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ABSTRACT
The spins of planetary bodies are not stagnant; they evolve in response to both
external and internal forces. One way a planet’s spin can change is through true
polar wander. True polar wander is the reorientation of a planetary body with
respect to its angular momentum vector, and occurs when mass is redistributed
within the body, changing its principal axes of inertia. True polar wander can
literally reshape a world, and has important implications for a variety of processes—
from the long-term stability of polar volatiles in the permanently shadowed regions
of airless worlds like the Moon and Mercury, to the global tectonic patterns of icy
worlds like Pluto. In this dissertation, we investigate three specific instances of
planetary true polar wander, and their associated consequences.
In Chapter 2 we investigate the classic problem of the Moon’s dynamical figure.
By considering the effects of a fossil figure supported by an elastic lithosphere, and
the contribution of impact basins to the figure, we find that the lunar figure is
consistent with the Moon’s lithosphere freezing in when the Moon was much closer
to the Earth, on a low eccentricity synchronous orbit. The South Pole-Aitken impact
basin is the single largest perturbation to the Moon’s figure and resulted in tens of
degrees of true polar wander after its formation.
In Chapter 3 we continue our analyses of the lunar figure in light of the discovery
of a lunar “volatile” paleopole, preserved in the distribution of hydrogen near the
Moon’s poles. We find that the formation and evolution of the Procellarum KREEP
Terrain significantly altered the Moon’s orientation, implying that some fraction of
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the Moon’s polar volatiles are ancient—predating the geologic activity within the
Procellarum region.
In Chapter 4 we investigate how the formation of the giant, basin-filling glacier,
Sputnik Planitia reoriented Pluto. This reorientation is recorded in both the presentday location of Sputnik Planitia (near the Pluto-Charon tidal axis), and the tectonic
record of Pluto. This reorientation likely reflects a coupling between Pluto’s volatile
cycles and rotational dynamics, and may be active on other worlds with comparably
large, mobile volatile reservoirs.
Finally, in Chapter 5 we consider the broader context of these studies, and touch
on future investigations of true polar wander on Mercury, Venus, Mars, Vesta, Ceres,
and other worlds in our solar system.
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1.0

INTRODUCTION

The spins and orbits of planetary bodies are not stagnant; they continuously evolve
in response to both external and internal forces. These changing celestial motions
can have dramatic consequences for the geology of a planet. For example, as the
orbit of a moon evolves, changes in the tidal forces from its host planet can heat the
interior and fracture its surface. Conversely, the geology of a planet can influence its
own spin and orbit. For example, the impact of an asteroid or the formation of a large
volcanic edifice, can alter the planet’s moments of inertia—reorienting the planet
(a process known as true polar wander). The combination of these processes can
result in complicated and elucidating feedbacks between the geology and dynamics
of worlds across the solar system. These feedbacks form the core of this dissertation.
In particular, we will investigate how one of these dynamic feedbacks—true polar
wander—has literally reshaped the Moon and Pluto.
Changes in the spin axis of a planetary body fall into two categories (Lambeck,
1980; Hoolst, 2007; Sabadini et al., 2016): changes in obliquity and true polar wander
(Figure 1.1). The first category involves changes in the orientation of the spin axis
in inertial space (that is, changing the position of the spin axis with respect to the
celestial sphere), but not with respect to the surface of the planet (Figure 1.1b). In
other words: the obliquity of the planet (the angle between the planet’s spin axis
and the planet’s orbit normal) changes. Changes of this type result from external
torques acting on the planet that can alter the planet’s angular momentum (both in
magnitude and direction). For planets, the most notable torques are tidal torques
from satellites, the Sun and other planets. Precession and nutation are well-known
examples of this form of spin evolution for the Earth, as are Cassini state transitions
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for the Moon and Mercury (Colombo, 1967; Peale, 1969). Changing a planet’s spin
in this way can have a number of profound implications for geology on the planet.
The most obvious such example is that changing the obliquity of a planet changes
how solar illumination is distributed across the planet. For otherwise warm, airless
bodies like the Moon and Mercury, changes in the obliquity can change the spatial
distribution of permanently shadowed regions near the poles, which are crucial for
harboring volatiles like water ice (Arnold, 1979; Ward, 1975; Siegler et al., 2011;
Paige et al., 2013; Siegler et al., 2015). In general, near-zero obliquities are required
for permanently shadowed regions to exist. For worlds with atmospheres, like Mars
and Pluto, changes in obliquity can still be important drivers in how the atmosphere
circulates and where volatiles can be deposited (Binzel, 1990; Spencer et al., 1997;
Hansen et al., 2015; Earle and Binzel, 2015).
The second category of changes in planetary spin axes are those that change the
orientation of the spin axis with respect to the surface of the planet, but do not
change the position of the spin axis in inertial space (Figure 1.1c). This reorientation of the planet with respect to the spin axis is generally referred to as true polar
wander (Matsuyama et al., 2014; Gold, 1955; Goldreich and Toomre, 1969). In this
work, we will use true polar wander and reorientation interchangeably. Changes of
this type are due to changes in the mass distribution within a planet or its hydrosphere or atmosphere. Redistribution of mass within the planet alters its inertia
tensor. In a minimum energy rotation state, the rotation axis will be aligned with
the maximum principal axis of inertia. If the mass redistribution changes the direction of the maximum principal axis, then the planet will reorient to keep the
maximum principal axis aligned with the spin axis. Thus, to an outside (inertial)
observer, the surface of the body appears to reorient with respect to the spin axis
and maximum principal axis of inertia—as long as the changes in the mass distribution occur slowly with respect to the free precession period of the planet. If the
changes in the inertia tensor are rapid (as might happen in the aftermath of a giant
asteroid impact), the planet will enter an ephemeral period of non-principal axis rotation until the planet dissipates enough energy to return to principal axis rotation
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a

b

Changes in Obliquity

c

True Polar Wander

Initial Spin State

Figure 1.1: Two different modes of planetary reorientation. ac, Initial spin state (a),
changes in obliquity (b) and changes due to TPW (c). In these schematics, we view the
reorienting planet in an inertial frame.

(Melosh, 1975a). For most non-catastrophic geologic processes (for example, mantle
convection and isostatic relaxation of topography), it is generally safe to assume
that the planet always remains in principal axis rotation. True polar wander has
been directly measured for the Earth, in the form of periodic polar wander driven by
seasonal variations in atmospheric pressure, oceanic currents and ice loading, and
secular true polar wander driven by post-glacial rebound and mantle convection
(Lambeck, 1980). On Earth, measurement of true polar wander is complicated by
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motion of the Earth’s tectonic plates (which can result in “apparent” polar wander).
Beyond Earth, true polar wander has been inferred for a variety of planetary bodies, including the Moon (Runcorn, 1983, 1984; Hood, 2011; Cournède et al., 2012;
Takahashi et al., 2014; Garrick-Bethell et al., 2014; Keane and Matsuyama, 2014;
Tsunakawa et al., 2015; Kim et al., 2015), Enceladus (Iess et al., 2014; Matsuyama
and Nimmo, 2008), Europa (Matsuyama and Nimmo, 2008; Schenk et al., 2008;
Nimmo and Manga, 2009), and Mars (Perron et al., 2007; Kite et al., 2009). (see
Matsuyama et al., 2014, for a review of planetary true polar wander). Because true
polar does not change the orientation of the planet’s spin vector in inertial space
(that is, the obliquity doesn’t change), it has different consequences for the planet’s
climate than changes in obliquity. For example, as long as the obliquity of the
planet remains small, the poles would remain the preferred locations for sequestering volatiles (either in polar ice caps or in permanently shadowed regions); however
the poles would now be at different locations. For example, in the notional true
polar wander of the Earth shown in Figure 1.1c, one might expect the polar cap to
move from the the Arctic and Antartica to Asia and South America, respectively.
In this dissertation, we investigate the process of true polar wander in detail
for the Moon and Pluto (and touch on true polar wander of other worlds). What
follows is a roadmap to the rest of the thesis.

Chapter 2:
The Moon’s fossil figure, early orbit, and true polar wander from large impacts

About 200 years ago, Pierre-Simon Laplace realized that the Moon’s dynamic
shape was unusual (Laplace, 1878). Laplace knew that the Moon should behave
dynamically like a triaxial ellipsoid (resembling a football or lemon), because it has
been deformed by rotation and tides. The exact figure of the Moon depends on the
relative strength of these different rotational and tidal forces, and can be predicted.
However, it turns out that the Moon is significantly more deformed than it should
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be (Figure 1.2).

Figure 1.2: An exaggerated (but to-scale) comparison of what the present-day lunar figure
should be (left), and what it actually is (right). Here we show the degree-2 gravitational
potential of the Moon. The measured degree-2 spherical harmonic coefficients of the
gravity field are an order of magnitude larger than what they should be, assuming that
the Moon formed in response to its present-day tidal and rotational potential.

