-tanton.747 The variability in the resid-
ual melt between crystallization runs approaches the difference between some of
the proposed bulk mantle compositions after solidifying the lower ∼ 176 km of
the magma ocean (figure 16.3). Variability in the CB crystallization schemes is
slightly larger compared to the variability in crystallization schemes for EH, be-
cause Opx and Fo precipitate out of CB liquid of in an uncertain ratio whereas
only Opx precipitates out of EH liquid.

16.4 Discussion

16.4.1 Dinstinguishing between initial mantle compositions
Most previous magma ocean crystallization models have assumed that uncertain-
ties in the composition of solid phases have a negligible effect on the end-result.
Additionally, many of them have modeled the magma ocean in either equilibrium
or fractional crystallization, but have not considered the also feasible other sce-
nario. The results of this study show that in the case of Mercury uncertainties
in only the sample analysis and the choice of crystallization scheme propagate to
variations in the magma ocean solidification models on the order of the differ-
ences between proposed Mercury bulk mantle compositions within the first 40 %
solidification.

Several additional uncertainties have not been taken into account in our anal-
ysis. For example, additional uncertainties arise from the accuracy with which
pressure and redox conditions of the Mercurian mantle can be simulated in the
experiments, and from the neglected influence of non-major elements, for exam-
ple water,796 carbon,838 or sulfur778 on phase relations. Aside from these practical
difficulties, each later mantle and surface evolution stage comes with additional
uncertainties. Mercury may have undergone a mantle overturn which is a process
that is not well understood,747 Mercury’s volcanism may have altered the mantle
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Figure 16.3: This figure shows the range of Aitchison distances (δa) between the melt
evolution schemes assuming bulk a mantle composition represented by the silicate com-
ponent of the CB (a) and EH (b) chondrite. The Aitchison distance (δa) between various
proposed bulk mantle compositions are provided by horizontal lines. These represent the
pairwise Aitchison distances between the bulk mantle compositional listed in table 16.1 of
Brown and Elkin-Tanton,747 i.e. those with references to Morgan and Anders,258 Hart and
Zindler844 (Earth model mantle), Taylor and Scott261’s CB, and the non-chondritic CB,263

and the CB and EH chondrites used in this study.

composition and mineralogy,771, 778 and Mercury’s surface meteorite bombard-
ment has provided an external compositional component. All the uncertainties
associated with these processes accumulate on the uncertainties in the residual
melt composition shown in this study. This makes it difficult to relate surface-
derived mineralogical constraints on the upper mantle to a unique bulk mantle
composition. In particular, if lavas on Mercury’s surface originate from a maxi-
mum depth of ∼ 200 km (at ∼ 2240 km radius),771 our analysis suggests it will
be difficult to distinguish between the proposed bulk compositions based solely
on knowledge of Mercury’s surface.

Finally, a comprehensive debate on Mercury’s surface mineralogy is currently
ongoing. The available surface reflection spectra in visible and UV wavelengths
do not show absorption features due to the overall low surface FeO-content, such
that only variations in the spectral slope can be used to constrain surface min-
eralogy.845 Alternatively, the elemental surface composition as determined by
MESSENGER’s X-ray,697, 699 γ-ray,779, 837 and neutron846 measurements can be
used to experimentally constrain Mercury’s surface minerals.791, 839, 841 On top of
the variation in the obtained mineral phases in these attempts, the use of standard
stoichiometric relations to determine the surface mineralogy may not be appro-
priate in the oxygen-reduced environment of Mercury.847 Hence, a comparison
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between any end product of mantle crystallization models and surface mineralogy
will need to await consensus on Mercury’s surface mineralogy.

The main goal of this study was to assess experimentally whether Mercury’s
high Fe content is related to a preferential accretion of metals in the early plan-
etary formation stage or to later mantle-stripping impacts by modeling the crys-
tallization of Mercury’s corresponding magma ocean. For this purpose we as-
sumed that the silicate components of EH and CB chondrites are representative
for the bulk composition of Mercury’s mantle. Although these chondrites are
primitive meteorites that likely originate form a reducing environment similar to
that characterizing Mercury, other newly discovered similarly reduced chondrites
may provide alternative compositional analogies to Mercury’s mantle.848, 849 If
CB or EH chondrites are the primary constituents of Mercury, it is unlikely that
either of these chondrites are perfect analogues to the associated formation sce-
nario, because the compositional mixing that likely occurred in the early inner
solar system implies that other condensates must have substantially accreted to
Mercury as well. Furthermore, even if these chondrites are perfect representatives
for Mercury’s bulk silicate composition associated to these formation scenarios,
the metal-silicate fractionation in these meteorites occurred at lower pressures and
temperatures compared to the metal-silicate fractionation conditions in Mercury.
This difference in metal-silicate fractionation behavior would lead to a different
bulk mantle composition of Mercury compared to the silicate component found in
these chondrites.

Undisputedly, the errors on Mercury’s bulk mantle composition associated to
the above formation scenarios are significant. In light of all these uncertainties and
those described in the previous section, we deem it unlikely that the two formation
scenarios examined in this paper can be convincingly distinguished by analysis of
the major oxide abundances and mineralogy of Mercury’s mantle. Other means
for differentiating between these formation scenarios are required.

Although beyond the scope of this chapter, the uncertainties in magma ocean
solidification models revealed here raise questions about the robustness of magma
ocean crystallization models in general. Future work should include an analysis of
the robustness of past studies, and we encourage future magma ocean crystalliza-
tion models to propagate the uncertainties in the modeling. In particular, caution
should be taken when claims are based on late stages of magma ocean crystal-
lization models given the uncertainties that propagate from those of the earlier
crystallization stages.

16.5 Summary
We have modeled the initial stages of bottom-up crystallization of a magma ocean
on Mercury starting with two different chondritic bulk mantle compositions, asso-
ciated with either a preferential accretion of metals in Mercury’s early formation
stage or a model assuming later mantle-stripping impact events. We integrated
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results of partial-melt high pressure experiments in these models, and propagated
the associated experimental uncertainties and those associated with the crystal-
lization process. The uncertainties in the bulk composition of the residual melt
grow to the order of the variability in bulk mantle compositions that have been
proposed for Mercury within the first 40% by volume of crystallization.. This
indicates that knowledge of Mercury’s upper mantle’s mineralogy cannot suffi-
ciently constrain Mercury’s bulk composition to enable discriminating between
proposed bulk mantle compositions.

In light of additional uncertainties that are associated to later evolution stages
of Mercury’s mantle, and to the analogies between the planetary formation sce-
narios and their associated mantle bulk compositions, we deem it unlikely that
the two formation scenarios examined in this chapter can be convincingly distin-
guished by analysis of the major oxide abundances and mineralogy of Mercury’s
upper mantle.
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Appendix 16A

Table 16.4: This table lists all microprobe compositional analysis of identified phases in ex-
perimental samples of this study. n Denotes the number of microprobe point measurements
used to determine the composition, oxide abundances are given in wt%, with 1 standard
deviation provided in bracktes, which are derived from the n number of measurements.

Exp (sample) Phase (n) SiO2 MgO FeO Al2O3 Cr2O3 CaO TiO2 NaO2

8 (CB5) Liq (18) 49.3
(0.7)

38.2
(1.0)

2.0
(0.05)

5.5
(0.3)

0.46
(0.02)

3.6
(0.3)

0.21
(0.02) -

8 (EH5) Liq (16) 61.7
(0.2)

31.4
(0.2)

0.68
(0.02)

2.72
(0.06)

0.49
(0.02)

1.49
(0.03)

0.12
(0.01)

1.38
(0.05)

9 (CB5) Liq (20) 48.6
(0.2)

37.2
(0.3)

3.1
(0.05)

5.8
(0.2)

0.58
(0.02)

3.8
(0.3)

0.2
(0.02) -

9 (EH5) Liq (16) 60.8
(0.2)

31.2
(0.2)

1.42
(0.02)

2.92
(0.05)

0.6
(0.02)

1.56
(0.2)

0.12
(0.02)

1.34
(0.1)

10 (CB5) Liq (16) 29.2
(0.4)

34.8
(0.8)

3.8
(0.05)

6.1
(0.25)

0.65
(0.02)

4.2
(0.2)

0.23
(0.02) -

10 (EH5) Liq (12) 62.2
(0.5)

27.5
(0.9)

1.74
(0.04)

3.6
(0.6)

0.76
(0.02)

1.96
(0.2)

0.16
(0.02)

2.1
(0.2)

Opx (4) 58.0
(2.5)

40.5
(2.5)

0.93
(0.05)

0.6
(0.05)

0.48
(0.03)

0.29
(0.03)

0.01
(0.01)

0.18
(0.03)

11 (CB5) Liq (16) 50.5
(0.4)

28.6
(0.4)

4.3
(0.2)

8.4
(0.2)

0.76
(0.02)

5.8
(0.1)

0.33
(0.02) -

Fo (5) 41.0
(0.3)

55.0
(0.2)

3.3
(0.2)

0.18
(0.005)

0.38
(0.01)

0.16
(0.2)

0.01
(0.01) -

Opx (5) 56.1
(0.4)

36.6
(0.5)

2.3
(0.2)

3.1
(0.3)

0.50
(0.04)

1.16
(0.05)

0.04
(0.01) -

11 (EH5) Liq (16) 61.0
(0.2)

24.9
(0.4)

2.6
(0.05)

5.1
(0.14)

0.83
(0.02)

2.9
(0.11)

0.21
(0.02)

2.5
(0.07)

Opx (10) 58.5
(0.2)

37.6
(0.3)

1.6
(0.07)

0.9
(0.06)

0.58
(0.02)

0.49
(0.03)

0.033
(0.02)

0.27
(0.02)

12 (CB5) Fo (4) 40.8
(0.3)

52.0
(0.3)

6.6
(0.1)

0.18
(0.05)

0.20
(0.01)

0.18
(0.02)

0.05
(0.02) -

Pig (3) 41.7
(1.0)

24.5
(0.3)

4.2
(0.2)

24.2
(0.9)

1.0
(0.3)

3.7
(0.5)

0.51
(0.09) -

Cpx (3) 55.8
(0.4)

24.8
(0.5)

3.2
(0.05)

5.4
(0.2)

0.80
(0.02)

7.1
(0.4)

0.29
(0.05) -

12 (EH5) Opx (5) 57.8
(0.3)

34.6
(0.2)

2.5
(0.06)

2.0
(0.3)

0.65
(0.05)

1.3
(0.2)

0.11
(0.03)

1.1
(0.08)

Cpx (4) 57.6
(0.4)

27.3
(0.5)

2.3
(0.05)

5.0
(0.2)

1.1
(0.04)

3.5
(0.07)

0.25
(0.04)

3.1
(0.1)

Qtz 100 - - - - - - -

13 (CB5) Fo (3) 40.4
(0.4)

53.1
(0.3)

6.0
(0.05)

0.12
(0.03)

0.14
(0.01)

0.15
(0.02)

0.02
(0.01) -

Opx (3) 56.2
(0.3)

34.4
(0.3)

3.5
(0.03)

2.9
(0.04)

0.56
(0.02)

1.77
(0.03)

0.10
(0.01) -

Pig (2) 42.4
(0.1)

24.7
(0.3)

4.1
(0.1)

23.1
(0.1)

1.52
(0.01)

3.73
(0.03)

0.38
(0.014) -

Cpx (4) 55.2
(0.4)

24.6
(0.4)

3.0
(0.1)

4.7
(0.3)

0.85
(0.06)

9.5
(0.6)

0.21
(0.03) -

13 (EH5) Opx (7) 58.1
(0.3)

34.1
(0.3)

2.14
(0.03)

2.2
(0.1)

0.76
(0.02)

1.18
(0.04)

0.09
(0.03)

1.11
(0.02)

Cpx (2) 57.7
(0.4)

26.4
(1.1)

2.14
(0.03)

5.0
(0.4)

1.41
(0.04)

4.09
(0.04)

0.20
(0.03)

3.0
(0.3)

Qtz 100 - - - - - - -

14 (CB5) Liq (16) 49.9
(0.4)

27.9
(0.5)

4.6
(0.2)

8.9
(0.3)

0.76
(0.02)

6.4
(0.2)

0.40
(0.03) -

Fo (5) 41.2
(0.4)

54.6
(0.5)

3.38
(0.06)

0.18
(0.02)

0.37
(0.02)

0.15
(0.01)

0.005
(0.01) -

Continued on next page
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Table 16.4 – Continued from previous page
Exp (sample) Phase (n) SiO2 MgO FeO Al2O3 Cr2O3 CaO TiO2 NaO2

Opx (5) 55.6
(1.2)

37.3
(1.8)

2.3
(0.1)

3.0
(0.6)

0.49
(0.09)

1.1
(0.2)

0.05
(0.01) -

14 (EH5) Liq (16) 64.5
(0.5)

21.0
(0.7)

2.30
(0.04)

5.5
(0.2)

0.77
(0.02)

3.06
(0.02)

0.26
(0.02)

2.7
(0.2)

Opx (5) 59.0
(0.3)

37.1
(0.3)

1.6
(0.2)

0.86
(0.05)

0.61
(0.02)