A natural explanation for the Moon’s deformed figure is to assume that the
Moon’s figure does not reflect the present-day rotational and tidal potential, but
rather is a “fossil figure,” preserving some earlier, stronger rotational and tidal
potential from when the Moon was closer to the Earth (Figure 1.3; Sedgwick, 1898;
Jeffreys, 1915; Lambeck and Pullan, 1980; Garrick-Bethell et al., 2006; Matsuyama,
2013). While including a fossil figure helps explain the large magnitude of the
Moon’s rotational and tidal deformation, it also adds problems. In particular, to
completely explain the lunar figure, it is necessary for the Moon to have either a very
eccentric orbit, or higher-order spin-orbit resonance when the fossil figure formed.
These early, more excited orbits, are inconsistent with the thermal evolution of the
Moon, and the very presence of a fossil figure (as the tidal heating in these excited
orbits would warm the Moon, and erase the fossil figure; Meyer et al., 2010).
In Chapter 2, we develop a new hypothesis to explain the lunar figure. The Moon
is covered with large impact basins—including the largest unambiguous impact basin
in the inner solar system, South Pole-Aitken. These impact basins and associated
mascons can effectively contaminate the lunar figure (i.e. they contribute to the
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Figure 1.3: The Moon’s fossil figure. Exaggerated (but to-scale) comparison of the lunar
figure as a function of distance from the Earth. These figures can be quantified in terms
of their degree-2 spherical harmonic coefficients of the gravity field, C2,0 and C2,2 . The
observed Lunar figure is both larger than what it should be, given its present orbital
configuration (near a = 60 REarth ), and significantly off the standard zero-eccentricity,
synchronous spin-orbit ratio trend (C2,0 /C2,2 = −10/3), implying a more complicated
story.

gravity field at spherical harmonic degree and order-2). We have developed a new
inverse technique for isolating this contamination from mass anomalies. Removing
the contribution of mass anomalies from the lunar figure reveals a fossil figure more
consistent with an early, low-eccentricity, synchronous lunar orbit. Of all of the
lunar impact basins, the formation of the South Pole-Aitken impact basin was the
most dramatic. It significantly altered the lunar figure, and reoriented the Moon
by ≈ 15◦ . Each subsequent large basin (e.g. Imbrium, Orientale, etc.) only caused
≈ 1◦ of true polar wander, each. This work provides significant new insight into
both the origin of the lunar figure, its early orbit evolution, and the effect of large
impacts on the rotation of the Moon.

Chapter 3:
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Lunar true polar wander inferred from the spatial distribution of lunar polar hydrogen

One of the most striking discoveries in solar system science of the past twenty
years was the discovery of water ice in the cold, permanently shadowed regions of
the Moon’s north and south poles. This ice holds important clues to the origin
and evolution of water in the inner solar system, and has implications for future
human exploration of the Moon. Yet, despite two decades of study, many questions
still remain. In particular, why is lunar polar ice not exactly at the Moon’s north
and south poles? Orbital geochemistry observations have revealed that the ice is
clustered in two regions ≈ 5◦ off either pole (Figure 1.4). This contrasts with ice
thermal stability models that predict that the ice should concentrate at the poles. In
Chapter 3 we show that these two clusters of off-polar ice are actually antipodal to
one another (that is, on diametrically opposite sides of the Moon from one another).
This unusual spatial distribution can be simply explained if some fraction of this
off-polar ice were the fossilized remnants of a previous spin pole, prior to an episode
of true polar wander. In essence, we hypothesize that this off-polar ice is a volatile
paleopole.
The discovery of a new paleopole provides a unique window into the geophysical
evolution of the Moon. Through the analysis presented in Chapter 3, we show that
the only plausible cause for the reorientation required to explain this new volatile paleopole was the formation and evolution of the Procellarum KREEP Terrain (Figure
1.5). The Procellarum KREEP Terrane is a region rich in potassium (K), rare-earth
elements (REE), and phosphorous (P)—hence: KREEP. It also encompasses most
of the dark, basaltic flood volcanism that give the Moon its face (or rabbit). Using
a combination of analytical models and fully 3D thermochemical convection models,
we were able to show that the formation of a hot spot beneath the Procellarum region naturally would reorient the Moon from our proposed volatile paleopole to the
present-day spin pole. This connection between the Procellarum KREEP Terrane
and lunar polar ice is staggering for several reasons. First, and foremost: since the
Procellarum KREEP Terrane was most active early in lunar history (> 3.5 Ga), this
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Figure 1.4: Polar maps of the spatial distribution of hydrogen (likely in the form of water
ice) at the north (left) and south (right) poles of the Moon. Black point at the center are
the present-day north and south poles. White points ≈ 5◦ off the poles are the maxima
of the hydrogen distribution, and are hypothesized to reflect an ancient spin pole of the
Moon (a paleopole). These two points are very nearly antipodal. Data is shown polewards
of 80◦ .

implies that a significant fraction of lunar polar ice is similarly ancient, and may
record an earlier epoch of water delivery in the inner solar system. Secondly: this
discovery provides a new, unique tie-point for the Moon’s geologic history—linking
geophysics, lunar thermal evolution, and volatile transport.

Chapter 4:
True polar wander and faulting of Pluto due to volatile loading in Sputnik Planitia

Moving to the opposite end of the solar system, we will conclude with investigating the case of true polar wander for Pluto (Chapter 4). During its flyby,
New Horizons revealed Pluto to be a dynamic, geologically active world. Arguably,
the single most intriguing feature was Sputnik Planitia: the giant western lobe
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Figure 1.5: Cross-section of the Moon, showing the antipodal nature of lunar polar volatiles
and how they relate to an ancient spin pole, fossilized in ice (cyan). The reorientation
from the ancient spin axis (green arrow) to the present spin axis (bluearrow) was driven by
the formation and evolution of the Procellarum KREEP Terraina region on the nearside
of the Moon associated with a high abundance of radiogenic heat producing elements,
high heat flow, and ancient volcanic activity. Red shading traces Thorium abundance and
highlights the Procellarum region. The color slice through the Moon traces temperatures
from a numerical thermochemical convection model (red is warm, and blue and purple are
cold).
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of Pluto’s “Heart” (Figure 1.6). Sputnik Planitia is a smooth, craterless plain,
thought to represent the surface of a massive unit of actively convecting ices (nitrogen, carbon monoxide, and methane). Curiously, Sputnik Planitia is very near
the Pluto-Charon tidal axis—the axis connecting the centers of Pluto and its large
tidally-locked moon, Charon. This unusual geometry was observable weeks prior to
the New Horizons encounter (Figure 1.7). The alignment of a large geologic feature
like Sputnik Planitia with a principal axis of inertia is often the hallmark of true
polar wander. In Chapter 4, we investigate the hypothesis that this giant glacier
is controlling the orientation of Pluto. We find that filling the underlying Sputnik
Planitia basin (which presumably formed in a large impact) is more than sufficient
to effectively unbalance Pluto, causing it to topple over, and placing Sputnik Planitia closer to the Pluto-Charon tidal axis. As a planet undergoes true polar wander,
stresses build in the lithosphere, as each surface point experiences a change in the
tidal and rotational potential. If these reorientation stresses are large enough, they
can result in a global system of faults with a characteristic pattern controlled by
the reorientation geometry. Surprisingly, the geometry of Pluto’s extensive fault
networks very nearly match our theoretical predictions based on our reorientation
hypothesis (Figure 1.9). Our reorientation scenario provides the single best explanation for Pluto’s global distribution of faults, while also explaining the location of
Sputnik Planitia. Additionally, our work provides some insight into the geophysical
structure of Sputnik Planitia (in particular, its gravity anomaly). Our work supports the hypothesis that Sputnik Planitia (and Pluto as a whole) is underlain by
a subsurface ocean (Figure 1.10; Nimmo et al., 2016). If our hypothesis is correct,
this reorientation scenario may suggest a grander feedback between Pluto’s spin and
climate. As Pluto’s volatiles fill Sputnik Planitia, the planet reorients, changing the
insolation conditions at Sputnik Planitia, which can affect the rate at which volatiles
fill (or leave) the basin.
The work presented in this dissertation just represents a small fraction of the
diverse range of feedbacks between the spins, orbits, and geology of worlds in our
solar system. In Chapter 5, we will close with some thoughts for the future direction
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Figure 1.6: Image mosaic combining images from the New Horizons Long Range Reconnaissance Imager (LORRI) and Ralph instrument, with colors approximating true color.
Sputnik Planitia forms the left lobe of the light-colored Tombaugh Regio near the center
of the disk of Pluto. Image credit: NASA/JHUAPL/SwRI.

of this work.
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Figure 1.7: Image mosaic of Pluto and Charon taken by New Horizons on June 25th and
26th, 2015 (a few weeks prior to its flyby on July 14th, 2015). Even with the comparatively
low resolution, the bright “heart” of Pluto, containing Sputnik Planitia is clearly aligned
with the Pluto-Charon tidal axis. Image credit: NASA/JHUAPL/SwRI.
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Figure 1.8: Sputnik Planitia (the left lobe of Pluto’s ”heart”) likely formed in the aftermath of comet impact into Pluto. Sputnik Planitia formed northwest of its present
location, and reoriented to its present location as the basin filled with volatile ices. Illustration by the author.
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Figure 1.9: As volatile ices filled Sputnik Planitia (the left lobe of Pluto’s “heart”), it
reoriented Pluto, and fractured its crust. The global pattern of faults (shown here as
colored lines) on Pluto preserve a record of the formation and evolution of Sputnik Planitia.
Pluto basemap credit: NASA/JHUAPL/SwRI.

30

Figure 1.10: The inferred interior structure of Pluto. Schematic illustration of the interior
of Pluto as suggested by the reorientation scenarios of Keane et al. (2016) and Nimmo
et al. (2016). For Pluto to be at its present location, the basin’s gravity anomaly must
arise from some combination of volatile ices and basin structure (perhaps including a
subsurface ocean). Illustrations by the author.
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2.0

THE MOON’S FOSSIL FIGURE,
EARLY ORBIT,
AND TRUE POLAR WANDER
FROM LARGE IMPACTS

The contents of this chapter were published in Keane and Matsuyama (2014).