0.49
(0.02)

0.04
(0.01)

0.29
(0.04)

15 (CB5) Liq (16) 46.0
(0.8)

28.4
(0.7)

4.9
(0.3)

10.3
(0.5)

0.73
(0.05)

8.1
(0.3)

0.60
(0.02) -

Fo (5) 40.2
(0.2)

55.6
(0.2)

3.34
(0.05)

0.35
(0.02)

0.30
(0.03)

0.20
(0.02)

0.01
(0.02) -

Opx (3) 55.2
(0.3)

36.5
(0.4)

2.06
(0.02)

4.0
(0.5)

0.62
(0.15)

1.36
(0.08)

0.06
(0.03) -

16 (CB4) Liq (16) 46.0
(0.4)

36.0
(0.8)

3.11
(0.04)

7.9
(0.3)

0.60
(0.02)

5.0
(0.3)

0.38
(0.02) -

16 (EH4) Liq (16) 58.8
(0.2)

29.9
(0.4)

1.38
(0.02)

4.0
(0.1)

0.65
(0.02)

2.10
(0.02)

0.21
(0.02)

3.0
(0.2)

19 (CB4) Liq (14) 49.9
(0.5)

31.3
(0.9)

2.7
(0.1)

8.3
(0.3)

0.66
(0.03)

5.7
(0.2)

0.39
(0.02) -

19 (EH4) Liq (16) 58.8
(0.2)

30.2
(0.4)

1.90
(0.04)

3.8
(0.09)

0.76
(0.02)

2.14
(0.03)

0.20
(0.02)

2.2
(0.2)

20 (CB4) Liq (9) 50.0
(0.5)

29.4
(1.2)

3.27
(0.07)

9.1
(0.4)

0.69
(0.03)

6.0
(0.4)

0.43
(0.02) -

Fo (5) 41.2
(0.3)

54.9
(0.3)

3.2
(0.4)

0.16
(0.02)

0.35
(0.02)

0.17
(0.02)

0.023
(0.018) -

20 (EH4) Liq (15) 62.5
(0.8)

22.9
(1.8)

1.5
(0.1)

5.6
(0.5)

0.81
(0.07)

2.79
(0.02)

0.28
(0.02)

3.7
(0.7)

Opx (5) 58.0
(0.3)

38.5
(0.2)

1.3
(0.2)

0.85
(0.15)

0.59
(0.05)

0.42
(0.04)

0.06
(0.02)

0.27
(0.04)

21 (CB4) Liq (15) 48.9
(0.5)

25.9
(0.3)

4.6
(0.3)

10.4
(0.3)

0.77
(0.04)

7.5
(0.2)

0.53
(0.03) -

Fo (5) 42.2
(0.3)

53.5
(0.3)

3.50
(0.06)

0.20
(0.02)

0.39
(0.02)

0.19
(0.01)

0.01
(0.01) -

Opx (5) 57.1
(0.5)

35.7
(0.3)

1.9
(0.3)

3.3
(0.4)

0.48
(0.04)

1.2
(0.1)

0.08
(0.02) -

22 (CB4) Liq (17) 47.5
(0.5)

33.8
(0.9)

3.35
(0.06)

7.8
(0.4)

0.57
(0.04)

5.4
(0.5)

0.39
(0.03) -

22 (EH4) Liq (28) 61.4
(0.3)

27.3
(0.3)

1.18
(0.03)

4.25
(0.05)

0.69
(0.02)

2.21
(0.03)

0.19
(0.02)

2.8
(0.2)

23 (CB4) Liq (9) 45.5
(0.5)

19.8
(0.8)

8.5
(0.8)

11.3
(0.4)

0.30
(0.04)

8.3
(0.45)

2.2
(0.2) -

Fo (6) 39.6
(0.4)

52.5
(0.8)

7.2
(0.1)

0.20
(0.03)

0.17
(0.01)

0.22
(0.01)

0.017
(0.011) -

Pig (2) 41.3
(0.4)

24.1
(0.7)

4.5
(0.1)

23.6
(0.1)

1.3
(0.4)

4.8
(0.7)

0.46
(0.04) -

Cpx (6) 53.7
(0.4)

26.4
(0.4)

3.8
(0.1)

6.0
(0.2)

0.80
(0.04)

7.5
(0.2)

0.22
(0.03) -

23 (EH4) Liq (4) 73.3
(2.9)

7.2
(1.4)

1.6
(0.1)

7.9
(0.1)

0.12
(0.03)

1.5
(0.3)

0.37
(0.02)

7.9
(3.3)

Opx (5) 57.7
(0.2)

34.8
(0.2)

2.3
(0.05)

2.0
(0.1)

0.71
(0.04)

1.1
(0.1)

0.10
(0.01)

1.24
(0.04)

Cpx (3) 57.5
(0.2)

29.6
(0.2)

2.34
(0.05)

3.9
(0.1)

1.09
(0.06)

2.72
(0.06)

0.28
(0.04)

2.65
(0.02)

24 (CB4) Liq (16) 48.9
(0.5)

31.9
(1.3)

2.83
(0.03)

8.8
(0.5)

0.63
(0.02)

5.5
(0.4)

0.43
(0.02) -

Fo (6) 40.0
(0.2)

57.6
(0.2)

1.7
(0.2)

0.19
(0.03)

0.31
(0.02)

0.13
(0.01)

0.08
(0.01) -

Opx (3) 54.8
(0.2)

38.6
(0.4)

1.6
(0.2)

0.19
(0.96)

0.38
(0.02)

1.06
(0.03)

0.08
(0.01) -

24 (EH4) Liq (25) 58.4
(0.2)

29.6
(0.4)

2.03
(0.04)

4.2
(0.2)

0.80
(0.02)

2.0
(0.1)

0.20
(0.02)

2.8
(0.2)

25 (CB4) Liq (16) 48.5
(0.4)

23.7
(0.8)

4.3
(0.1)

11.3
(0.3)

0.70
(0.02)

7.4
(0.3)

0.53
(0.02) -

Continued on next page
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Table 16.4 – Continued from previous page
Exp (sample) Phase (n) SiO2 MgO FeO Al2O3 Cr2O3 CaO TiO2 NaO2

Fo (6) 40.2
(0.4)

55.1
(0.2)

3.8
(0.3)

0.23
(0.03)

0.41
(0.02)

0.21
(0.01)

0.018
(0.013) -

Opx (3) 54.7
(0.2)

34.8
(0.2)

2.7
(0.2)

4.9
(0.3)

0.64
(0.02)

54.7
(0.2)

0.10
(0.01) -

25 (EH4) Liq (16) 58.5
(0.4)

22.5
(1.4)

2.0
(0.1)

6.0
(0.3)

0.72
(0.1)

3.2
(0.3)

0.29
(0.03)

6.9
(0.9)

Opx (6) 57.8
(0.07)

37.5
(0.2)

1.31
(0.06)

1.27
(0.07)

0.74
(0.02)

0.69
(0.03)

0.06
(0.02)

0.64
(0.02)
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Chapter 17

Other discoveries by the
MESSENGER mission

In this chapter, we will briefly describe the main contributions of the MESSEN-
GER mission that have not been mentioned in previous chapters. These contribu-
tions involve Mercury’s surface imaging, topography, spectroscopy, gravity, and
atmosphere. MESSENGER has also contributed substantially to the understand-
ing of Mercury’s magnetosphere and its complex interaction with the solar wind.
This topic is of interest for the fundamental understanding of magnetohydrody-
namics, e.g. the coupling of the magnetosphere with atmospheres, the solar wind
and the interplanetary magnetic field (IMF). However, aside from the part of the
magnetic field intrinsic to Mercury as already discussed in chapter 14, this topic
contributes little to the understanding of planet Mercury itself. For this reason we
will not discuss this topic any further here, aside from mentioning the detection of
Birkeland magnetic field lines, which close inside Mercury. Because the closing
of these field-aligned currents depend on the electrical conductance of the mantle
and core, they can be studied to constrain Mercury’s interior.748, 850

17.1 Surface observations and geology
The global character of several MESSENGER datasets is among the most impor-
tant achievements of the MESSENGER mission and has facilitated a first global
geological survey of the planet. In particular for the Northern Hemisphere of the
planet, high resolution photography, high precision altitude, gravity and spectral
measurements are available. Various datasets of the Southern Hemisphere are
of lower quality because MESSENGER had a high altitude above the Southern
Hemisphere as a result of its elliptical orbit around Mercury.

227
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Figure 17.1: Ennhanced false-color figures of Mercury. Left: Centered at 0° latitude and
140° longitude. Caloris basin is the large circular feature located just to the upper right of
center of the image. Tolstoj is the crater south east of Caloris, surrounded by (blue) ‘low-
reflectance material’. In the bottom left of this image, you can find the Rembrandt crater.
Right: Centered at 0° latitude and 320° longitude. Slightly below and to the right of the
center of this image, you can find the extremely bright Kuiper crater. A little further down
and right in the middle of a deep blue region, we find the crater Debussy. In the upper right
part of this image, you can find the crater Hokusai, accompanied by the impressive (blue)
ray-system that extends almost a third of the globe. Figure credits: NASA/Johns Hopkins
University Applied Physics Laboratory/Carnegie Institution Washington.

17.1.1 Photography
Figure 17.1 shows Mercury in enhanced color, compiled from many smaller im-
ages obtained by the MDIS instrument. Colors reflect areas that are more blueish
(the slope from low to high wavelengths in the reflection spectrum is low) or red-
dish (the slope from low to high wavelengths in the reflection spectrum is high)
as compared to the average color of Mercury. Hence, these figures exaggerate the
surface color variations to reflect variability in rock-type.

Young crater rays extend radially from fresh impact craters (for example the
Hokusai and Kuiper craters in figure 17.1). These fresh craters and rays appear
light blue, confirming the pre-MESSENGER conclusion that fresh regolith ap-
pears bright and blue compared to older surroundings.851

Medium- and dark-blue areas characterize Mercury’s oldest crust and are often
referred to as ‘low-reflectance material’.852, 853 This low reflectivity is thought to
be related to the prescence of a dark, opaque mineral. However, aside from these
small color-variations, most UV surface reflection spectra are featureless, which
complicates the identification of surface minerals.

Tan-orange areas in figure 17.1 are plains formed by eruption of highly fluid
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Figure 17.2: Topographic map of Mercury, derived from the stereo imaging aboard the
MESSENGER spacecraft (MDIS). Blue indicates topographic lows with a minimum of
−5380 m relative to the planet’s radius of 2439.4 km. Orange indicates topographic highs
with a maximum of 4481 m. Plotted contour lines reflect the surface gravity according
to the MAZARICOETAL2016 model, obtained from radio tracking of the MESSENGER
spacecraft. Countour lines are separated by 20 mGal, from −160 to +100 mGal relative
to the average surface gravity. Credits for the topographic map belong to NASA/Johns
Hopkins University Applied Physics Laboratory/Carnegie Institution Washington/USGS
Astrogeology Science Center, with references to Solomon et al.,641 Hawkins et al.,860 and
Becker et al.861

(low-viscosity) lavas and cover ∼ 40% of the planet’s surface.684, 685, 854 These
‘smooth plains’ are prominent near the North-Pole and also constitute several
basin floors, for example those of Caloris and Rembrandt (see figure 17.1). Crater
counting suggests that most of these smooth plains were emplaced ∼ 3.7− 4.2
billion years ago, approximately simultaneous with and slightly after the bom-
bardment that created the largest craters on the planet.855, 856 However, there is
also evidence of more recent volcanic activity,857–859 mostly explosive in nature,
which potentially occured less than a billion years ago.

17.1.2 Topography
Mercury’s topography has been examined by laser altimetry data (MLA),677, 862

and from limb images863 and stereo images (MDIS) taken by MESSENGER861, 864

. These data show that topographic variations of Mercury’s surface are appreciably
smaller scale than the lunar and martian surfaces.862 Nonetheless, some broad-
scale topographic features stand out (see figure 17.2). For example, the northern
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smooth plains, also partly covered by Mariner 10 images, are now fully mapped
as a broad topographic low. Additionally, the equator is anomalously high in al-
titude, consistent with an ellipsoidic shape residual from a former rapid rotation.
However, the equator peaks roughly at (0°, 0°) and (0°, 180°) (lat, long), and the
equator-lows closely match the (0°, 90°) and (0°, 270°) (lat, long) locations, in-
dicating that the long axis (a) of Mercury’s figure is substantially longer than its
smallest equatorial axis (b). This difference seems to exceed the hydrostatic equi-
librium of the planet and requires some kind of process for the origin and support
of this ballast excess of the equatorial highs.677

The measured topography has also detected volcanic vents and small lava
flows on Mercury, and provided proof for the volcanic origin of the smooth ter-
rains.865–867

The lobate scarps have also been extensively studied, and used for constrain-
ing the amount and origin of global planetary contraction,700, 868–871 as well as
for constraining the relative timing of surface features of past events such as im-
pacts.872–874 The number and size of the lobate scarps has substantially increased
by the MESSENGER mission, and in totality have been related to up to 7 km of
planetary contraction. The near-absence of lobate scarps within craters indicates
that most of the planetary contraction occured before ∼ 3.5 Ga.875 Some young
recent faults have been discovered and indicate that global contraction may still
occurr at a slow rate at present.871

The dominant orientation of the faults is far from random, inconsistent with
contraction as its exclusive origin, as constraction is expected to produce faults
of random orientation. Despinning is again proposed and debated as additional
mechanism for generating the observed orientation of lobate scarps.869, 870 How-
ever, the initial despinning of Mercury is thought to last only a few hundreds of
million years after formation,155 and is unlikely to contribute substantially to the
accumulation of stresses after crust formation. Impact-induced spin-orbit reso-
nance transitions, as shown in section 11.3, may alter the planet’s rotation rate
long after the initial despinning period. Such a change in Mercury’s rotation rate
would produce lithospheric stresses of similar geometry to those of planetary de-
spinning, but may have occured in the timeframe of lobate scarp formation. How-
ever, following the calculations of Klimczak et al.,870 a change in rotation rate
from 2 : 1 spin orbit resonance to the current 3 : 2 spin-orbit resonance would
produce peak stresses of ∼ 1500 Pa near the equator, equivalent to a contraction
on the order of only 10 cm. Hence, the change from one spin-orbit resonance
to another is not expected to significantly affect the global stress regime in the
lithosphere, aside from the large impact that is supposed to induce the spin-orbit
resonance transition.

Other implications of topographical data relate to the surface roughness, crater
counting and crater morphology. We will not go into detail on these topics, but
refer to literature for more information.876–883
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Table 17.1: The approximate average composition of Mercury’s surface, based on a com-
pilation of MESSENGER XRS and GRNS measurements.697, 779, 884, 885 Substantial compo-
sitional deviations from the composition listed in this table exists across Mercury’s surface
composition due to spatial heterogeneity. Quantities are in elemental percentages, unless
otherwise stated.

Element Abundance
O 41
Si 24.6
Al 7.1
Ca 5.9
S 2.3
Fe 1.9
Na 2.9
Mg 12
Ti 0.1
C 1.4
K 1150 ppm
Th 220 ppb
U 90 ppb

17.1.3 Composition
The elemental surface composition of Mercury has been measured by MESSEN-
GER’s X-ray, gamma ray, and neutron spectrometers (XRS and GRNS). An ap-
proximate average surface composition is given in table 17.1, based on a compi-
lation of XRS and GRNS measurements.

The implications of the low Fe and high S surface abundances have been noted
in previous chapters, but several other aspects of the average surface composition
of Mercury stand out. The Fe abundance of < 3% is insufficient to be responsible
for the dark appearance of Mercury, as has been proposed prior to the MESSEN-
GER mission.468 Instead, a substantial amount of C has been detected, which is
likely responsible for Mercury’s low surface albedo.837 The abundance of radioac-
tive elements is unexpectedly high. Aside from the implications for the thermal
evolution models as discussed in chapter 13, the relative abundance of the volatile
K to the refractory Th (with a K/Th ratio of ∼ 5500) is similar to that of the
volatile-rich Martian surface. Because K and Th do not significantly fractionate
by geological processes, this indicates that Mercury is not poor in volatiles com-
pared to other planets. This is additionally supported by the high surface abun-
dances of Mercury for Na and S, which are also relatively volatile elements. Any
formation process that requires a period of high temperatures would have evap-
orated these elements of Mercury’s surface, inconsistent with their present-day
abundances. The combination of the Fe-poor and volatile rich surface severely
complicates current formation theories for Mercury.
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The spatial variability of elemental abundances is quite large, and has led
to to the development of models that address the evolution of Mercury’s man-
tle and crust698, 699.791, 838, 841, 858 A first schematic relation between evolution and
surface composition is that the oldest regions seem enriched in Mg and likely
contain primitive minerals such as olivine and enstatite, whereas the youngest
regions, such as lava-flooded plains, are Mg-poor and possibly dominated by pla-
gioclase.791, 841 These resuls are consistent with the general understanding of ge-
ological and petrological evolution schemes. However, many elements have been
spatially resolved only on the Northern Hemisphere, which currently prohibits a
full global geological survey.

The local composition of crater floors that carry radar-bright materials was one
of the prime interests of the MESSENGER mission. The neutron spectrometer has
identified the presence of hydrogen in permanently shadowed craters. However,
the hydrogen-rich layer appears to be buried below a layer with H-abundances of
< 25 wt%, which makes the deeper layer difficult to examine.886 The expected
total amount of water-ice in the studied craters is consistent with the hydrogen
being of cometary origin.886

17.2 Gravity field
Radio tracking of the MESSENGER satellite has yielded the first comprehen-
sive dataset to constrain spatial variations in Mercury’s gravity field.693, 694, 887

Figure 17.2 shows contourlines of the most recent gravity field model ‘MAZARI-
COETAL2016’ (taken from NASA’s Planetary Data System (PDS) system), which
contains fitted gravity coefficient up to order and degree 100. These have been
fitted to represent the smallest scale variations in gravity over the Northern Hemi-
sphere. Only the low-order harmonics (up to order ∼ 10− 30) have been quan-
tified with reasonable accuracy for global use. Small gravity variations in the
Southern Hemisphere are particularly poorly constrained, as a result of MES-
SENGER’s high altitude above the Southern Hemisphere.

The observation mentioned in the previous section that equatorial topographic
highs and lows match with the warm and hot poles of Mercury is the most clear
relation with the gravity field. But the gravity field also shows strong correla-
tions with smaller-scale topography (see figure 17.2). Under the assumption that
small-scale variations in the gravity field are produced by topographic variability,
a relation between the thickness of the crust and the ratio of crustal to mantle den-
sity can be determined. For crust and mantle densities of 2900 and 3300 kg·m−3,
respectively, a 35± 18 km crustal thickness has been derived based on the ra-
dio tracking and topography data obtained during the first three quarters of the
MESSENGER mission.769 This still needs to be confirmed with use of the final
topography and gravity datasets, because the final part the the MESSENGER mis-
sion was particularly sensitive to small variations in the gravity field as a result of
the lower spacecraft altitude.
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The MESSENGER mission obtained radio tracking for more than four years,
which enabled assessment of the temporal behavior of the gravity field that results
from tidal interaction with the Sun. More specifically, k2 has been determined
at 0.464± 0.023, which is insufficiently precise to place strong constraints on
Mercury’s interior.718, 887

17.3 Mercury’s atmosphere
The MESSENGER spacecraft performed extensive observations of Mercury’s at-
mosphere at unprecedented spatial, vertical, and energy (temperature) resolution.
Vertical profiles of Na indicate that the lower atmosphere (<∼ 1000 km altitude)
has a temperature near 1200 K, and most likely originates from photon-stimulated
desorption. The Na gas at higher altitudes is much hotter (somewhere between
5000 K and 2000 K), which suggests that impact vaporisation or ion-sputtering
may be responsible for this Na component.888

The spatial and seasonal distribution of atmospheric Ca can be explained by
impact vaporization as its dominant source.889, 890 However, the temperature of
the Ca atmosphere is measured to be extremely high (> 50000 K891, 892). Cur-
rently the only hypothesis that can explain these high temperatures and the spatial
and seasonal distribution of Ca is a molecular dissociation proces that follows
surface impacts.893

New atmospheric constituents Mg, Mn, Ca+ and Al have been identified by
MESSENGER.894, 895 Additionally, atmospheric Fe has been identified by ground-
based telescopes, which also confirmed the presence of Al.896 Correlations be-
tween the timing of these detections and the passing of Mercury through comet
Encke’s dust tail suggests that the atmospheric component due to impact vapor-
ization may be temporarily boosted by cometary dust.890, 895
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Part III

Future Mercury science

Chapters 18 and 19 present an outlook to science on Mercury to be done in
the future. It covers an interlude to the BepiColombo mission (chapter 18)
as well as a chapter with original research with an outlook character that is
performed during this PhD (chapter 19). The final chapter (chapter 20) presents
a synthesis of the entire thesis.
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Chapter 18

BepiColombo

18.1 History and mission concept
In 1993, ESA for the first time considered a proposal for a European space mis-
sion to Mercury.897 In the year 2000, the mission proposal ‘BepiColombo’ was
selected and was initially scheduled for a launch in 2009. BepiColomo was origi-
nally planned to host two satellite orbiters, the Mercury Planetary Orbiter (MPO)
and the Mercury Magnetospheric Orbiter (MMO), and a Mercury Surface Element
(MSE) to land on Mercury’s surface.897, 898 MMO and MSE were planned to be
hosted in a single spacecraft en-route to Mercury, whereas MPO was originally
planned to either join MMO and MSE in their spacecraft carrier or to complete
this journey as a completely separately launched satellite.899 The MSE was later
withdrawn from the mission design for budgetary reasons, and the mission has
ultimately been designed as a single-launch spacecraft that hosts both MMO and
MPO en-route to Mercury.900 An overview of the instruments on board MPO and
MMO is provided in the supplementary information to this thesis.

The mission preparation witnessed several delays, and the mission is now
scheduled for launch on 5 October, 2018. The route towards Mercury includes
one flyby of Earth, two flybys of Venus and six flybys of Mercury prior to en-
tering Mercurian orbit on 5 December 2025. These multiple flybys reduce the
encounter velocity of the spacecraft relative to Mercury and the thrust required
to obtain the desired orbits for MPO and MMO. The individual MPO and MMO
satellites will be brought in polar coplanar orbits, of higher altitude and eccentric-
ity for MMO compared to MPO. MPO is optimised to study Mercury’s surface
and intrinsic magnetic field whereas MMO is optimized for studying the magne-
tospheric environment, to take maximum advantage of the constant low and high
variable altitude orbits, respectively. The combination of two simulataneous mea-
surements aids substantially in resolving the spatial variability of the exosphere
and magnetic field. Also, the close proximity of MMO with MPO at MMO’s low-
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est altitude allows for intercalibration of the on-board instruments throughout the
mission.

18.2 Mercury’s orbit, rotation, and interior config-
uration

Table 2.2 in section 2.2 of this thesis lists the attribution of perturbing planets
in the solar system to Mercury’s ascending node precession per century (Ω̇). The
listed quantities are integrated over a century, but Ω̇ slightly varies during the orbit
of the perturbing planet. For example, the perturbation on Mercury’s ascending
node caused by Jupiter is −148.0" per century on-average, but varies throughout
Jupiter’s orbit with its orbital period of 11.9 years. These periodic variations in
Mercury’s precession, with periods commensurate with planetary orbital periods
and multiples of it, induce small oscillations in Mercury’s Cassini-state obliquity
and rotation rate.721, 901–903 An interesting situation occurs as a result of Mercury’s
core being partially liquid. If the outer solid shell of Mercury librates freely over
timescales of decades without significant momentum exchange with the below
liquid core layer, the free libration frequency of Mercury’s outer solid shell is
(adapted from equation 4.9)

ω f = n
(

3
B−A

Cm
G201(e)

) 1
2
, (18.1)

which equates to a period of 12.1± 0.4 years (using the MESSENGER deter-
mination of C22) which is close to Jupiter’s orbital period. Hence, under these
assumptions, Jupiter excites Mercury’s rotation with a frequency that is commen-
surate with the resonant frequency of Mercury’s librations in longitude. This con-
siderably amplifies the amplitude of the ∼ 11.9 year oscillations in rotation rate
induced by Jupiter. However, if Mercury’s inner core is large, a considerable
amount of momentum exchange between the solid outer shell and the inner core
takes place (depending on the liquid core’s viscosity). This increases the free-
libration frequency, such that the periodic forcing of Jupiter does not resonate with
the free libration. In that large-inner-core scenario, the amplitude of the ∼ 11.9
year period librations in longitude will be strongly attenuated by pendulum action.
First signatures of a small deviation from Mercury’s 3 : 2 spin-orbit resonance ro-
tation rate have already been detected based on MESSENGER images,772 and
the amplitude of this deviation is of evident interest for Mercury’s interior struc-
ture.696, 715 The deviation from the 3 : 2 spin-orbit resonance rotation rate due to
Jupiter’s 11.9 yr periodic disturbance is maximal late in 2026, and BepiColombo’s
planned arrival at Mercury late 2025 ensures that BepiColombo may quantify the
total amplitude of this disturbance mode.904 The low-altitude polar orbit of MPO
allows for global high-resolution stereo-imaging, from which Mercury’s rotation
rate will be monitored. Mercury’s obliquity will also be quantified with improved
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accuracy, enabling a decrease in the dominant error on Mercury’s derived moment
of inertia.