2.1

Introduction

The long-wavelength lunar figure is triaxial, due to the combination of rotational
deformation (which creates a rotational bulge) and tidal deformation (which creates a tidal bulge along the Earth-Moon axis). However, it has been known since
Laplace (1878) that the observed deformation is significantly larger than the predicted deformation assuming hydrostatic equilibrium and the Moon’s current orbital
and rotational state (Figure 2.1). This difference has been ascribed to the presence
of a fossil figure, frozen in when the Moon was closer to the Earth and the rotational
and tidal potentials were larger (Sedgwick, 1898; Jeffreys, 1915; Lambeck and Pullan, 1980). More recent work by Garrick-Bethell et al. (2006) has shown that the
observed deformation not only requires freezing the fossil figure while on an orbit
with a smaller semimajor axis, but also with significant eccentricity. Matsuyama
(2013) extended this work by taking into account the effect of finite lithospheric
rigidity; however, the required initial orbital eccentricity remains large. For reasonable estimates of the rigidity of the lunar lithosphere, the fossil figure is consistent
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with initial semimajor axes and eccentricities (a, e) of (17.3RE , 0.49) assuming synchronous rotation, and (18.2RE , 0.16) or (20.1RE , 0.60) assuming the lithosphere
formed during a 3:2 spin-orbit resonance (Mercury’s present spin-orbit state). Even
the low- eccentricity 3:2 spin-orbit solutions favored by Garrick-Bethell et al. (2006)
seem inconsistent with the favored model for the formation of the Moon from a circumplanetary debris disk, generated from the collision of a large protoplanet with
the early Earth (Hartmann and Davis, 1975; Canup and Asphaug, 2001). Collisional
processing within a debris disk naturally yields satellites with near-zero eccentricity (Kokubo et al., 2000). Tidal dissipation will also damp the Moon’s eccentricity
as it migrates outward. While transient periods of high eccentricity are possible if
the Moon becomes trapped in the evection resonance (Touma and Wisdom, 1998),
these high eccentricities would correspond to periods of extreme tidal heating, and
it seems unlikely that the fossil figure would be able to freeze during such an event
(Meyer et al., 2010).
Previous work investigating the lunar figure has assumed that the observed figure consists primarily of a fossil figure, or the relaxed remnant of such a figure.
However, the formation and subsequent evolution of impact basins can have significant contributions to the lunar figure. Many large impact basins are associated with
mascons—large uncompensated density anomalies that arise from the excavation,
collapse, and isostatic adjustment of the impact crater, and (in some cases) subsequent volcanic flooding by denser mare basalt (Muller and Sjogren, 1968; Melosh
et al., 2013). Early investigations into the gravity contributions of nearside mascons noted a curious parallelism between the principal axes of the mascons and
the principal axes of the Moon—suggesting that the mascons may be important
for the lunar figure citepoleary1969, melosh1975a. However, this hypothesis was
subsequently dismissed, as the total mass of the nearside lunar mascons was insufficient to completely explain either the degree-2 figure or the magnitude and sign of
the Moon’s anomalously large degree-3 gravity field (Melosh, 1975c). Non-mascon
basins—such as the largest and oldest lunar impact basin, South Pole-Aitken—may
also contribute to the lunar figure and drive episodes of true polar wander (Melosh,
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Figure 2.1: The observed and theoretical, hydrostatic degree-2 gravitational potential of
the Moon (henceforth, the “lunar figure”). a, The GRAIL observed lunar figure. b, The
theoretical lunar figure predicted assuming the lunar figure is in hydrostatic equilibrium
with its current orbital and rotational state (Section 2.2)

1975a; Ong and Melosh, 2010; Kendall et al., 2015). We revisit the contribution of
mascons and impact basins (henceforth collectively referred to as mass anomalies)
with the use of new high-precision, global gravity data from the GRAIL mission
(Zuber et al., 2013).
The lunar figure can be uniquely quantified using the observed degree-2 spherical
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harmonic gravity coefficients: C2,0 (−J2 ), C2,1 , C2,2 , S2,1 , S2,2 (Section 2.2). These
degree-2 coefficients are directly related to the lunar inertia tensor (Lambeck, 1980).
In a coordinate system aligned with the principal moments of inertia, the figure is
dependent primarily on the C2,0 and C2,2 terms, which quantify rotational and tidal
deformation. As the lunar figure is determined solely from degree-2 coefficients, our
goal is to determine the degree-2 coefficients associated with the lunar mass anomalies alone and subtract their contribution from the observed figure. By isolating
and removing the contribution of mass anomalies to the lunar figure, we are able
to identify the Moon’s true fossil figure (Section 2.2.6), which holds an important
insight into the dynamical evolution of the Moon (Sections 2.3). It is important to
note, when we refer to the “lunar figure,” we are not directly referring to the Moon’s
physical, topographic shape. Rather, we are referring to the Moon’s gravitational
figure, as quantified by its degree-2 gravitational potential, or the equivalent inertia tensor and associated principal axes. The inertia tensor is what fundamentally
governs the Moon’s rotational dynamics. While topography can provide insight into
the evolution of the Moon (Garrick-Bethell et al., 2014), topography alone cannot
be related to the inertia tensor without some assumed model for the Moon’s density
structure.

2.2
2.2.1

The Moon’s Figure
The Gravitational Potential of a Planet in Spherical Harmonics

The gravitational potential of a planet can be expanded in spherical harmonics.
Spherical harmonics are a natural representation of a planet’s gravity field both
because spherical harmonics are a natural set of orthogonal basis functions on the
surface of a sphere, and because spherical harmonics are a solution to Laplace’s
equation, ∇2 U = 0, where U is the gravitational potential on the sphere. The
spherical harmonic expansion of the gravitational potential can be expanded with
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unnormalized coefficients, Cl,m and Sl,m as (Kaula, 1966, 1968; Wieczorek, 2015):
l
∞
l 

GM X X R 
Cl,m Pl,m (cos θ) cos(mφ)+Sl,m Pl,m (cos θ) sin(mφ)
U (r, θ, φ) =
r l=0 m=0 r
(2.1)
where θ, φ, and r are co-latitude, longitude, and radius at which the potential field is
evaluated; R is a reference radius (often taken to be the mean radius of the planet,
R); G is the gravitational constant; M is the mass of the planet; and Cl,m and Sl,m
are the unnormalized spherical harmonic coefficients of the planet’s gravitational
potential, of degree l and order m. Spherical harmonic expansions of the gravity
field are only explicitly correct if evaluated above the reference radius (r > R).
Pl,m are the unnormalized associated Legendre polynomials, Pl,m (x) (e.g. Arfken
and Weber, 1995):

dm
Pl (x)
(2.2)
dxm
where Pl (x) are the Legendre polynomials, which can be expressed using Rodrigues’s
Pl,m (x) = (1 − x2 )m/2

formula:

1 dm 2
(x − 1)l
(2.3)
l
m
2 l! dx
Note that throughout this work, we follow the geodesy sign convention that the gravPl (x) =

itational potential is positive. The gravitational potential is in units of (m2 s−2 ), or
equivalently, (J kg−1 ). The spherical harmonic coefficients can be found by integrating:
Cl,m

1
2l + 1 (l − m)!
=
1 + δm,0 2π (l + m)!

π

Z

2π

Z

U (θ, φ) [Pl,m (cos θ) cos(mφ)] sin(θ) dθdφ
0

0

(2.4)
Sl,m = (1 − δm,0 )

2l + 1 (l − m)!
2π (l + m)!

Z

π

Z

2π

U (θ, φ) [Pl,m (cos θ) sin(mφ)] sin(θ) dθdφ
0

0

(2.5)
where δi,j is the Kronecker delta (δi,j = 0 if i 6= j; δi,j = 1 if i = j).
Some simple relationships between spherical harmonic degree (l) and order (m)
can help visualize the geometry of the spherical harmonics. Spherical harmonics
possess 2m zeros crossings in the longitudinal direction, and l − m zero crossings in
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the latitudinal direction. If m = 0, the spherical harmonics only depend on latitude
and are called zonal harmonics. In planetary science, it is not uncommon for zonal
harmonics to be written as Jl , where Jl ≡ −Cl,0 . If (l − m) = 0, the spherical
harmonics only depend on longitude and are called sectoral harmonics. If l > 0 and
(l − m) > 0, the spherical harmonics are called tesseral harmonics. Additionally,
for a given spherical harmonic degree, the equivalent cartesian wavelength is given
by Jeans relation (e.g. Wieczorek, 2015):
2πR
λ= p
l(l + 1)
2.2.2

(2.6)

Relating Planetary Gravity to the Inertia Tensor

Gravity can be related to the inertia tensor. Using the orthogonality conditions of
the spherical harmonics, it is possible to express the inertia tensor, I, as a function
of solely the degree-two spherical harmonic coefficients of the gravitational potential
(Lambeck, 1980):
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(2.7)
where I0 is the spherically symmetric contribution to the inertia tensor:
Z
8π R 4
I0 =
ρr dr
3 0

(2.8)

Since I0 is spherically symmetric it does not affect the orientation of the principal
axes, the ordering between the principal axes, or the relative differences between the
moments. Because of this, we can ignore the contribution from I0 when solving for
true polar wander solutions. True polar wander solutions are found by diagonalizing
the inertia tensor, and assuming that the planet remains in principal axis rotation—
with the spin axis aligned with the maximum principal axis of inertia (and the tidal
axis aligned with the minimum principal axis of inertia, if appropriate). If the inertia
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tensor is diagonalized, it can be simplified:


A 0 0





I diagonalized = 
0 B 0


0 0 C

(2.9)

where C > B > A are the principal moments of inertia. These can be related to
two degree-2 spherical harmonic coefficients of the gravitational potential:
C − (A + B)/2
M R2
B−A
=
4M R2

J2 = −C2,0 =
C2,2
2.2.3

(2.10)
(2.11)

The Tidal-Rotational Figure of the Moon

Following Matsuyama and Nimmo (2009) and Matsuyama (2013), we quantify the
lunar figure in terms of inertia tensor, I, and its corresponding principal moments
of inertia (A < B < C). In this notation, the observed lunar figure (I OBS ) is an
amalgamation of a primordial figure from when the elastic lithosphere forms (I ∗ ),
the subsequent deformation of the moon as it migrates outward through different rotational and tidal potentials (I † ), and any contribution from mass anomalies (I M A ):
I OBS = I ∗ + I † + I M A

(2.12)

where any inertia tensor or set of principal moments can be uniquely determined
by the corresponding degree-2 spherical harmonic coefficients of the gravity field
(Equation 2.7).
The principal moments of inertia of the Moon at the time the elastic lithosphere
formed (the principal moments of I ∗ ) can be written (Matsuyama, 2013):
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(2.15)
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where we include the spherically symmetric term, I0 . ME is the mass of the Earth,
M and R are the mass and radius of the Moon, and a∗ , e∗ , and p∗ are the semimajor
axis, eccentricity, and spin/orbit ratio of the Moon at the time the elastic lithosphere
formed. k2∗ is the secular, degree-2 tidal Love number for the case without an elastic
lithosphere. We evaluated all of our Love numbers using a nominal three-layer
interior structure model, consisting of a core, mantle, and elastic lithosphere of
varying thickness (Sabadini et al., 2016; Matsuyama, 2013). Prior to the formation
of the elastic lithosphere, this model reduces to a strengthless two layer model (core
and mantle), resulting in k2∗ = 1.44. This value is very nearly identical to the case of
a completely homogeneous, strengthless Moon (k2∗ = 1.5), which is not surprising,
since the Moon is very nearly homogeneous in reality. H(p, e) are Hansen coefficeints,
which describe the time-averaged potential for a satellite as a function of spin/orbit
ratio, and its orbital eccentricity (Goldreich, 1966). To eighth-order in eccentricty,
the Hansen coefficients are:
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(2.16)

After the elastic lithosphere forms, the Moon migrates away from the Earth
by the action of tides. As it migrates out, the figure relaxes due to the decreasing
rotational and tidal potentials. The perturbation to the principal moments of inertia
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can be written (Matsuyama and Nimmo, 2009; Matsuyama, 2013):
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(2.18)

(2.19)

where a, e, and p are the present semimajor axis, eccentricity, and spin/orbit ratio of
the Moon. k2 is the secular degree-2 tidal Love number for the case with the elastic
lithosphere. In the limit of a strengthless lithosphere (k2 = k2∗ ), the lithosphere
would be incapable of supporting any fossil figure. For a lithosphere with infinite
rigidity (k2 = 0), these deformation terms vanish, and the fossil figure would be
completely preserved (as was the case in Garrick-Bethell et al., 2006, 2014). Like
above, we follow Matsuyama (2013) and consider 50 km and 25 km thick elastic
lithospheres, corresponding to degree-2 tidal Love numbers of k2 = 0.86 and k2 =
1.08, respectively.
2.2.4

Complicating the Lunar Figure: The Gravitational Potential and Inertia Tensor from Mass Anomalies

To determine how surface mass anomalies perturb the Moon’s gravity field and
inertia tensor, we begin by expanding the mass anomaly’s surface density in spherical
harmonics (Section 2.2.1):
"∞ l
#

XX
M
Cl,m Pl,m (cos θ) cos(mφ) + Sl,m Pl,m (cos θ) sin(mφ)
σ(θ, φ) =
4πR2 l=0 m=0
(2.20)
where Cl,m and Sl,m are the dimensionless spherical harmonic coefficients of surface
density. Following Matsuyama et al. (2014), the spherical harmonic coefficients of
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surface density can be directly related to the spherical harmonic coefficients of the
gravitational potential:




MA
MA
C
C
 l,m  = 1  l,m 
MA
2l + 1 S M A
Sl,m
l,m

(2.21)

While Equations 2.2.1-2.2.1 could be used to describe any arbitrary surface mass
anomaly, it is more convenient for our purposes to simplify the geometry. Impact
basins and mascons are generally axisymmetric at long wavelength. Therefore, we
model the gravity field of each individual mass anomaly as linear combination of
concentric, uniform density spherical caps. A linear combination of caps with different radii and surface densities allows us to match the complicated radial bulls-eye
gravity structure associated with many mascons (e.g. Melosh et al., 2013).
Let us consider the case for an axisymmetric, spherical cap located at the north
pole. In this case, the surface density and gravity field of the mass anomaly can be
0
0
described entirely by zonal harmonics, Cl,0
and Cl,0
(where the prime (0 ) indicates

that this anomaly is aligned with the +z axis). Combining the gravity-density
mapping relationship (Equation 2.21), with the spherical harmonic expansion of
surface density (Equation 2.20), and the definition for spherical harmonic coefficients
(Equation 2.4), we can solve for the spherical harmonic gravity coefficients as a
function of cap size, γ and surface density σ:
MA

C 0 l,0
2l + 1
Z Z
R2
(l − m)! γ 2π
σPl,m (cos θ) cos(mφ) sin θ dθdφ
= (2 − δm,0 )
M
(l + m)! 0 0

C 0 2,m =

(2.22)

The degree-2 gravity coefficient is the most relevant for true polar wander analyses,
since only degree-2 gravity coefficients factor into the inertia tensor (Equation 2.7).
The degree-2 gravity coefficient can be solved analytically:
MA

C 0 2,m =

πR2
σ cos γ sin2 γ
M

(2.23)

While Equation 2.23 describes the degree-2 gravity coefficient for a mass anomaly
centered on the north pole, we can use the spherical harmonic addition theorem (e.g.
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Arfken and Weber, 1995) to consider mass anomalies located at any other location
on the surface of the planet:




MA
MA
C
cos(mφ )
(l − m)!
 l,m  = C 0 MA

(2 − δm,0 )
Pl,m (cos θMA ) 
2,0
MA
(l + m)!
Sl,m
sin(mφMA )

(2.24)

where θMA and φMA correspond to the mass anomaly’s co-latitude and longitude,
respectively. Combining this equation with the relationship between degree-2 spherical harmonic gravity coefficients and the inertia tensor (Equation 2.7),we can write
the inertia tensor for axisymmetric perturbations, I MA :


1
MA
MA
2 0 MA
δi,j − ei ej
I
= Ii,j = I0 δi,j + M R C 2,m
3

(2.25)

where we now use index notation (i and j are indices that cycle through x, y, and
are
and eMA
z). δi,j is the Kronecker delta (δi,j = 0 if i 6= j; δi,j = 1 if i = j). eMA
j
i
the ith and jth components of êMA —a unit vector that represents the location of
the mass anomaly:


sin θMA cos φMA


MA
MA 
ê = 
sin
θ
sin
φ


MA
cos θ

(2.26)

Replacing C 0 MA
2,m in Equation 2.25 with Equation 2.23, we arrive at the inertia tensor
associated with the cap:
MA
Ii,j




1
MA MA
=M R
δi,j − ei ej
3


1
MA MA
4
2
=πR σ cos γ sin γ
δi,j − ei ej
3
2

MA
C 0 2,0

(2.27)

Equations 2.22, 2.24, and 2.27 reveal a critical detail that allows us to fit the
contribution of mass anomalies to the lunar figure. As long as we consider axisymmetric spherical caps, each defined by a single (scalar) surface density, σ MA , the
gravitational potential, spherical harmonic coefficients of the gravitational potential, and the inertia tensor perturbation associated with that spherical cap scale
linearly with surface density. For convenience, we will describe these quantities per
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unit surface density:
U MA? = U MA /σ MA
MA?
MA
= Cl,m
/σ MA
Cl,m
MA?
MA
Sl,m
= Sl,m
/σ MA

(2.28)

where ? denotes the specific gravitational potential, spherical harmonic coefficients,
etc. This linear dependence on surface density enables us to fit for the gravity
signature of impact basins using a least squares fitting scheme. Furthermore, since
each spherical cap’s surface density is wavelength independent (i.e. it does not
depend on spherical harmonic degree or order), we can use any spherical harmonic
bandpass to fit for the surface density. This is important, as it means we can fit for
the surface density at wavelengths that are not contaminated by tidal and rotational
deformation (degree-2). This will be elaborated on in the following section.
2.2.5