BepiColombo’s state-of-the-art ranging and imaging instruments (in particu-
lar the combination of MORE, ISA, SYMBIO-SYS and BELA) will measure the
location and acceleration of MPO and Mercury and determine Mercury’s rota-
tional parameters with unprecedented precision. The radio-tracking of Mercury
will use several frequency bands, which allows corrections for distortion caused
by the interplanetary medium (MORE). The influence of the solar radiation pres-
sure on the MPO spacecraft will be measured and corrected for as well (ISA).
These improvements add to the accuracy with which the gravitational accelera-
tion on MPO will be determined and allows for quantifying the gravimetric shape
of the Sun (J2) and the Post-Newtonian gravitational parameters to obtain a bet-
ter accuracy on the fundamental laws of gravitation (in particular the relativistic
part).905 These effects will be accounted for in the determination of Mercury’s
gravity field, which will be derived up to high degree and order as a result of
the low altitude of the MPO orbit. This will enable a more accurate estimation
of Mercury’s crustal thickness and possibly allows for a gravimetric detection of
large buried ancient craters in flooded terrains. Finally, the tidally induced vari-
ations of the gravity field and topography (k2 and h2) will be determined, which
places stronger bounds on the size of Mercury’s core.906, 907

18.3 Surface
The low-altitude polar orbit of MPO allows ,easurements of surface chemistry and
regolith properties across Mercury’s surface at increased spatial resolution com-
pared to MESSENGER. In addition to the spectral range covered by MESSEN-
GER, BepiColombo’s spectral imager (MERTIS) covers the far-infrared and radio
wavelenghts, which may provide spectral signatures of surface minerals that were
problematic in the limited spectral range for MESSENGER (MASCS).908, 909 Mer-
cury’s electrical and thermal regolith properties and surface temperature can also
be globally mapped for the first time from orbit by this instrument. Additionally,
the instruments for X-ray (MIXS), gamma-ray and neutron (MGNS) spectroscopy
on board BepiColombo allow for a better determination of elemental abundances,
and at a higher spatial resolution compared to MESSENGER. For example, the
MIXS potentially determines the surface composition of large crater peaks and
medium sized crater floors and the MGNS will provide measurements of the wa-
ter abundance in permanently shadowed craters in both the Northern and Southern
Hemispheres.
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18.4 Atmosphere
Both MPO and MMO host sensors for atmospheric analysis (SERENA, MSASO,
MDM, and MPPE). MPO will yield vertical profiles of the atmosphere, and is
focussed on the interplay between the surface and atmosphere, whereas MMO is
more prominently focussed on the interplay between the exosphere and magneto-
sphere. Additionally, MMO wil map the horizontal distribution of Na (MSASI)
and MMO hosts a dust-analyzer (MDM) to analyze the momentum, geometry and
size of dust fluxes that enter Mercury’s atmosphere. Combined, the sensors are
well equipped to map Mercury’s atmosphere in space and time and constrain the
associated sources and sinks.

18.5 Magnetic field
The weak nature of Mercury’s magnetic field and the strong solar wind distur-
bance make it difficult to discriminate between magnetic field features of the in-
trinsic dynamo and the interplanetary magnetic field. MESSENGER has taken
maximal advantage of the low-altitude periods (relatively free of the solar wind
disturbance) accross the Northern Hemisphere, and determined the offset of Mer-
cury’s magnetic equator to the north. This has raised new questions of the convec-
tion regime in Mercury’s core (See chapter 14). The high altitude of MESSEN-
GER across the Southern Hemisphere has limited the capabilities for constraining
the geometry of the intrinsic magnetic field in the Southern Hemisphere.

BepiColombo will take maximal advantage of the duality of MPO’s and MMO’s
magnetic field measurements (MPO-MAG and MGF). These in-situ magnetic
field sensors at separate altitudes enable determination of the solar wind distur-
bance, and separate it from the dynamo-generated field. This will improve our
view of the magnetic field as derived in the Northern Hemisphere by MESSEN-
GER. Additionally, the low-altitude magnetic field in the Southern Hemisphere
will be sampled for the first time. These advantages will allow for determina-
tion of magnetic pole up to degree four or higher and may yield constraints on
Mercury’s interior that cannot be foreseen at present.



Chapter 19

Revealing the composition of
Mercury’s core by seismic
measurements

This chapter forms the basis of an article in preparation by Knibbe1, J. S., S. M.
Luginbuehl1, Y. Kono2, and W. van Westrenen1.

1Faculty of Science, Vrije Universiteit Amsterdam, the Netherlands.
2HPCAT, Geophysical Laboratory, Carnegie Institution of Washington,

Advanced Photon Source (APS), Argonne, IL, USA.
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Abstract

The overall composition of Mercury’s core, likely containing sub-
stantial amounts of either Si or S, is prominently linked to the initial
bulk composition of the planet and the conditions during the planet’s
formation. The composition of Mercury’s core also determines the
origin of the proposed present-day stable layer at the top of its liquid
core, caused by either chemical or thermal stratification, which can
reconcile the low strength and broad-scale geometry of Mercury’s
magnetic field. Remote sensing observations of the surface chem-
istry of planet Mercury have so far provided conflicting information
regarding the enigmatic origin of Mercury’s large core as well as its
light element inventory. Here we present experimental measurements
of ultrasonic wave velocity data through Fe-Si and Fe-S liquids at
high pressures and high temperatures. Our measurements indicate
that ultrasonic wave velocities of molten iron metal increase with in-
creasing Si content but decrease with increasing S content. These
contrasting effects of Si and S indicate that seismological measure-
ments aimed at determining ultrasonic wave velocities of the molten
part of Mercury’s core can be used to provide independent constraints
on Mercury’s core composition.
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19.1 Introduction
The origin of Mercury’s large core and the associated high proportion of metal-
lic iron (60− 80 wt% Fe) in Mercury’s bulk composition has historically been
difficult to reconcile within the conventional accretion theory of terrestrial planet
formation.218, 232Although condensates from the early solar nebula close to the
Sun may have been hot, reduced and metal-rich,232, 237 protoplanetary collisions
are thought to have substantially mixed material in the inner solar system.247

Alternative explanations for Mercury’s high metal to silicate ratio suggest that
(1) the trend of metal-rich material nearby the Sun was substantially enhanced
by additional metal-silicate fractionation mechanisms,250 (2) large impact events
have stripped Mercury from most of its mantle silicates after its core mantle-
differentiation stage,252–254 or (3) Mercury’s mantle silicates were vaporized by
an early super-luminous Sun and removed from the planet by solar wind inter-
action.105, 255, 256 Each of these theories are associated with some hot or warm
event or origin and are therefore problematic in light of the high abundances of
volatiles on Mercury’s surface measured by the MErcury Surface, Space ENvi-
ronment, GEochemistry and Ranging (MESSENGER).779 These MESSENGER
observations have led to the development of new or adjusted formation mecha-
nisms that do not require extremely high temperatures and still yield a high metal
to silicate ratio.827–829, 910 However, the high sulfur (S) and low FeO surface con-
centrations of Mercury are consistent with a highly reduced bulk planet,692, 702

such that Mercury’s surface chemistry yields mixed signals as to whether any of
these formation scenarios are truly refutable. Mercury’s surface mineralogy is
particularly difficult to determine from satellite spectroscopy (the UV spectra are
practically featureless), so that inferences on its origin based on elemental surface
abundances should be made with caution. Overall, the evolution, structure and
composition of Mercury’s mantle and crust are still debated, and petro-chemistry
in highly reducing conditions is not well understood.701

In contrast to the composition of Mercury’s surface, the composition of its
core has a simple relation to the conditions during core-mantle differentiation and
may be more directly linked to the planet’s formation history. The most prominent
core alloying light element is likely either silicon (Si) if core-mantle differentia-
tion occurred under highly reducing conditions, or S if core-mantle differentiation
occurred under more oxidized conditions.692, 704, 716, 726

Mercury’s actively generated magnetic field, with its low-intensity and broad-
scale geometry, is likely related to a stable upper layer in the liquid outer core.590, 756

The stability of this layer is either caused by an Fe-snow process at the core-mantle
boundary (CMB) in an Fe-S core, which compositionally stratifies an outer core
layer,759 or by the absence of compositional convection in an Fe-Si core, such that
its stability is a direct consequence of the sub-adiabatic CMB heat fluxes.754, 757

The upcoming ESA and JAXA collaborative Bepi-Colombo mission will greatly
improve our understanding of Mercury’s surface and magnetic field, but a detailed
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plan to improve constraints on Mercury’s formation and the origin of the proposed
stable outer core layer is currently unavailable.

Seismic measurements potentially provide compositional constraints on Mer-
cury’s core: Ultrasonic wave velocities of liquid Fe-S alloys have been measured
at pressures exceeding Mercury’s CMB pressure (∼ 4.5 GPa) and consistently
show a decrease of P-wave velocity with increasing S content.732 Ultrasonic wave
velocities trough Fe-Si liquids have only been reported at ambient pressure condi-
tions to date, and show an increase of wave velocity with increasing Si content.911

This is consistent with the more general trend that wave propagation velocities
through Fe-rich metals increase with Si and decrease with S.731 For Earth, the
high seismic wave velocity through the Earth’s liquid outer core derived from
seismological models has been used as an indication for Si as a prominent terres-
trial core alloying element,729 even though wave velocities through liquid metals
have not been measured at the relevant pressures. For Mercury’s core, however,
the relevant pressure regime can be reached by experimental techniques.

Here, we present an experimental dataset of ultrasonic wave velocities through
Fe-Si and Fe-S liquid at high pressure and high temperature, to which future seis-
mic measurements of Mercury’s core can be compared for deriving its composi-
tion.

19.2 Methods
We have performed ultrasonic wave velocity measurements on Fe-8.5 wt% Si, Fe-
17wt% Si and Fe-5wt% S liquid samples with the Paris - Edinburg (PE) press on
the 16-BM-B synchrotron beamline at the Advanced Photon Source facility of the
Argonne national laboratory, operated by HP-CAT (see below for details). These
Fe-Si mixtures represent the Si-poor and Si-rich limits of binary Fe-Si alloys for
Mercury.691, 754 For an Fe-S core, the Fe-5wt% S mixture represents the outer core
composition in case Mercury’s inner core is small. An Fe-10wt% S composition
has ultrasonic measurements available in literature732 and represents the outer
core composition in case the S concentration in the liquid core is enhanced by
growth of a pure Fe inner core of half the core’s mass.

19.2.1 Experimental setup and procedure
We performed high pressure experiments with an Paris - Edinburg (PE) press
on the 16-BM-B synchrotron beamline at the Advanced Photon Source facility
of the Argonne national laboratory, operated by HP-CAT. The PE cell assembly
(figure 1) carries a sample mixture of Fe-rich metal powders with 8.5 wt% Si,
17 wt% Si, or 5 wt% S. Pressure is applied by an hydraulic pumping system.
After pressure is applied, we perform heating steps by increasing the electrical
voltage over the lower and bottom WC anvils. In between heating steps, we first
take energy dispersive spectra (EDS) of the sample, BN, Al2O3 and MgO at 2θ
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Figure 19.1: This figure show a schematic layout of the Paris-Edinburgh cell assembly
used for our experiments. Ultrasonic wave trajectories R0, R1, R2 and R3 denote the
ultrasonic wave signals from reflection upon encountering the assembly, the sample, the
Al2O3 back-plate, and zirconia (ZrO2), respectively.

angle of 15.008° using X-ray synchrotron radiation up to 126 keV over 4000
channels. The BN, Al2O3 and MgO EDS spectra are fitted using the EXPGUI
interface912 to the GSAS crystallographic spectral fitting software913 to derive
unit cell volumes. These are used to determine the P and T conditions of the
sample environment (see calibration section). Sample spectra and sound velocity
signals are used to identify whether the sample is solid, partially molten, or fully
molten. Subsequently, we take a radiographic image of the sample, which is later
analyzed to determine the sample thickness. Finally, ultrasonic wave signals at
frequencies of 20, 25, and 40 MHz are generated and collected by a LiNbO3
transducer placed on the top anvil. Elastic waves propagate through the anvil, Au
foil, Al2O3 buffer rod, sample and Al2O3 backing plate. Reflected wave signals
occur at each boundary - at R0 between anvil and Al2O3 buffer rod, at R1 between
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Figure 19.2: This figure shows the P-T conditions derived from the thermocouple and
the BN EOS (dots), the Al2O3 and BN EOSs (triangles), and the MgO and BN EOSs
(squares). (S, red), (L, green), (Z, blue), and (F, cyan) denote the BN EOSs from Solozhenko
et al.,915, 916 Le Godec et al.,917 Zhao et al.,918 and Fuchizaki et al.,919 respectively, as de-
scribed in Wakabayashi and Funamori.920 The BN EOS proposed by Wakabayashi and
Funamori920 is labeled as (W, black). For Al2O3 and MgO we use the equations of states
described in Dubrovinsky et al.921 and Tange et al.,922 respectively.

buffer rod and sample, at R2 between sample and backing plate, and at R3 from
the back of the backing plate(see figure 19.1) - and are received by the transducer.
The R2-R1 signals are later processed as described in Kono et al.914 to obtain
the roundtrip time for sound waves through the sample. After sufficient data are
obtained at superliquidus temperatures, we decrease temperature back to ambient,
increase the pressure, and perform another heating cycle at a higher pressure. This
scheme is repeated until the sample becomes too small to obtain useful ultrasonic
data.