Removing the Contribution of Mass Anomalies from the Lunar Figure

For each mass anomaly, we generated a set of spherical caps spanning a range of
radii encompassing the entire gravitational structure associated with each anomaly.
For mascons, this included caps from within the central free-air anomaly high to
outside the entire “bull’s-eye” structure (Melosh et al., 2013). For the South PoleAitken basin, this included caps extending from within the central topographic low
to beyond the spherically symmetric near-equatorial topographic high thought to be
associated with its global ejecta blanket (Zuber et al., 1994; Ong and Melosh, 2010).
The number of caps (and cap spacing) used for any individual mass anomaly is set
such that the cap size and spacing is commensurate with the spatial resolution of our
maximum spherical harmonic degree and order (Equation 2.6). For this analysis,
we arbitrarily chose a maximum spherical harmonic degree and order of lmax = 40.
At this resolution, “small” impact basins (e.g. Grimaldi and D’Alembert), are represented by ≥ 2 caps, while large impact basins (e.g. Imbrium and Orientale) are
represented by ≥ 6, and South Pole-Aitken basin by ≥ 20 caps. For typical inverse
calculations, the total number of caps is well over 100. For each cap, we evaluated

43
the specific gravitational potential, U MA? , and specific spherical harmonic gravity
MA?
MA?
coefficients of the gravitational potential, Cl,m
and Sl,m
. The gravitational po-

tential of each cap, and of the Moon (from GRAIL gravity data Zuber et al., 2013),
was evaluated over a global, cartesian colatitude and longitude grid from spherical
harmonic degree and order 3 to 40. Fitting above degree-3 prevents us from directly
fitting any underlying tidal-rotational figure (which is primarily a degree-2 signature). To prevent confusion, we denote U as the gravitational potential evaluated
from degree and order 3 to 40. The maximum degree and order, lmax , does not significantly affect our results as long as it sufficiently large (generally lmax ≥ 10). We
solved for the best-fitting linear combination of surface densities for each spherical
cap:
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(2.29)

where the subscripts (j = 1 → N ) loop through all colatitudes and longitudes, and
the superscripts (i = 1 → M ) specify the spherical cap in question. This relationship
can be simplified in matrix notation:
d~ = G~σ

(2.30)

where d~ is an N × 1 column vector containing the observed gravitational potential
of the Moon; ~σ is an M × 1 column vector of the surface densities for each of the
M spherical caps; G is a N × M data kernal containing the analytically-derived,
specific gravitational potentials for each spherical cap (UNi? ). The best-fit linear
combination of surface densities for the array of spherical caps can be calculated
using weighted least squares (e.g. Menke, 2012):
~σW LS =

 T

G W G GT W d~

(2.31)

where the term in the curly brackets is the inverse operator, GIN V , and W is a
N × N , diagonal weighting matrix. The diagonal elements of W correspond to the

44
surface area of each colatitude/longitude point. This weighting acts to prevent biases
toward polar regions where colatitude/longitude points converge in our Cartesian
~ owing to the extreme
grid. In this work, we neglect uncertainty in the data d,
precision and accuracy of the GRAIL gravity data. To ensure accuracy and stability,
we evaluate the model resolution matrix, R = GIN V G. We only considered solutions
where each model parameter is uniquely resolved—in which case, R = 1, where 1
is the identity matrix, and GIN V is non-singular.
Once the best fit surface densities for the set of spherical caps are evaluated
from spherical harmonic degree/order 3-40, it is possible to directly derive the low
degree/order spherical harmonic coefficients associated with any mass anomaly. As
shown in Equations 2.22, 2.24, the spherical harmonic coefficients for any cap scale
linearly with the assumed surface density of that cap. Thus, the spherical harmonic
gravity coefficients for all of the mass anomalies is simply the linear combination of
specific gravity coefficients times their best fit surface densities (Equation 2.28):
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where σW
LS are the best fit surface densities for spherical caps (i = 1 → M ; the

components of the vector ~σW LS in Equation 2.31). Equation 2.32 can be rewritten
more eloquently:
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i

(2.33)
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When this fitting process is done for all of the Moon’s mascons and impact basins,
F IT
F IT
Cl,m
and Sl,m
represent the spherical harmonic coefficients of the gravitational

potential from lunar mass anomalies. Subtracting these best-fit harmonics (“F IT ”)
from the Moon’s measured spherical harmonic coefficients (“OBS”) yields the
Moon’s fossil figure (“F F ”):

 
 

FF
OBS
F IT
C
C
C
 l,m  =  l,m  −  l,m 
FF
OBS
F IT
Sl,m
Sl,m
Sl,m

(2.34)

As evident in Equations 2.32-2.33, the spherical caps also have some power in
degree-0 and degree-1. Degree-0 corresponds to the addition or subtraction of mass
from the Moon by the cap. Degree-1 corresponds to an offset of the center-of-mass.
In a center-of-mass reference frame, degree-1 spherical harmonic coefficients are zero.
Since these coefficients are generally evaluated in center-of-mass reference frame, it
is important to identify and correct for any offset resulting from our removal of
the mass anomalies. In general, our solutions yield center-of-mass offsets of 1 km,
which result in negligible errors (< 1%) in the degree-2 gravity coefficients. Thus,
we ignore the effects of the center-of-mass offset. It is worth noting that this 1 km
center-of-mass offset is in the direction of SPA and the lunar farside. This reduces
the well-known center-of-mass/center-of-figure offset (≈ 2 km; Smith et al., 1997)
and will be investigated in future work.
Figure 2.2 demonstrates this fitting technique for a synthetic South Pole-Aitken
basin-like mass anomaly. In this figure, panels on the left display the gravitational
potential evaluated from spherical harmonic degree 2 to 6, while panels on the
left show the gravitational potential evaluated from degree 3 to 6. While the former
contains information about the inertia tensor (Equation 2.7), the latter is the dataset
that we are using in the least squares fitting. To demonstrate this method, we first
create a synthetic fossil figure comprised solely of degree-2 gravity terms: C2,0 =
−130 × 10−6 and C2,2 = 40 × 10−6 (Figure 2.2a-b). We then use Equations 2.22-2.24
to create a synthetic mass anomaly comprised of a single spherical cap with a radius
of 50◦ centered at −50◦ N, 196◦ E, with a negative surface density equivalent to a 0.5
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km deep cavity devoid of 3 g/cc rock (Figure 2.2c-d). The center and radial extent
of this synthetic mass anomaly are indicated by the thick black cross and contour.
Adding this synthetic mass anomaly (Figure 2.2c-d) to the synthetic fossil figure
(Figure 2.2a-b) yields the total, observable figure (Figure 2.2e-f). We then attempt
to retrieve the synthetic fossil figure by fitting the observed gravitational potential
from degree-3 and up (Figure 2.2f) with a set of uniform density spherical caps
following the methodology described above. The radii of the set of spherical caps are
selected to span the full size of the synthetic mass anomaly, but with no radii exactly
equal to the size of the synthetic anomaly. The center of the spherical caps is also
purposefully misaligned with the center of the synthetic mass anomaly, to simulate
the effects of any potential misalignment of mass anomalies. We then perform the
inverse operation and determine the best fitting mass anomaly model (Figure 2.2gh). The center and radial extent of the set of spherical caps are indicated by the
red cross and red contours. Finally, we subtract the best-fit mass anomaly model
from the observed figure, producing the recovered fossil figure (Figure 2.2i) and fit
residuals (Figure 2.2j). Even with a severe (5◦ ) induced misalignment between the
center of the mass anomaly and the spherical caps used to fit the anomaly, we are
able to retrieve C2,0 to within 8% and C2,2 to within 1%.
The uncertainties in the best fit surface densities for any set of spherical caps
can be propagated in the usual way (e.g. Tellinghuisen, 2001):
~ςW LS =

T
~σW
LS

n
 o
IN V
IN V T
G
G
~σW LS

(2.35)

where ~ςW LS is the vector containing the 1-standard deviation uncertainties for the
best-fit surface density of each cap, and term in the brackets is the covariance matrix (e.g. Menke, 2012). In general, the uncertainties in the best-fit surface densities
from any individual least squares fit are negligible. A more significant source of uncertainty in the best fit surface densities (and the resulting spherical harmonic coefficients) is the number and spacing of the caps and the choice of latitude/longitude
grid. To quantify these uncertainties, we experimented with varying these quantities
and repeating the inverse. Varying these parameters within reasonable tolerances
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Figure 2.2: Demonstration of the mass anomaly fitting process for a large South PoleAitken basin-like mass anomaly, by way of the forward problem. The details of this figure
are explained in the text.
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(grid and cap spacing between 1.5◦ and 6◦ ; the number of spherical caps varying
by a factor of 4) yielded uncertainties in the fossil figure of ±3 × 106 (2%) and
±4 × 106 (10%) for C2,0 and C2,2 , respectively. An additional source of uncertainty
is associated with the alignment of the caps with the mass anomalies. We quantified the effects of misalignments through investigation of the forward problem. We
superimposed a South Pole-Aitken basin-like mass anomaly onto a synthetic fossil
figure and attempted to retrieve the input fossil figure with our spherical cap inverse method (Figure 2.2). By randomly shifting the center of the caps with respect
to the true center of the mass anomaly, we quantified the accuracy of the inverse
method as a function of the magnitude of the misalignment. Assuming that we are
able to accurately place the centers of mass anomalies within ≈ 5◦ , results in an
added uncertainty of ±11 × 106 (8%) and ±2 × 106 (2%) for C2,0 and C2,2 , for South
Pole-Aitken basin-like mass anomalies (Figure 2.3). The total uncertainty is found
from adding these individual uncertainties in quadrature.
It is important to contrast our methodology with that of Garrick-Bethell et al.
(2014). In their work, Garrick-Bethell et al. (2014) attempt to fit the underlying
fossil figure by fitting the degree-2 gravitational potential of the Moon outside of
lunar impact basins. However, this methodology significantly underestimates the
contribution of mass anomalies. The degree-2 gravity field associated with any mass
anomaly is, by definition, global. To illustrate this, consider the null solution where
the Moon possesses no fossil figure (C2,0 = C2,2 = 0) but has single, large, mass
anomaly such as South Pole-Aitken (Figure 2.4). While masking the basin from the
global gravitational potential will hide the high-order gravity power associated with
anomaly (Figure 2.4a), it will not hide the majority of the degree-2 gravity field
associated with the basin (Figure 2.4b). Thus, a fit to the degree-2 field outside of
the basin will still retain a significant fraction of the degree-2 field associated with
the basin. This is why Garrick-Bethell et al. (2014) find that impact basins have
negligible contribution to degree-2 gravity. A comparison of these two methodologies
is shown in Figure 2.5.
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Figure 2.3: Demonstration of the accuracy of the spherical cap inverse method. Like
Figure 2.2, we generated a synthetic fossil figure and synthetic South Pole-Aitken basinlike mass anomaly and then used the spherical cap inverse method to attempt to retrieve
the input fossil figure from the observed figure (the sum of the synthetic fossil figure and
the synthetic mass anomaly). We repeated the inverse several hundred times, randomly
offsetting the position of the spherical caps with respect to the true center of the mass
anomaly. Assuming we are able to accurately place the centers of mass anomalies within
≈ 5◦ , we are able to retrieve C2,0 to within 8%, and C2,2 to within 5%.

2.2.6

The Moon’s Fossil Figure

Using our spherical cap inverse method (Section 2.2.5), we fit the gravity fields
of the 31 largest lunar mass anomalies. The results of this analysis are shown in
Figure 2.6. Figures 2.6c-d illustrate one example fit to the gravitational potential for
these mass anomalies. The single most important mass anomaly is the South PoleAitken basin and its associated ejecta blanket (presumed to make up a large fraction
of the lunar farside highlands Zuber et al., 1994; Ong and Melosh, 2010; Kendall
et al., 2015). Analysis of the resulting spherical harmonics (Table 2.1) reveals that
South Pole-Aitken accounts for 96% of the total degree-2 power from the mass
anomalies. Additionally, South Pole-Aitken accounts for 82% of the total degree-3
power associated with the mass anomalies, and 80% of the observed degree-3 power.
This confirms the early predictions of(Melosh, 1975c), who first used degree-3 gravity
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(a) gravitational potential associated with a SPA-like mass anomaly (outlined), degree 2-10
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(b) gravitational potential associated with a SPA-like mass anomaly (outlined), degree 2 only
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Figure 2.4: The gravitational potential associated with a pseudo South Pole-Aitken basin
mass anomaly (with no underlying fossil figure; C2,0 = C2,2 = 0). a, The potential
evaluated from spherical harmonic degree 2-10. b, The potential evaluated with just
spherical harmonic degree-2. While most of the high-order (> 3) associated with the
pseudo South Pole-Aitken basin is concentrated within the actual impact basin, the degree2 field is global. Fitting the degree-2 gravitational potential outside of South Pole-Aitken
basin (as in Garrick-Bethell et al., 2014) will retain much of the degree-2 power associated
with South Pole-Aitken basin.

to hypothesize that some farside mass anomaly was controlling the Moon’s present
orientation. In contrast, the nearside flood basalt filled impact basins have negligible
contributions to degree-2 (< 1%) and degree-3 (5%).
Figure 2.6e illustrates the gravitational field that results when we subtract the
contribution of lunar mass anomalies (Figure 2.6c) from the observed lunar gravity
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Figure 2.5: A comparison between the spherical cap inverse method used in this work,
and the masking approach used by Garrick-Bethell et al. (2014), via the forward problem.
For this comparison, we considered the null solution where the Moon possesses no fossil
figure (C2,0 = C2,2 = 0), but possesses an pseudo South Pole-Aitken basin mass anomaly
(a single spherical cap with a radius of 50◦ centered at −50◦ N, 196◦ E, with a negative
surface density equivalent to a 0.5 km deep cavity devoid of 3 g/cc rock, as in Figure
2.2). Circles indicate fossil figure solutions derived using our spherical cap method (as
described in the text), while diamonds indicate fossil figure solutions derived by masking
the pseudo South Pole-Aitken basin mass anomaly and fitting the remaining gravitational
potential. The spherical cap inverse solutions cluster around the true fossil figure solution
(C2,0 = C2,2 = 0), whereas the masking solutions cluster around the observed figure (the
true fossil figure plus the pseudo South Pole-Aitken basin mass anomaly). The masking
approach of Garrick-Bethell et al. (2014) is not capable of retrieving the original fossil
figure. Colors associated with the spherical cap solutions correspond to the magnitude
of the imposed misalignment between the spherical caps and the mass anomaly (as in
Figure 2.2). Colors associated with the masking solutions correspond to the size of the
mask, which ranged from 0.5 to 3 times the size of the radius of the mass anomaly. No
misalignment uncertainty was considered for the masking approach.

field (Figure 2.6a). The most notable aspect of this mass-anomaly corrected fossil
figure is the obvious misalignment between its principal axes and the principal axes
of the present-day Moon. For a tidally deformed body like the Moon, the minimum
energy state corresponds to a configuration where the rotation and tidal axes are
aligned with the maximum and minimum principal axes of the inertia tensor, re-
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Figure 2.6: The observed, best fit model, and the mass-anomaly corrected gravitational
potential of the Moon. a, Observed gravitational potential of the Moon, from degree 240.
Principal moments of inertia are indicated with squares (minimum principal moment, A,
along tidal axis), triangles (intermediate principal moment, B), and diamonds (maximum
principal moment, C, along rotational axis). b, Observed gravitational potential of the
Moon, from degree 340. The gravity contributions of mass anomalies are fit from degree-3
and up to prevent directly fitting any underlying fossil figure. c-d, Example fit to the
gravity signature of the mass anomalies. Mass anomalies are outlined. e-f, The residuals
after subtracting out the mass anomaly model from the observed potential. The residuals
from degree 240 show the mass-anomaly corrected fossil figure, while residuals from degree
3-40 are fit residuals.

spectively. This is the case for the present-day Moon. The observed misalignment
between the principal axes of the corrected fossil figure and the present figure is the
signature of reorientation of the rotational and tidal axes relative to the surface,
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Table 2.1: Unnormalized second and third-order spherical harmonic coefficients of the
Moon’s gravitational potential (×10−6 ).

Coefficient

C2,0
C2,1
C2,2
S2,1
S2,2
C3,0
C3,1
C3,2
C3,3
S3,1
S3,2
S3,3

GRAIL

Mass
Anomalies

-203.2
0
22.4
0
0
-8.5
28.5
4.8
1.7
5.9
1.7
-0.2

-77
-56
-16.5
-15.6
0.3
-3
28.5
4.9
1.5
4.1
2
-0.1

South
Pole-Aitken
Basin
-56.7
-70.6
-13.1
-20.2
-8.2
-2.2
25.5
5.7
0.6
7.3
3.6
0.7

Fossil
Figure
-126.2
56
38.9
15.6
-0.3

Diagonalized
Fossil
Figure
-156.1 ± 11.8
38.8 ± 4.1

or true polar wander. By converting the mass-anomaly corrected degree-2 gravity
coefficients to the corresponding inertia tensor (Equation 2.7) we find that the fossil
figure has reoriented ≈ 15◦ . The sum of this misaligned fossil figure (Figure 2.6e)
and the mass anomalies (Figure 2.6c) produces the present inertia tensor with its
principal axes aligned with the rotational and tidal axes (Figure 2.6a). The primordial tidal axis (the minimum principal moment of inertia of the fossil figure)
is located at (14.3 ± 1.4◦ N, 1.9 ± 0.9◦ E); the primordial rotation axis (the maximum principal moment of inertia of the fossil figure) is located at (71.7 ± 2.0◦ N,
221.6 ± 2.1◦ E). This reorientation is consistent with South Pole-Aitken being a
negative-mass anomaly at degree-2, originally located near the equator and EarthMoon tidal axis. After the formation of South Pole-Aitken, the Moon reoriented
to place this negative anomaly closer to the lunar south pole. Since the fossil figure necessarily formed with its principal axes aligned with the rotational and tidal
axes, we diagonalized the inertia tensor associated with the mass-anomaly corrected
fossil figure and recalculated the degree-2 gravity coefficients in a principal axes
coordinate system (Table 2.1).
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2.3