19.2.2 Calibration
We performed a calibration experiment without a sample and with a type C ther-
mocouple at the sample position to measure temperature in-situ, using a near-
identical cell-assembly as in the regular experiments. We follow the same exper-
imental procedure as in a normal experiment (see previous section), and collect
EDS spectra from the BN, Al2O3 and MgO as a function of the thermocouple-
derived temperature. We adopt a unit cell volume (V0) of 35.99 A3 for BN,
253.964 A3 for Al2O3, and 74.353 A3 for MgO in the corresponding EOSs, which
consistently match the measured EDS spectra of these materials at ambient con-
ditions.
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Figure 19.3: (a) Sample EDS spectra as a function of temperature during one heating cycle
(listed as heating cycle 1 of experiment Si17_2 in table 19.1). (b) The ultrasonic signal of
25 MHz at corresponding conditions. Pressure and temperature are determined from the
Al2O3 and BN EOSs as described in the text (see calibration section).

Figure 19.2 shows that the calculated P-T conditions vary by up to ∼ 1 GPa
and ∼ 200 °C, depending on the choice of BN EOS and the choice for the Al2O3
or MgO EOS. In the remainder of this study, we use the P and T as calculated from
the BN EOS proposed by Wakabayashi and Funamori920 and Al2O3 (the back tri-
angles in figure 19.2), because (a) the Al2O3 is located closer to the sample com-
pared to MgO; (b) the BN EOS proposed by Wakabayashi and Funamori920 yields
pressure conditions intermediate to the other EOSs; and (c) these temperature esti-
mates are relatively consistent with the thermocouple measurements (figure 19.2).
The uncertainties in pressure are ±0.5 GPa, and the uncertainties in temperature
are ±150 °C. Lattice parameters of all our experiments, including this calibration
experiment, are provided in the supplementary materials.
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19.3 results
Table 19.1 provides an overview of the pressure-temperature conditions at which
ultrasonic wave velocity measurements were taken for all three compositions.
Typical data obtained from one of the heating cycles are shown in figure 19.3.
Crystalline peaks for pure single-phase Fe-17wt% Si are present in the sample
EDS spectra at low temperatures. The crystalline peaks drop in intensity and a
more diffuse spectral signal emerges during heating (at 1226 °C and 1270 °C in
figure 19.3), consistent with a start of sample melting. Simultaneously, the R3
ultrasonic signal drops and R1 and R2 signals become stronger. At further in-
creasing temperatures, the R3 signal recovers, and the R1 and R2 signals are also
prominent. At this point the sample is fully molten and the velocity of the ultra-
sonic wave through the fully liquid sample is calculated from the R2-R1 sample
roundtrip time and sample thickness as determined from the radiographic image.

Table 19.1 lists the measured sound velocities and the corresponding P and
T conditions for the experiments of this study, and the results are plotted in fig-
ure 19.4. Our results confirm that the ultrasonic wave velocity through Fe-rich
liquids increase with Si and decrease with S (figure 19.4). At Mercury’s CMB
pressure of ∼ 4.5 GPa, sound velocities trough Fe-8.5 wt% Si and through Fe-17
wt% Si are ∼ 4600±100 m·s−1 and ∼ 4750±100 m·s−1, respectively. We have
obtained only one sound velocity measurement for the Fe-5wt% S composition,
which lies in between those measured for the pure Fe and Fe-10 wt% S liquid
samples by Jing et al.732 Assuming that the Fe-5wt% S sound velocity remains
intermediate to the sound velocities of pure Fe and Fe-10 wt% S at higher pres-
sures, sound velocities at Mercury’s CMB pressure trough Fe-5 wt% S and Fe-10
wt% S range ∼ 4000±150 m·s−1 and ∼ 3850±100 m·s−1, respectively.

We use the third order Birch-Murhagan equations of state923
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KT,0 = KT,re f +
δKT,0

δT
|T=Tre f (T −Tre f ), (19.4)

and
ρ0 =

ρre f

exp(
∫ T

Tre f
α0dT )

. (19.5)

Here, KT,0 is the isothermal bulk modulus at ambient pressure and temperature
T , ρre f is ambient pressure density at suitable reference temperature Tre f , KT is the
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Table 19.1: Pressures and temperatures are based on the crossing of the BN EOS pro-
posed by Wakabayashi and Funamori920 and the Al2O3 EOS of Dubrovinsky et al.,921 with
lattice parameters provided in supplementary information. Uncertainties on pressure and
temperature are ±0.5 GPa and ±150 °C.

Experiment
Heating cycle

(meas. number) P (GPa) T (°C)
20 Mhz
velocity

25 Mhz
velocity

30 Mhz
velocity

Mean
velocity

Si8.5_1 1 2.20 1479 4268 4274 4289 4277 (11)
2 3.21 1303 - 4346 4405 4385 (42)

3 (1) 2.91 1354 4556 4561 4491 4536 (39)
3 (2) 2.92 1367 4440 4461 - 4450 (15)

Si8.5_2 1 (1) 2.49 1401 4576 4574 4505 4552 (40)
1 (2) 2.52 1429 4483 4494 4442 4473 (27)
2 (1) 2.80 1348 - 4631 4546 4588 (60)
2 (2) 2.89 1391 4566 4570 4560 4565 (5)
2 (3) 2.89 1418 4505 4454 4474 4478 (26)
3 (1) 3.80 1310 4534 4533 4563 4547 (23)
3 (2) 3.95 1374 4494 4466 4452 4471 (22)

Si17_1 1 (1) 2.12 1291 4475 4401 4374 4417 (52)
1 (2) 2.14 1312 4464 4443 4440 4449 (13)
1 (3) 2.16 1344 4433 4437 4427 4432 (5)
2 (1) 2.52 1308 4429 4465 4483 4459 (27)
2 (2) 2.65 1371 4411 4444 4470 4442 (30)
3 (1) 3.91 1258 4543 4510 4516 4523 (18)
3 (2) 3.98 1306 4600 4508 4515 4541 (51)
4 (1) 3.52 1290 4842 4689 4619 4717 (114)
4 (2) 3.61 1350 4812 4759 4646 4695 (103)
5 (1) 3.83 1251 4779 4801 4801 4794 (13)
5 (2) 4.07 1332 4781 4764 4797 4781 (17)

6 4.32 1276 4718 4873 4880 4824 (92)
Si17_2 1 (1) 1.74 1321 4482 4563 4562 4536 (46)

1 (2) 1.75 1351 4429 4509 4527 4488 (52)
2 (1) 3.79 1322 - - 4773 4773
2 (2) 3.81 1359 - - 4631 4631

S5 1 2.20 1340 - 3607 3773 3690 (117)

isothermal bulk modulus at pressure P and temperature T , and α0 is the ambient
pressure thermal expansion coefficient. Since we are interested in the EOS of
liquids at temperatures well above the Debye temperature of Fe-rich metal, we
have924

αKT ∼ α0KT,0 (19.6)

where α is the thermal expansion coefficient at pressure P. The adiabatic bulk
modulus is calculated by

Ks = (1+αγT )KT , (19.7)

with T temperature and γ the gruneisen parameter. Because liquids do not carry
shear waves, the Newton-Laplace equation reduces to

VP =

√
KS

ρ
. (19.8)

For given KT,re f , δKT,0
δT , δKT

δP , α0, ρre f , Tre f , and γ , we calculate density (ρ) and
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Figure 19.4: (a) The ultrasonic P-wave velocity measurements trough Fe-17 wt% Si, Fe-8.5
wt% Si and Fe-5wt% S liquids of this study, the ultrasonic P-wave velocity measurements
through pure Fe and Fe-10wt% S liquids of Jing et al.,732 and the ultrasonic P-wave ve-
locity measurements through Fe-5wt% Ni-6wt% Si, Fe-5wt% Ni-10wt% Si, Fe-5wt% Ni-14
wt% Si and Fe-5wt% Ni-20 wt% Si liquids at ambient pressure conditions of Williams et
al.911 Uncertainties in pressure are ±0.5 GPa, except for the measurements of Williams et
al.911The red and black solid lines show the fit through our Fe-8.5 wt% Si and Fe-17wt%
Si measurements at a temperature of 1400 °C, anchored by Williams et al.’s911 ambient
pressure measurements (see methods section). The red and black dashed lines are the fits
through the sound velocity data Jing et al.’s732 Fe-5wt% S and pure Fe liquids at a potential
temperature of 1400 °C. (b) Plotted is the density versus pressure as determined by the fits
though our sound velocity data at a temperature of 1400 °C for Fe-5wt% Si (red line) and
Fe- 17wt% Si (black line). Also plotted are the density measurements of Sanloup et al.,731

the density as determined by Tateyama et al.’s927 sink/float experiments, and the sink/float
experiments of Yu and Secco.730

P-wave velocity (VP) from equations. We use ρre f = 6450 kg·m−3 for Fe-8.5wt%
Si and ρre f = 5900 kg·m−3 for Fe-17wt% Si at reference temperature Tre f = 1723
K,925 γ = 1.7629 and α0 = 9.2 ·10−5 K−1.629 Additionally, we prescribe the ambi-
ent pressure bulk modulus at the reference temperature by KT,re f = 79.9 GPa for
Fe-17wt% Si and KT,re f = 82.9 GPa for Fe-8.5wt% Si.911, 926 We fit δKT

δP to the
sound velocity data obtained in this study by a generalized least squares method,
and obtain δKT

δP = 8.4 for Fe-17wt% Si and δKT
δP = 9.4 for Fe-8.5wt% Si as best

fit values. This best fit value of δKT
δP for Fe-8.5wt% Si is strongly affected by

anonymously high VP measurements of 4588±60 m·s−1 and 4552±40 m·s−1 at
2.49 GPa. Neglecting these experimnetal results in our parameter-fitting proce-
dure yields δKT

δP = 8.9 for Fe-8.5wt% Si as our recommended bast fit value. The
fitted sound speed and density at Tre f are plotted as a function of pressure and
compared to literature data in figure 19.4.

The resulting density equation of state is in very good agreement with the sink-
float experiments of Yu and Secco,730 but yields ∼ 270 kg·m−3 lower densities
compared to those measured by Sanloup et al.731 and Tateyama et al.927 We note
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that the latter inconsistency is not inherent to our sound velocity data and can
be solved by an anomalously high ambient pressure reference density of ∼ 6300
kg·m−3 for Fe-17wt% Si, as is done in Sanloup et al.731 The inconsistency in
density between Yu and Secco730 and those measured by Sanloup et al.731 and
Tateyama et al.927 still needs to be solved.

19.4 Implications for a seismic mission to Mercury
Based on the ultrasonic P-wave measurements, strong indications for Mercury’s
core composition can be obtained if seismic instruments on Mercury can differ-
entiate between a core P-wave velocity of ∼ 4600±100 m·s−1 for Fe-8.5 wt% Si
or ∼ 4000±150 m·s−1 of Fe-5 wt% S. This requires a measurement precision of
roughly 10% of the seismic P-wave velocity, which is well above the precision at
which seismic P-wave velocities trough the Moon have been measured at similar
depths.928, 929 Many seismic waves should cross Mercury’s core as a result of the
large relative core size, such that a seismic signal of Mercury’s core is likely more
easily obtained compared to seismic signals from the lunar or Martian cores. If
successful, the measurement of Mercury’s core composition will provide valuable
constraints on Mercury’s formation and the origin of the proposed stably stratified
layer at its outer core.

19.5 Summary
Mercury’s core composition, likely either Fe-S or Fe-Si, is prominently linked to
the conditions of Mercury’s formation and the origin of its inferred stably strati-
fied layer in its upper core. We have measured the ultrasonic P-wave velocity (VP)
through Fe-Si and Fe-S liquids at pressures up to ∼ 4 Gpa. Results confirm that
VP increases with Si content and decreases with S content. The difference in VP
between Si-rich and S-rich cores of Mercury is above the precision of P-wave ve-
locity measurements interior to the Moon at depth equivalent to Mercury’s CMB,
indicating that seismic methods can place strong bounds Mercury’s core sompo-
sition. Based on these results, we argue that a seismic investigation of Mercury
can shed new light on the multi-decade old problem of Mercury’s formation, and
on whether the upper part of Mercury’s core is either thermally stratified or com-
positionally stratified.
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Table 19.2: This table lists the unit cell parameters of the experimental results of this study
in angstrom (A), obtained using the EXPGUI interface912 to the GSAS crystallographic
spectral fitting software.913

Experiment
Heating cycle

(meas. number) BN (a) BN (c) Al2O3 (a) Al2O3 (c) MgO (a)
Thermocouple

T (°C)
Cal 1 (1) 2.497 6.4301 4.754 12.975 4.208 200

1 (2) 2.4963 6.4815 4.759 13.000 4.2188 400
1 (3) 2.4964 6.555 4.775 12.985 4.231 600
1 (4) 2.4964 6.599 4.7827 13.04 4.2445 800
1 (5) 2.4964 6.630 4.7825 13.065 4.255 1000
2 (1) 2.495 6.3488 4.751 12.99 4.209 400
2 (2) 2.4945 6.372 4.7535 13.000 4.220 600
2 (3) 2.4951 6.393 4.7625 13.015 4.230 800
2 (4) 2.4947 6.439 4.7755 13.028 4.245 1000
2 (5) 2.4951 6.508 4.783 13.067 4.257 1200
2 (6) 2.4956 6.568 4.796 13.093 4.2682 1400
2 (7) 2.496 6.631 4.806 13.130 4.2825 1600
3 (1) 2.4951 6.3783 4.751 12.962 4.206 300
3 (2) 2.4942 6.379 4.760 12.990 4.2185 600
3 (3) 2.4935 6.378 4.768 13.028 4.232 900
3 (4) 2.4932 6.358 4.7777 13.063 4.242 1200
3 (5) 2.4936 6.336 4.790 13.077 4.2585 1500

Si8.5_1 1 2.4968 6.553 4.799 13.111 - -
2 2.4952 6.372 4.787 13.058 - -

3 (1) 2.4951 6.4272 4.7879 13.0725 - -
3 (2) 2.4958 6.4212 4.790 13.080 - -

Si8.5_2 1 (1) 2.4955 6.495 4.7945 13.091 - -
1 (2) 2.4955 6.495 4.7955 13.094 - -
2 (1) 2.4927 6.441 4.789 13.085 - -
2 (2) 2.4945 6.437 4.791 13.085 - -
2 (3) 2.4940 6.445 4.791 13.095 - -
3 (1) 2.493 6.310 4.7815 13.060 - -
3 (2) 2.4934 6.300 4.784 13.061 - -

Si17_1 1 (1) 2.497 6.526 4.7926 13.0815 - -
1 (2) 2.4967 6.529 4.7926 13.088 - -
1 (3) 2.4972 6.529 4.7945 13.088 - -
2 (1) 2.4962 6.468 4.790 13.0799 - -
2 (2) 2.4964 6.460 4.7927 13.081 - -
3 (1) 2.4951 6.406 4.7849 13.069 - -
3 (2) 2.4951 6.405 4.7866 13.073 - -
4 (1) 2.4944 6.334 4.7832 13.058 - -
4 (2) 2.4944 6.333 4.7846 13.067 - -
5 (1) 2.4936 6.293 4.7797 13.047 - -
5 (2) 2.4937 6.277 4.7805 13.0588 - -

6 2.4927 6.245 4.777 13.043 - -
Si17_2 1 (1) 2.4957 6.608 4.794 13.105 - -

1 (2) 2.4965 6.608 4.795 13.110 - -
2 (1) 2.4936 6.310 4.7827 13.058 - -
2 (2) 2.4942 6.310 4.7845 13.060 - -

S5 1 2.4945 6.536 4.788 13.12 - -
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Chapter 20

Synthesis

In this chapter, we provide a brief synthesis of this PhD thesis, with specific focus
on the research performed during this PhD.

Mercury, the smallest planet in our solar system, is of great scientific interest
for a wide variety of reasons.

Mercury has a unique rotation of rotating three times about its axis within
completing two orbits (a so-called 3 : 2 spin-orbit resonance), which is stable as
a result of its eccentric orbit. It is difficult for Mercury to arrive in this rota-
tional state initially, because Mercury would likely get trapped in other spin-orbit
resonances in its early despinning evolution. The most likely initial capture is a
synchronous rotation if Mercury’s initial rotation was rapid retrograde and a 2 : 1
spin-orbit resonance if Mercury initial rotation was rapid prograde. The global
photography by MESSENGER revealed a pronounced global East-West asymme-
try in craters > 300 km in diameter, which is consistent with cratering in a 1 : 1 or
2 : 1 spin-orbit resonance but not with its present-day 3 : 2 spin-orbit resonance.
The Caloris impact, which produced Mercury’s largest crater and is among the
most recent large impacts, has likely destabilized Mercury’s prior rotational state.
Hence, both a former 1 : 1 and 2 : 1 spin-orbit resonance of Mercury (prior to the
Caloris impact) are consistent with the global distribution of large craters. How-
ever, only a former 2 : 1 spin-orbit resonce is also consistent with the decelerating
influence of tides (chapter 10).

Mercury’s unique proximity to the Sun causes its highly eccentric orbit to pre-
cess faster than predicted by Newton’s law of gravitation. This has been among
the first (if not the first) hint(s) of relativistic effects. The precession of Mercury’s
orbital plane causes Mercury’s spin axis to be slighly tilted with respect to its or-
bit normal (a so-called Cassini-state). The amplitude of this off-set (obliquity)
depends on Mercury’s moment of inertia and gravimetric figure, such that the
planet’s moment of inertia is derived from measuring the other two variables. The
gravitational pull of the massive Sun generates small forced librations in longitude
of Mercury’s outer solid shell which are decoupled from its core rotation, as a re-
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sult of Mercury’s non-spherical gravimetric shape and highly eccentric orbit. The
amplitude of these forced librations constrains the moment of inertia (and size)
of Mercury’s outer solid shell and core. More specifically, the low-order gravity
harmonics as measured by NASA’s MESSENGER mission constrains the thick-
ness of Mercury’s outer solid shell to ∼ 400± 50 km, which is likely composed
of crust and mantle. A liquid layer must be present below this solid layer and is
likely Fe-rich liquid metal (core). Under these assumptions, Mercury’s bulk com-
position contains ∼ 75±10 wt% metallic Fe, and Mercury’s core radius is ∼ 5

6 th
of the planet’s radius (chapter 12).

The anomalously large Fe abundance in Mercury compared to the other ter-
restrial planets is a puzzle for planetary formation theories. Most explanations en-
volve a temporary hot (and reduced) state of Mercury: either a high temperature
of the original condensates, or high temperatures that resulted from a large mantle
stripping impact, or high temperatures as the cause for evaporating silicates from
Mercury’s bulk after accretion. MESSENGER has identified Mercury’s surface
to be low in Fe and rich in volatiles. The low surface Fe abundance is in accor-
dance with a high temperature history, because Fe behaves dominantly metallic in
high temperature (reduced) environments. But it appears difficult to maintain the
observed amount of volatiles on Mercury’s surface if Mercury has been hot. So
far, mantle differentiation processes are not incorporated in these arguments. An
attempt to study such mantle differentiation processes has revealed that the uncer-
tainties in the initial stages of Mercury’s mantle evolution may be large and that
the surface abundances of the main oxides likely do not provide robust constraints
on Mercury’s formation (chapter 16).

Mercury has a weak magnetic field that is likely generated by core convec-
tion. Although Mercury’s low rotation rate results in a high ratio of inertial forces
to Coriolis forces (high Rossby number) which leads to a small-scale dominated
dynamo, the observed magnetic field is dominantly of broad-scale geometry. This
is likely caused by the presence of a non-convecting upper layer of the liquid
core, which attenuates the small scale features that propagate through the stable
layer (chapter 14). The stability of the outer core layer is related to either com-
positional or thermal stratification, depending on whether core solidification in
Mercury generates compositional convection. Thermal models show that an Fe-
Si core composition of Mercury is consistent with a thermal stratification as the
stabilizing mechanism (chapter 13). With an Fe-S core composition, the stratifi-
cation is likely compositional in nature.

NASA’s MESSENGER mission had a hugely impressive science return. In
particular, it has globally mapped Mercury’s surface and yielded spatially re-
solved datasets of surface, atmospheric, and magnetiospheric species, as well as
constraints on some geophysical fields (gravity and magnetism). A first global
geological survey of the planet has provided important insights in Mercury’s ge-
ological history, detailing that Mercury was volcanically active during its early
evolution with signatures of more recent small-scale volcanism and the nature of
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the radar-bright deposits being water-bearing. A complete global survey is how-
ever prohibited by a lack of global coverage and regional low quality of several
datasets, which was largely inherent to MESSENGER’s orbit geometry.

The upcoming BepiColombo mission will build on MESSENGER’s preview
of Mercury. BepiColombo’s two orbiting satellites are equipped with state-of-
the-art satellite instrumentation and will take optimal advantage of their coplanar
circular-low altitude and eccentric high-altitude orbits to characterize Mercury’s
environment and surface from orbit with unprecendented resolution. The impli-
cations of these discoveries are difficult to foresee at present, but expectations are
that BepiColombo will cover almost completely the research potential of planet
Mercury from orbit for decades to come.

Laboratory experiments are essential to place satellite observations in context
(chapter 15). However, it is likely that neither the problem of Mercury’s forma-
tion nor that of the mechanism(s) responsible for stabilizing Mercury’s top liquid
core layer will be resolved by the upcoming satellite mission and experimental
studies. However, our experiments have indicated that the wave propagation ve-
locity through Fe-Si liquid is substantially higher than that of Fe-S liquid (chapter
19). A future seismic mission, which is a logical follow up from the three satel-
lite missions so far, may use these measurements to determine the composition
of Mercury’s core. This would provide strong evidence as to whether the top
liquid core layer is thermally or compositionally stratified and additionally have
implications for Mercury’s formation history: Si fractionates in the core at highly
reducing conditions whereas S fractionates into the core at more oxidized condi-
tions, such that the core composition can be regarded as a proxy for Mercury’s
bulk redox state (reduced versus oxidized).

I hope to have entertained the reader with this thesis on planet Mercury, which
ends here.
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Chapter 21

Supplementary information

This chapter contains a description of the satellite instrumentation on board Mariner
10 (section 21.1), MESSENGER (section 21.2) and BepiColombo (section 21.3).
These descriptions are given for completeness and to give the reader an impression
of the instrumentation on board each spacecraft. We refer the reader to references
for further information.

21.1 Mariner 10 satellite instrumentation
NASA’s Mariner 10 satellite hosted seven experiments, which are listed below.
Most information is obtained from NASA’s National Space Science Data Center
website.

Television photography (TV)

The main aim of this experiment was to photograph Mercury’s surface. Addi-
tional objectives were to determine the orientation of the spin axis, establish a
cartographic coordinate system and search for Mercurian satellites. For these
purposes, two Cassegrain telescopes, 150 mm in diameter, were mounted on the
spacecraft, each attached to a camera with 700×832 pixel resolution images de-
signed for narrow-angle photography (0.36°×0.48° field of view). The cameras
were equipped with a filter wheel of eight filters. This filter wheel enabled wide-
angle photography (11°×14° field of view), blue bandpass, UV polarizing, minus
UV high pass, regular imaging, UV bandpass, lens defocusing (for calibration)
and yellow bandpass. For Mercury, images up to 100 km2 in resolution have been
made.
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Figure 21.1: A skematic picture of the Mariner 10 satellite. Figure credits: NASA/JPL.

Celestial mechanics and radio science

Two primary objectives for this experiment were to continuously track the space-
craft location and to obtain variations in the Earth-spacecraft radio signals that are
associated with the material between Earth and the satellite. The first is useful for
planetary mass and gravity field determinations. The latter provides information
on the pressure and temperature profiles of planetary atmospheres. Additionally,
the radius of the planet can be determined from the signal cut-off point. To achieve
these objectives, X- (8400 MHz) and S- (2113 MHz) bands were mounted on the
spacecraft.

Scanning electrostatic analyzer and electron spectrometer

This experiment was designed to study modes of planetary interactions with the
solar wind, the role of electrons in these interactions and the plasma regime at
Mercury. Additionally, it aimed to study the solar wind between 0.4 and 1 AU.
To achieve these goals, the spacecraft was equipped with two sunward facing
electrostatic analyzers (SESA) and one backward facing electron spectrometer
(BESA). They were mounted on a scanning platform, which was able to sweep
1° per second through a total arc of 120° in the Sun-spacecraft line. The SESA
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failed to return data. From data obtained by the BESA, basic parameters of the
solar wind, such as the ion bulk speed, electron temperature and electron density,
were measured.

Triaxial fluxgate magnetometer

The purpose of this experiment was to measure the vector magnetic field. It con-
sists of two triaxial fluxgate magnetometers mounted on a common boom 2.3 m
and 5.8 m dislocated from the spacecraft’s center. Both magnetometers measured
the local magnetic field vector. The magnetic distortion caused by the spacecraft
itself was quantified by analysis of simultaneous measurements of both magne-
tometers and was separated from the ambient fields, the latter being the magnetic
field of interest. Both sensors had dual operating ranges at ±16 nT and ±128 nT
with respective accuracy of 0.03 nT and 0.26 nT. The operating range extended
up to ±3188 nT.

Extreme ultraviolet spectrometer

The main objective of this experiment was to determine atmospheric properties
and composition. The experiment consists of an occultation spectrometer fixed
on the spacecraft, and an airglow spectrometer positioned on the scanning plat-
form with SESA and BESA. The occultation spectrometer measures extinction
properties of solar radiation when the atmosphere is positioned in the spacecraft-
Sun line. Radiation fluxes were measured at 47.0, 74.0, 81.0 and 89.0 nm. The
airglow spectrometer was designed to measure airglow radiation in the spectral
range of 20− 170 nm, more specifically at 30.4, 43.0, 58.4, 74.0, 86.9, 104.8,
121.6, 130.4, 148.0 and 165.7 nm with a 2.0 nm spectral resolution. The field of
view was 0.15° full width at half a maximum for the occultation spectrometer and
0.13°× 3.6° for the airglow spectrometer. See Broadfoot et al.930, 931 for more
information.

Two-channel infrared radiometer (IRR)

This infrared radiometer was designed to measure thermal emissions from Mer-
cury in two broad spectral bands: 22− 39µm (80− 500 K) and 10− 17µm
(200− 650 K). These measurements provided day and night time surface tem-
perature measurements and were additionally used parallel to other instruments
to identify shading of mountains, valleys, volcanoes and/or unusual surface mate-
rial by their temperature signature.