Orbital Solutions for the Moon’s Fossil Figure

Having corrected for mass anomalies and true polar wander 2.2.6, we now consider
possible orbital solutions that can reproduce the corrected fossil figure. We evaluated the predicted fossil figure (as quantified by principal moments of inertia, or
degree-2 gravity coefficients: C2,0 and C2,2 ) for a range of initial semimajor axes,
eccentricities, spin-orbit resonances, and considering 25 and 50 km thick elastic lithospheres, consistent with previous estimates from lunar gravity and topography data
(although the exact nature of the elastic lithosphere at this time is still debated;
Arkani-Hamed, 1998; Sugano and Heki, 2004; Crosby and McKenzie, 2005; Audet
and Johnson, 2011). We then compared these fossil figure predictions to our mass
anomaly and true polar wander corrected fossil figure. Figures 2.7-2.9 illustrates
the semimajor axis and eccentricity solutions as a function of the predicted fossil
figure’s degree-2 gravity coefficients, C2,0 and C2,2 , the elastic thickness, and the
spin-orbit resonance. In these plots, regions overlain by contours indicate orbital
solutions that yield self-consistent fossil figures; regions devoid of contours indicate
that that particular fossil figure cannot be self-consistently created from that particular combination of spin-orbit resonance and elastic lithosphere thickness. Figures
2.10 illustrates these same results in the style of Garrick-Bethell et al. (2006) and
Matsuyama (2013).
If we assume that the elastic lithosphere formed during synchronous rotation, our
corrected fossil figure is consistent with an initial semimajor axis and eccentricity (a,
e) of (17.8 ± 0.2 RE , 0.21 ± 0.05) for a 50 km thick elastic lithosphere (Figure 2.7a),
and (15.2 ± 0.2 RE , 0.22 ± 0.05) for a 25 km thick elastic lithosphere (Figure 2.8a).
These low-eccentricity solutions stand in stark contrast to the orbital solutions of
Garrick-Bethell et al. (2006) and Matsuyama (2013), who both required highereccentricity orbits at the time that the fossil figure froze in (e ≈ 0.5). Our lowereccentricity solutions are more consistent with the canonical model for the formation
and evolution of the Moon. We find C2,0 /C2,2 4.03 ± 0.28 which is very close to the
hydrostatic, zero-eccentricity, synchronous orbit ratio of C2,0 /C2,2 = 3.33 predicted
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(c) Low eccentricity, 3:2 spin-orbit resonance solutions
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Figure 2.7: 1:1 and 3:2 spin/orbit solutions for the mass anomaly and true polar wander corrected fossil figure, assuming a 50 km thick elastic lithosphere, as a function of
degree-2 gravity coefficients, C2,0 and C2,2 . Colors and dashed contours indicate the eccentricity at the time the elastic lithosphere formed; solid black contours indicate the
semimajor axis (in Earth radii) at the time the elastic lithosphere formed. The diagonal
black line corresponds to the classical, zero-eccentricity, 1:1 spin/orbit resonance, hydrostatic solution (C2,2 /C2,0 = 3/10). White regions correspond to parameter space where
no self-consistent solution exists. The black circle indicates the observed GRAIL degree-2
gravity coefficients. The black point with 1σ error bars indicates the mass anomaly and
true polar wander corrected fossil figure that results after subtracting our best fit spherical
cap model from the observed degree-2 coefficients and diagonalizing. a, Solutions for a
1:1 (synchronous) spin-orbit resonance. b-c, High- and low-eccentricity solutions for a 3:2
spin-orbit resonance. There is no self-consistent fossil figure solution for a 3:2 spin-orbit
resonance.
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(b) High eccentricity, 3:2 spin-orbit resonance solutions
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(c) Low eccentricity, 3:2 spin-orbit resonance solutions
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Figure 2.8: 1:1 and 3:2 spin/orbit solutions for the mass anomaly and true polar wander corrected fossil figure, assuming a 25 km thick elastic lithosphere, as a function of
degree-2 gravity coefficients, C2,0 and C2,2 . Colors and dashed contours indicate the eccentricity at the time the elastic lithosphere formed; solid black contours indicate the
semimajor axis (in Earth radii) at the time the elastic lithosphere formed. The diagonal
black line corresponds to the classical, zero-eccentricity, 1:1 spin/orbit resonance, hydrostatic solution (C2,2 /C2,0 = 3/10). White regions correspond to parameter space where
no self-consistent solution exists. The black circle indicates the observed GRAIL degree-2
gravity coefficients. The black point with 1σ error bars indicates the mass anomaly and
true polar wander corrected fossil figure that results after subtracting our best fit spherical
cap model from the observed degree-2 coefficients and diagonalizing. a, Solutions for a
1:1 (synchronous) spin-orbit resonance. b-c, High- and low-eccentricity solutions for a 3:2
spin-orbit resonance. There is no self-consistent fossil figure solution for a 3:2 spin-orbit
resonance.
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(a) Low eccentricity, 2:1 spin-orbit resonance solutions, 25 km thick elastic lithosphere
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(a) High eccentricity, 2:1 spin-orbit resonance solutions, 50 km thick elastic lithosphere
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(a) Low eccentricity, 2:1 spin-orbit resonance solutions, 50 km thick elastic lithosphere
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Figure 2.9: 2:1 spin/orbit solutions for the mass anomaly and true polar wander corrected
fossil figure, for both 25 and 50 km thick elastic lithosphere, as a function of degree-2
gravity coefficients, C2,0 and C2,2 . Colors and dashed contours indicate the eccentricity at
the time the elastic lithosphere formed; solid black contours indicate the semimajor axis
(in Earth radii) at the time the elastic lithosphere formed. The diagonal black line corresponds to the classical, zero-eccentricity, 1:1 spin/orbit resonance, hydrostatic solution
(C2,2 /C2,0 = 3/10). White regions correspond to parameter space where no self-consistent
solution exists. The black circle indicates the observed GRAIL degree-2 gravity coefficients. The black point with 1σ error bars indicates the mass anomaly and true polar
wander corrected fossil figure that results after subtracting our best fit spherical cap
model from the observed degree-2 coefficients and diagonalizing. a, Solutions for a 1:1
(synchronous) spin-orbit resonance. b-c, High- and low-eccentricity solutions for a 3:2
spin-orbit resonance. There is no self-consistent fossil figure solution for a 3:2 spin-orbit
resonance.
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(a) 1:1 spin-orbit resonance, 50 km thick elastic lithosphere

(b) 3:2 spin-orbit resonance, 50 km thick elastic lithosphere

(c) 2:1 spin-orbit resonance, 50 km thick elastic lithosphere

(d) 1:1 spin-orbit resonance, 25 km thick elastic lithosphere

(e) 3:2 spin-orbit resonance, 25 km thick elastic lithosphere

(f) 2:1 spin-orbit resonance, 25 km thick elastic lithosphere

Figure 2.10: Orbital solutions for the mass anomaly and true polar wander corrected fossil
figure, plotted in the format of Garrick-Bethell et al. (2006) and Matsuyama (2013). The
blue band indicates the region of orbital parameter space that would yield the appropriate
value of C2,0 . The red band indicates the region of orbital parameter space that would yield
the appropriate value of C2,2 . The width of the band corresponds to the ±1σ uncertainties
in C2,0 and C2,2 . The region where they overlap (if at all) indicates a region of parameter
space that is capable of self-consistently generating the observed mass anomaly and true
polar wander corrected fossil figure (corresponding to the black point with error bars in
Figures 2.7, 2.8-2.9). The observed GRAIL values of C2,0 and C2,2 are shown as black
contours. Note that the mass anomaly and true polar wander corrected C2,0 and C2,2
constraints only intersect for the case of a 1:1 spin-orbit resonance.

by (Laplace, 1878). While our corrected fossil figure does not require significant
primordial eccentricity, this does not preclude earlier epochs of high eccentricity
that may naturally result from the evection resonance; we simply do not require the
Moon to freeze its figure during these epochs.
In contrast with Garrick-Bethell et al. (2006) and Matsuyama (2013), we find
that the corrected fossil figure is inconsistent with initial 3:2 or 2:1 spin-orbit resonances (Figures 2.7-2.9). While the Moon may have passed through these higherorder spin-orbit resonances (Goldreich and Peale, 1966), our work suggests that the
Moon was synchronously locked by the time the fossil figure froze in.

59

2.4

Conclusion

We have developed a novel technique for isolating the degree-2 gravitational field
of lunar mass anomalies. By subtracting the contribution of mass anomalies, we
determine the Moon’s true fossil figure. This mass-anomaly corrected fossil figure
is misaligned with the present-day principal axes of the Moon, suggesting past true
polar wander driven primarily by the formation of SPA. Using secular Love number
theory, we demonstrate that this corrected lunar figure formed when the Moon was in
a synchronous orbit with a semimajor axes of 15−17 RE and an eccentricity of ≈ 0.2.
While not negligible, this eccentricity is considerably lower than previous estimates
(Garrick-Bethell et al., 2006; Matsuyama, 2013). We exclude the possibility that
the fossil figure formed during higher-order 3:2 or 2:1 spin-orbit resonances.
Figure 2.11 illustrates our new picture for the formation and evolution of the lunar figure. After the formation of the Moon (Figure 2.11a), the Moon migrated outward under the action of tides (Figure 2.11b). After any epoch of non-synchronous
rotation or high eccentricity (e.g., the evection resonance), the Moon settled into a
low-eccentricity, synchronous orbit, and cooled sufficiently, forming an elastic lithosphere capable of supporting the fossil figure (Figure 2.11c). Later, the South PoleAitken basin-forming impact occurred and reoriented the Moon by ≈ 15◦ (Figures
2.11d-e). The amount of reorientation is smaller than those inferred by magnetization estimates of pre-Nectarian paleopoles, although the direction of reorientation is
similar [Runcorn, 1983; Takahashi et al., 2014]. The remaining large lunar impact
basins and mare flood basalts formed after the formation of South Pole-Aitken (Figure 2.11f). Curiously, the majority of the mare flood basalts (and the Procellellarum
KREEP terrain) lie near the primordial tidal axis that was displaced northward by
the formation of South Pole-Aitken. This correlation may be the result of tectonics
driven from the reorientation and despinning of the Moon, and will be investigated
in future work.
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(a)
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a ≈ 17 r⊕♁
e ≈ 0.2
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15°
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distance from Earth / time since formation

Figure 2.11: Our proposed model for the formation of the Moon’s fossil figure. a, The
Moon coalesced from the debris of giant impact. b, Under the action of tides, the Moon
migrated outward and cooled from a magma ocean, perhaps experiencing periods of nonsynchronous rotation or high eccentricity. c, As the moon cools, it forms an elastic lithosphere capable of supporting long-term deformation, resulting in the fossil figure. d-e,
The South Pole-Aitken basin forming impact occurs, resulting in ≈ 15◦ of reorientation,
placing South Pole-Aitken closer to the south pole. f, Subsequent large impacts and mare
volcanism occur but do not significantly alter the lunar figure. g, Ultimately, the Moon
migrates to its current orbital configuration. Illustration by the author.
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3.0

LUNAR TRUE POLAR WANDER
INFERRED FROM THE SPATIAL
DISTRIBUTION OF LUNAR
POLAR HYDROGEN

The contents of this chapter were published in Siegler, Miller, Keane, Laneuville,
Paige, Matsuyama, Lawrence, Crotts, and Poston (2016).