Energetic particles experiment

This experiment was designed to detect high-energy particles. It complemented
the magnetic field measurements and plasma-science measurements of Mercury’s
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Figure 21.2: A schematic picture of the Mariner 10 satellite. Figure credits: NASA/Johns
Hopkins University Applied Physics Laboratory/Carnegie Institution of Washington

interaction with the solar wind. A main telescope measured protons and alpha
particles of 0.62−10.3 MeV/nucleon and electrons above ∼ 170 keV and a low-
energy telescope measured protons of 0.53−8.9 MeV that was insensitive to most
electrons.

21.2 Messenger satellite instrumentation
NASA’s MESSENGER satellite hosted the 8 experiments listed below. The satel-
lite was equipped with a pivot platform that can rotate for pointing attached in-
struments to an area of interest. The range of scan of the platform was −40° in
the sunward direction and +50° in the planet direction.
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Mercury Dual Imaging System (MDIS)

The MDIS instrument was designed to obtain a monochrome map at 250 m av-
erage resolution or better and a color map at 2 km resolution or better of global
coverage. The MDIS consists of a wide angle camera (10.5° field of view) and a
narrow angle camera (1.5° field of view), both with a detector of 1024×1024 pixel
resolution. The wide angle camera is enhanced with a 12-position filter wheel of
which 10 spectral filters cover wavelengths that are diagnostic for different sur-
face compositions in the range of 395−1040 nm with 10−40 nm bandwidths, a
medium bandwidth filter (650− 850 nm) provides fast exposure for high resolu-
tion imaging and the last panchromatic filter is used for navigation. The narrow
angle camera used a reflective design with a single medium-band filter identical
to the one in the wide angle camera. The cameras cannot operate simultaneously
due to thermal constraints. They are both mounted on the pivot platform.860

Gamma-Ray and Neutron Spectrometer (GRNS)

The GRNS consisted of the Gamma-Ray Spectrometer (GRS) and the Neutron
Spectrometer (NS). The GRS detects gamma-radiation in the 60 keV - 9 MeV
energy range with a resolution of 3.49 keV at 1332 keV. It has successfully de-
termined average surface abundances of Na, Al, Si, S, K, Ca, Fe, Th, and U in
Mercury’s Northern hemisphere. The NS consisted of a borated plastic scintil-
lator, sensitive to epithermal and fast neutrons, sandwiched between two lithium
glass scintillators, that are sensitive to thermal and epithermal neutrons. The av-
erage atomic mass of the neutron source (upper 10s of cm of Mercury’s surface)
is related to the fast neutron flux (> 500 keV). Abundances of neutron absorb-
ing elements (e.g., Fe, Ti, Gd, Sm) can be determined from the thermal neutron
flux (< 1 eV). Hydrogen abundances are sampled primarily determined from the
epithermal neutron flux (1 eV - 500 keV).932

X-Ray Spectrometer (XRS)

The XRS was designed to quantify and spatially resolve elemental abundances of
Mg, Al, Si, S, Ca, Ti, and Fe in the upper mm of Mercury’s surface by measuring
the characteristic X-ray emissions for these elements. More specifically, the Kα

lines of these elements (at 1.254 keV for Mg, 1.487 keV for Al, 1.740 for Si,
2.308 keV for S, 3.691 keV for Ca, 4.508 keV for Ti and 6.403 keV for Fe) are to
be resolved for. The XRS does so by three gas-filled proportional counters (GPC)
directed to the planet and one solar assembly for X-rays (SAX) directed to the
Sun, both sensitive to 1−10 keV radiation gathered over 256 channels. The three
GPC’s are identical up to a thin foil of Mg over one GPC and an Al filter over
another. Because the Mg foil attenuates the Kα lines of Al and Si and the Al foil
attenuates the Kα line of Si, the characteristic Kα lines for all of these three ele-
ments can be resolved for by comparing the three obtained spectra, despite their
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similar energy. The SAX detects solar X-ray emissions. By measuring both the
solar incident X-rays and those emitted by Mercury, the elemental abundances of
the surface can be quantified. The GPC’s field of view is 12°, corresponding to
a spatial resolution of ∼ 42 km at the satellite’s periapsis (above Northern hemi-
sphere) and ∼ 3000 km at apoapsis (above Southern hemisphere).933

MAGnetometer (MAG)

MAG’s objective was to characterize Mercury’s magnetic field, its magnetospheric
structure and the dynamics of Mercury’s solar wind interaction. It consists of
three orthogonally mounted magnetic sensors that enable local measurement of
the magnetic field vector. The sample rate is adjustable from 0.01−20 Hz as the
preferred rate varies with spacecraft altitude. It can operate at ±51300 nT (1.6
nT resolution) or at ±1530 nT (0.047 nT resolution). The first range is for pre-
flight testing on Earth’s Magnetic field and the latter is for Mercury operation.
The instrument is mounted at the end of a 3.6 m boom to avoid influence from the
spacecraft magnetic field.934

Mercury Laser Altimeter (MLA)

The main aim of the MLA was to obtain the topography of Mercury’s northern
hemisphere. Combined with the Radio Science experiment, Mercury’s radius,
obliquity, the amplitude of its small forced librations can additionally be deter-
mined. At < 1200 km spacecraft altitude, the topography is determined to within
1 m accuracy by variations in the spacecraft → Mercury’s surface → spacecraft
round-trip time of transmitted laser pulses at 1064.5±0.2 nm. The obtained echo
pulse energy additionally yields measurement of surface reflectivity at this wave-
length.935

Mercury Atmospheric and Surface Composition Spectrometer (MASCS)

The MASCS consists of a small Cassegrain-style telescope linked to an Ultraviolet-
Visible Spectrometer (UVVS) and a Visible-Infrared Spectrograph (VIRS). The
UVVS has three photomultiplier tube detectors that measure far ultraviolet (115−
190 nm), middle ultraviolet (160−320 nm) and visible (250−600 nm) radiation
with 0.3 nm, ∼ 0.7 nm and 0.6 nm spectral resolution, respectively. It is op-
timized for measuring the altitude profiles of known atmospheric species (H, O,
Na, K and Ca), the search for undetected atmospheric species (e.g., Si, Al, Mg, Fe,
S, OH) and measurement of ultraviolet (< 300 nm) surface reflectance. For atmo-
spheric measurements and surface measurements, the field of view is 1°× 0.04°
and 0.05°× 0.04°, respectively. VIRS, mounted on top of the UVVS, has two
detectors to measure visible (300−1050 nm) and near-infrared (850−1450 nm)
radiation at a 4.7 nm resolution for both, optimized to measure surface reflectance
of 300− 1450 nm wavelengths. The circular field of view for VIRS is 0.023° in
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diameter. Combined, UVVS and VIRS yield surface reflectance spectra in the
spectral range related to Fe-bearing minerals (spectral signatures near 1000 nm),
Fe-Ti-bearing glasses (spectral signatures near 340 nm) and ferrous iron (strong
signature near 250 nm). Surface resolution of 5 km or better can be obtained.936

Energetic Particle and Plasma Spectrometer (EPPS)

The EPPS objective was to determine the energy, angular and composition dis-
tribution of the energized particles (electrons and neutrons). Combined with the
MAG instruments, this provides insight in the structure, source, dynamics of the
magnetic field and its crustal, surface and solar wind interactions. The instrument
consists of an Energetic Particle Spectrometer (EPS) and a Fast Imaging Plasma
Spectrometer (FIPS). The EPS is sensitive to high-energy components of the inci-
dent electron (> 20keV) and ions (> 5 keV/nucleon). This yields measurements
of energetic H, He, CNO, Fe and electrons. The FIPS is sensitive to low-energy
components of the ion distributions (< 50 eV/charge to 20 keV/charge). This
detector is calibrated for measurement of H, N, H2O, N2, O2 and Ar.937

Radio Science (RS)

The RS instrument was used for Earth-spacecraft communication, forward com-
mands to the other instruments and provide precise data on the velocity and po-
sition of the spacecraft. It operates at X-band frequencies, with 7.2 GHz for
Earth-spacecraft signals and 8.4 GHz for spacecraft-Earth signals. Earth based
antennas of 34 m and 70 m diameter at Goldstone, California; Madrid, Spain;
and Canberra, Australia communicate with the spacecraft. On the spacecraft, two
phased-array antennas transmit high-gain signals, two fanbeam antennas provide
medium gain communication and four low-gain antennas provide low-gain com-
munication. The constant precise tracking of MESSENGER’s velocity and posi-
tion provided the required information for constructing Mercury’s gravity field.
MESSENGER’s position relative to Mercury’s center of mass is sufficient for
the MLA instrument to measure the local planetary radius and to estimate the
obliquity and liberation amplitude. Most importantly, the RS instrument provided
the possibility to navigate and direct the spacecraft from Earth-based ground sta-
tions.938

21.3 BepiColombo satellite instrumentation
In a single composite spacecraft, the BepiColombo mission will bring 2 individual
satellites, the Mercury Planetary Orbiter (MPO) and the Mercury Magnetospheric
Orbiter (MMO), to planet Mercury. MPO and MMO will be detached from the
composite unit nearby Mercury and brought in separate orbits around the planet.
The MPO and MMO orbits are both polar, and hence coplanar. The mission is a
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Figure 21.3: An artist impression of the BepiColombo composite spacecraft, consisting
of the Mercury Transfer Module, responsible for bringing the spacecraft to Merucry, the
MPO and MMO sttelites, and a sunshield. Figure credits: ESA

collaboration of the European Space Agency (ESA) and the Japanese Aerospace
Exploration Agency (JAXA).

21.3.1 The Mercury Planetary Orbiter (MPO)
MPO is a three-axis stabilized spacecraft that carries 11 instruments. MPO has
a box-geometry (see figure 21.4) and will rotate during its orbit such that the
radiator remains facing away from the Sun and can effectively cool the spacecraft.

BEpiColombo Laser Altimeter (BELA)

BELA is the laser altimeter onboard the MPO, which will measure the topogra-
phy of Mercury. It uses an Nd:YAG laser, which produces 1064 nm laser pulses
of 50 mJ. The pulse relected from the Mercury surface is collected by a nickel-
electroforming telescope of 25 cm in diameter. The BELA→ surface→ BELA
roundtrip time yields the spacecrafts altitude, which will be converted to surface
topography in a Mercury-centric reference frame. BELA will provide topography
up to sub-meter accurary and 1064 nm surface albedo albedo up to ∼ 0.2 accu-
racy.939 It will also be able to measure the lowest order time-variability of surface
due to tides (h2), which is of interest for Mercury interior configuration.

Italian Spring Accelerometer (ISA)

ISA will measure the non-gravitational disturbances that act on the MPO space-
craft, which are dominated by the radiation pressure induced by the Sun and Mer-
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Figure 21.4: An artist impression of the MPO satellite. Figure credits: ESA/ATG medialab

cury. These influences will be corrected for, whereafter the MPO can be modeled
as a drag-free sattelite for determination of Mercury’s gravity field and relativistic
effects. ISA consists of three accelerometers, which are mechanical harmonic os-
scilators, placed in orthogonal directions bodyfixed on the MPO. The accelerom-
eters have an eigenfrequency of 3.5 Hz, a proof mass of 0.2 kg and a Q of 10. As
long as the externeal accelerations occur at a much lower frequency compared to
the eigenfrequency, the oscillator will be completely damped. In damped state, the
position of the proof mass (i.e. its deviation from the equilibrium position intrisic
to the harmonic oscillator) is diagnostic of the external acceleration to the space-
craft, because this acceleration balances the intrinsic acceleration of the oscilator
in this state.940

MAGnetometer (MPO-MAG)

The MPO-MAG consists of two identical fluxgate magnetometer separately po-
sitioned on a boom outside the MPO spacecraft. The magnetic field induced by
the MPO itselve can be identified and removed by the measurements difference
between the magnetometers. The magnetic field vector between ±2000 nT can
be measured at a resolution of 2 pT at a rate of 0.5−64 Hz, which is sufficient to
constrain the magnetic harmonics at least up to order 4.941
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Mercury Radiometer and Thermal Infrared Spectrometer (MERTIS)

MERTIS is the infrared spectrometer and radiometer collecting radiation between
700− 1400 nm and between 700− 4000 nm wavelengths, respectively, onboard
the MPO. It uses a 50 mm focal length telescope with 4° field of view. A ro-
tating mirror system in placed in front of the optical to target the measurement.
Measurements of 10 s duration will subsequently be taken of an in-house 300 K
black body, deep-space, a Mercury surface target, and an in-house 700 K black
body. These measurements provide the data needed for calibration of every indi-
vidual measurement. MERTIS aims to obtain measurements of global coverage
with < 500 m resolution, and will be used to detect surface mineralogy (feldspars,
plagioclase, elemental S, and complex minerals).942

Mercury Gamma-ray and Neutron Spectrometer (MGNS)

MGNS is the gamma-ray (MGRS) and neutron (MNS) spectrometer on-board the
MPO, which examines the top 1−2 m of Mercury’s subsurface. The MNS hosts
four neutron detectors (SD1, SD2, MD, and SCD/N). SD1, SD2, and MD use
idential 3He proportional counters, which measure the neutron flux by the reac-
tion 3He+n→3H + p, n and p denoting neutron and proton. A Cd layer shield
SD1 and MD from thermal neutrons < 0.4 eV, whereas SD2 collects both epither-
mal and thermal neutrons up to 1 keV. MD is additionally shielded by shielded
from moderate energy neutrons by thick polyethene and collects neutrons from
0.4 eV - 500 keV. SCD/N uses a stilbene crystal, shielded from external protons
by a plastic scintallator, to count high-energy neutrons (0.3− 10 MeV) from the
reaction H+n→ n’ + p. Combined, these detectors can determine the neutron em-
mision intensity from thermal energies up to 10 MeV, from which the sub-surface
abundance of elements will be determined. MGRS uses a LaBr3 scintillator of 3
inch, which is a new promising crystal for gamma-ray detection between 0.3−10
MeV, across 4096 channels. This will constrain the soil-composition and radio-
genic isotopes.

Mercury Imaging X-ray Spectrometer (MIXS)

MIXS is the X-ray spectrometer onboard the MPO, and consists of a two adje-
cent measurements channels MIXS-T and MIXS-C, both connected to a MIXS
detector. The MIXS detectors can resolve X-rays between 0.5− 7.5 keV, with
100 eV spectral resolution at 1 keV. MIXS-C is a collimator and provides a full
throughput of X-ray signal within 10.4° field of view, corresponding to ∼ 70 km
resolution at 400 km sattelite altitude. The MIXS-T is a telecope with 1.1° field
of view and 9 arcmin angluar resolution. Hence, MIXS-T provides X-ray images
of ∼ 1 km surface resolution at 400 km sattelite altitude, but requires solar flare
periods to obtain sufficient X-rays. Altogether, the MIXS instrument can provide
compositional measurements of landforms on < 10 km resolution.
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Mercury Orbiter Radio-science Experiments (MORE)

MORE is the radio science instrument onboard MPO. It consists of the deep space
transponder, also used for tracking telemetry and sattelite comminucations, with
X(8.4 GHz) and Ka(32.5 GHz) band downlinks and X-band uplink (7.2 GHz),
combined with a Ka-band transponder (KaT), which can recieve uplink and re-
transmit it back to Earth at 34 GHz and 32.5 GHz, respectively. The use of
multi-frequency radio links allows to resolve the plasma noise, which is the dom-
inant source of error on radio tracking. This enable a MORE accurate position-
tracking of MPO, which will be used in determining the gravity field, including its
dominant tidal oscillations (k2), and fundamental Post-Newtonian parameters.905

Combined with the high resolution imaging of SIMBIO-SYS, it will also deter-
mine rotational parameters, such as the obliquity and physical libration amplitude.

Probing of Hermean Exosphere By Ultraviolet Spectroscpoy (PHEBUS)

PHEBUS consistt of two ultraviolet spectrometers, the Extreme Ulta Violete (EUV)
covering 55−155 nm and the Far Ultra Violet (FUV) covering 145−315 nm ex-
tended by detection lines at 404 and 422 nm, aiming to detect atmopheric con-
stituents and study their vertical and horizonal distribution. The spectrum is de-
rived using micro-channel plate detectors with resistive Anode Encoders, which
has a very high sensitivity, withut high current requirements. Mirrors are used to
collect light above the limb of the planet, whereas baffles are used to avoid light
from the Sun and Mercury’s surface to enter the detectors.943

Search for Exospheric Refilling and Emitted Natural Abundances (SERENA)

SERENA consists of four separate neutral and ionised particle detectors, with the
aim of studying the coupled surface-exosphere-magnetisphere system of Mercury,
as well as its interactions with the micrometeroritic bombardment, energetic par-
ticles, and the interplanetary medium. Neutral particles with energies between
∼ 0−∼ 1 eV and between ∼ 20 eV - ∼ 5 keV are analysed through time of flight
measurements by the STROFIO and ELENA instruments, respectively. Ionised
particles between ∼ 15 eV - ∼ 15 keV and between ∼ 1 eV - ∼ 3 keV are anal-
ysed by the ion-spectrometers MIPA and PICAM. MIPA is designed to measure
very high fluxes of ionized particles, for example to study the solar wind parti-
cles, or the magnetospheric ions that may induce the ion-sputtering of the surface.
PICAM is optimised for lower fluxes to analyse Mercury’s exo-ionosphere.943

Spectrometer and Imagers for MPO BepiColombo Integrated Observatory
SYStem (SIMBIO-SYS)

SIMBIO-SYS is the surface imaging suite onboard the MPO, and consists of a
stereo imaging system (STC), and high resolution imager (HRIC), and a visible-
near-infrared imaging spectrometer (VIHI). STC consists of two identical wide
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angle color cameras, enhanced with five filters. One is a panchromatic filter
(700±100 nm), and the others are color filters (at 420±10, 550±10, 700±10,
and 920± 10 nm). Both cameras have a resolution of 2048× 2048 pixels and a
field of view of 5.3°×4.6°. The use of the camera’s 2048×2048 pixel resolution
is distributed accros five filters. The HRIC camera has the same pixel resolution
as the STC cameras, but has a field of view of 1.47° which increases the effec-
tive resolution to ∼ 5 m per pixel at 400 km spacecraft altitude. The HRIC has
a panchromatic filter (at 650± 250 nm) and three color filters (at 550± 20 nm,
750± 20 nm and at 880± 20 nm). The VIHI hypersprectal imager has a spec-
tral range of 400− 2000 nm, distributed across 256 channels. It has an effective
resolution of 100 m per pixel at 400 km spacecraft altitude.944

Solar Intensity X-ray and Particles Spectrometer (SIXS)

SIXS includes an X-ray detector system and a particle detector system. The X-
ray detector system consists of three identical detectors whose combined field of
view cover approximately a quarter of the total 360°. The detectors have an energy
range of 0−20 keV, collected in 512 energy channels. The lower energy detection
limit is ∼ 1 keV. The most important aim of this measurement is to monitor the
Sun’s X-ray emmisions. These are, although also interesting for studying the Sun,
predominantly needed for interpretation of the MIXS measurements. The particle
detector consists of an Csl(TI) cubic scintallator cristal, which is covered on five
sides by Si PIN diodes and by an Si photodiode on the sixt side. This unit is
enclosed by an aluminium casing, with small openings for particle throughput.
High energy particles that penetrate through the SI PIN diodes into the Csl(TI)
crystal are identified by the energy loss through the diodes. Measureable energy
ranges are 0.1− 3 MeV for electrons, 1− 30 MeV for protons, 1− 4.3 MeV/n
for alpha particles, and 1.5− 8 MeV/n He particles. The identification of these
particles of solar origin is helpful for understanding the interaction of the solar
wind with Mercury’s surface and magnetosphere.945

21.3.2 The Mercury Magnetosphere Orbiter (MMO)
MMO is an octagonal prism, stabilized by rotating at 15 rpm about its spin-axis
which remains perpendicular to Mercury’s orbital plane throughout the orbital
mission phase.

Mercury Dust Monitor (MDM)

MDM is the Mercury Dust Monitor onboard MMO, with the objective to measure
the meteoroid flux and momentum near Mercury, and its spatial and temporal
variability. It contains four piezoelectric sensors of each 40 mm ×40 mm ×2
mm, which are attached on a side of the MMO. A dust impact on these sensors
induced a voltage response timeseries signal, which varies from oscillating for
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Figure 21.5: A schematic figure of the MMO satellite. Figure credits: JAXA

low-velocity impacts to a single peak for high velocity voltage. The oscillation
and peak amplitude relates to the impact momentum. The direction can be ap-
proximately inderred from the orientation of the MMO at the time of impact. Due
to the orientation of MMO, MDMis particularly susceptible for dust trajectories
parrallel to Mercury’s orbital plane.946 Results are relevant for understanding the
meteoritic contribution to Mercury’s atmosphere and surface release mechanism,
and for constraining the distribution of dust in the inner solar system.

MMO Magnetometer (MGF)

The MGF is the magnetometer onboard the MMO. It consists of two fluxgat mag-
netometers, similar to those of MAG, one placed at the end of an 4.4 m boom
outside the MMO (MGF-O), and the other placed 1.6 m from the end of the boom
(MGF-I). The use of two magnetometers will enable an estimation and filtering of
the spacecraft induced magnetic field. The MAG and MDF instruments combined
provide two point measurements of Mercury’s magnetic field, which is extremely
usefull given the time-variability of the field that results from Mercury’s elletip-
itcal orbit. The MGF will sample magnetic field vectors at a rate of 128 Hz, i.e.
faster than the MAG, but has a resolution of 3.8 pT, lower than that of MAG. The
higher altitude of MMO allows for MGF to study the interplay between Mercury’s
magnetosphere and the solar wind.947

Mercury Plasma/Particle Experiment (MPPE)

The MPPE is a suite of seven instruments for plasma and particle measurements
onboard MMO. Two Mercury Electron Analyzers (MEA1 and MEA2) are placed
at the MMO sides 90° and are devoted to measuring the three-dimensional elec-
tron distribution of Mercury’s environment between 5 eV - 30 keV. Because the
electron fluxes near Mercury vary by many orders of magnitude, an adjustable
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treshhold for detector saturation is required. This is achieved by varying the geo-
metrical factor of each detector electrically by a factor up to 100 and additionally
having MEA2 covered by a grid attenuator with 5% transparency, which reduces
the geometrical factor of MEA2 by 95%.948 The Mercury Ion Analyzer (MIA)
measures the distribution of ions between 5 eV/q - 30 keV/q. Also the geometri-
cal factor of MIA can be eletronically reduced by a factor of 50, and by another
factor 10 using an attentuation grid of 10% transparancy. The Mass Spectrum
Analyzer (MSA) is a mass spectrometer that measures the mass and energy (and
spatial) distribution of ions between 1-64 amu and 5 eV/q - 40 keV/q, using time
of flight principles. The High-Energy Particle instrument has two sensors (HEP-
ele and HEP-ion) that use Si-solid state detectors and time of flight analyses for
identifying electron between 30− 700 keV and ions between 30− 1500 keV, re-
spectively. The mass range for HEP-ion includes those of H, He, C-N-O, Na-Mg,
K-Ca, Fe and electrons. Finally, an Energetic Neutrals Analyzer (ENA) ionizes
neutral particles, to identify their nature (mass and energy) by time of flight anal-
yses. It can resolve neutrals between 10 eV - 3.3 keV.949 Combined, the MPPE is
an impressively detailed package for plasma and energetic particle analyses, rele-
vant for understanding the processes that govern magnetospherical processes and
its interplay with the exosphere and solar wind.

Mercury Sodium Atmosphere Spectral Imager (MSASI)

The MSASI spectral imager on board MMO is completely devoted to map the
distribution of Na across Mercury’s exosphere. A filter is positioned at entrance
of the lens to only allow light ranging 589±15 nm (589 nm is the D2 emmision
line for Na) to enter the lens. MSASI uses a Fabry-Perot interfereometer with
spectral range of 589.1582± 0.014 nm, 0.0048 nm spectral resolution and 0.18°
pixel (and 10× 10 pixel resolution). The spectral range covers the variability of
the Na D2 line that result from variable relative velocities of Na w.r.t. MMO.
MSASI will map the spatial distribution of Na to ∼ 10 km resolution.950

Plasma Wave Investigation (PWI)

The PWI consists of two orthogonally installed wire antenna’s of each 32 m total
length and two search coil magnetic sensors at the tip of a 4.5 coiled mast exter-
nal to the spacecraft devoted to measure electric field, plasma and radio waves
in Mercury’s magnetisphere and exosphere. The Wire-Probe anTenna (WPT) ex-
tends 15 m from the spacecraft and has a conductive wire through the whole an-
tenna (the closest 14.3 m covered by non-condutive film), with a 60 mm diameter
Ti-alloy consutive sphere at the end as the dominant plasma sensor (the top 0.7 m
of the wire is also in plasma contact). The Mercury Electric Field In-Situ TOol
(MEFISTO) antenna consists of a Pre-amplifier boc on a 13− 14 m boom, ex-
tended by a deployable 1− 2 m sensor wire tipped by an 40 mm TeAIN coated
sphere. Due to the difference in wire length, electrical waves from DC to 10 MHz



21.3. BEPICOLOMBO SATELLITE INSTRUMENTATION 273

are measureable by WPT whereas electric waves from DC to 3 Mhz are measure-
able by MEFISTO. Two Low-Frequency Search Coils (LF-SC) on the 4.5 meter
mast are winded in orthoganol directions in the rotational plane of MMO, and
measure the AC magnetic field induced by the plasma and radio waves between
0.1 Hz - 20 kHz. One Dual Band Sear Coil (DB-SC) is winded parrallel to the
MMO spin axis, and measures the AC magnetic field in either the low frequency
regime (0.1 Hz - 20 kHz) or the high frequency regime (10 kHz - 640 kHz). All
these sensors are connected to various types of amplifiers, recievers and spectrom-
eters, which provide initial data proccessing on board the MMO.951
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performing a statistical study on spatially-resolved
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