3.1

Introduction

The earliest dynamic and thermal history of the Moon is not well understood. The
hydrogen content of deposits near the lunar poles may yield insight into this history,
because these deposits (which are probably composed of water ice) survive only if
they remain in permanent shadow. If the orientation of the Moon has changed, then
the locations of the shadowed regions will also have changed. The polar hydrogen
deposits have been mapped by orbiting neutron spectrometers (Feldman et al., 1998,
2001; Mitrofanov et al., 2010), and their observed spatial distribution does not match
the expected distribution of water ice inferred from present-day lunar temperatures
(Siegler et al., 2015; Paige et al., 2010). This finding is in contrast to the distribution
of volatiles observed in similar thermal environments at Mercury’s poles (Paige et al.,
2010).
In this chapter, we show that polar hydrogen preserves evidence that the spin
axis of the Moon has shifted: the hydrogen deposits are antipodal and displaced
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equally from each pole along opposite longitudes (Section 3.2). From the direction
and magnitude of this inferred reorientation, and from analyses of the Moon’s inertia
tensor, we can determine what geologic processes could cause this episode of true
polar wander (Section 3.3). We conclude that the only plausible cause for this
reorientation is the formation and evolution of the Procellarum KREEP Terrane (a
region rich potassium, rare-earth elements, and phosphorous (KREEP) containing
the majority of the Moon’s mare volcanism; Jolliff et al., 2000) on the nearside of
the Moon. This result has important implications for both the geophysical evolution
of the Moon and the origin of lunar polar volatiles.

3.2

The Antipodal Distribution of Lunar Polar Volatiles—A Volatile
Paleopole

Lunar polar volatiles, including water ice, record the delivery, weathering and loss of
external material, as well as the orbital dynamic history of the Moon (Siegler et al.,
2015; Arnold, 1979; Hurley et al., 2012). Epithermal neutron deficits measured by
orbital instruments provide an effective means of probing the spatial distribution
and quantity of these volatiles through the measurement of hydrogen abundances.
We use improved data sets of lunar hydrogen abundance that are derived using a
statistics-based likelihood analysis (Miller, 2012; Miller et al., 2012, 2014), shown
in Figure 3.1a-b. Here, we focus our analysis on data from the Lunar Prospector
Neutron Spectrometer Enhancements are determined on a pixel-by-pixel basis relative to the mid-latitude lunar highlands, which are assumed to be hydrogen-poor
(Miller, 2012; Miller et al., 2014). Modeled present-day temperature-dependent ice
stability depths (the depth at which water ice must be to be stable for approximately one billion years) are also shown at the approximate spatial resolution of
the Lunar Prospector Neutron Spectrometer (Figure 3.1c-d, 3.2). Full resolution
thermal models are shown in Figure 3.3. These ice stability models are discussed in
more detail in Paige et al. (2010), Paige et al. (2013), and Siegler et al. (2016).
The maps in Figure 3.1 show four key features: first, the polar hydrogen maxima
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Figure 3.1: Lunar polar hydrogen and predicted ice stability fields. a-b, Abundance
enhancements of lunar polar hydrogen (H; given in p.p.m.) for the north (a) and south
(b) poles (Miller et al., 2012; Teodoro et al., 2010). c-f, Ice stability depths for the north
(c, e) and south (d, f) poles. Depths for the current epoch (c, d), and an admixture of
current and paleopole epochs (e, f) are shown separately. Ice stability depths are based
on the model described in Paige et al. (2010), Paige et al. (2013), and Siegler et al.
(2016). In all panels, the red and black filled circles show the locations of the northern
and southern hydrogen enhancement maximums, respectively, and the orange diamond
shows the LCROSS impact site. All maps show quantities poleward of 80◦ with markers
every 2◦ of latitude.
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Figure 3.2: Water-ice stability depths for the past and present poles. a-f, Water-ice
stability depths for the north (a, c, e) and south (b, d, f) polar regions. The model-derived
stability depths (Siegler et al., 2015; Paige et al., 2010, 2013) are shown for the current
lunar spin axis (a, b) and the hypothesized paleo-axis (c, d). Also shown is the optimum
admixture of current- and paleo-axis models that that best matches the distributions of
polar hydrogen abundance (e, f). Topography measured by the LOLA instrument (Smith
et al., 2010) has been superimposed. Latitudinal contours are every 2 poleward of 80. All
other symbols are defined in Figure 3.1
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Figure 3.3: Full-resolution maps of ice stability depth. The ice stability depth is defined as
the depth at which water ice will sublimate at a rate of 1 mm Gyr−1 . a-f, Full-resolution
maps of ice stability depth for areas where water ice is stable at the current orientation
(a, b), in the paleopole orientation (c, d) and in an overlapping’ orientation (e, f); left
panels shown the north polar region, right panels show the south. These models define
the locations at which isotropically supplied water ice would be stable over geologic time;
depth is given as an average of the two models in those locations. Panels a-d are the bases
for Figure 3.1c-d. Models are constrained to ±300 km in stereographic x, y coordinates.
Latitude lines are every 2 poleward of 80. All other symbols are defined in Figure 3.1.
Panel b adapted from Paige et al. (2010).
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(north: 84.9◦ N, 147.9◦ E; south: 84.1◦ S, 309.4◦ E) are offset from the current
rotation axis of the Moon by roughly 5.5◦ ; second, the hydrogen enhancements
are of similar magnitude at both poles; third, the asymmetric enhancements do
not correlate with expectations from the current thermal or permanently shadowed
environment (Siegler et al., 2015; Paige et al., 2010; Teodoro et al., 2010); and fourth,
and most relevant to this study, the spatial distributions of polar hydrogen appear
to be nearly antipodal.
Two surface features are antipodal if they lie on diametrically opposite sides of
a planet, such that a line connecting the two points passes through the centre of
the planet. If a feature has a latitude and longitude of (θ, φ), then the antipode
is located at (−θ, φ + 180◦ ). This type of symmetry can also be referred to as an
inversion, central reflection or point reflection. In typical map projection of polar
data sets (for example, Figure 3.1), antipodal features do not appear simply shifted
by 180◦ . The different handedness between the north and south polar maps results
in an additional reflection. This geometry is illustrated schematically in Figure
3.4a-b, in which two antipodally symmetric features are shown in north and south
polar maps, respectively. To illustrate the antipodal nature of this feature, we
show both north and south features in each plot, with the antipodal feature shown
as it would appear if you could view it through the Moon. In this projection, a
feature rotated by an angle, α, of 180◦ about the pole will exactly line up with
its antipodal self (Figure 3.4c-d).

We can quantify the antipodalness for any

set of north-south spatial distributions by calculating r(α = 0) and r(α), where
r(α) is the correlation coefficient obtained when the south polar distribution is
rotated by an angle α in longitude relative to the north polar distribution (Fig.
2a). Figure 2b, c shows the correlation r(α) and the significance of that correlation
P (α) for polar hydrogen, the modeled ice stability depths and the maximum and
average yearly temperatures measured by Lunar Reconnaissance Orbiter Diviner
(Paige et al., 2010). Only hydrogen shows statistically significant correlations (>
5σ), with peak significance near α = 180◦ (8.3σ at 187◦ ).
The unique, high-significance antipodal relationship suggests a fundamental con-
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Figure 3.4: Antipodal symmetry. a, b, Standard north and south polar maps, respectively,
akin to Figure 3.1. In each figure we show a hypothetical distribution of antipodally
symmetric north (blue) and south (pink) polar ice. In each polar map, we show both
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one might expect. c, To test for antipodal symmetry, we rotate the features as viewed
through the planet by an angle α. d, Antipodally symmetric features match their antipodal
counterparts if rotated by α = 180◦ .

nection between north and south polar hydrogen. We interpret this as evidence that
the lunar spin axis has reoriented from a past spin pole position, with the expec-
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tation that volatiles will accumulate in cold traps about the instantaneous poles.
Our “volatile paleopole” is described by the averaged polar hydrogen maxima, corresponding to (84.5◦ N, 138◦ E) in the north, and (84.5◦ S, 318◦ E) in the south.
Models of ice stability that assume an admixture of thermal environments from the
current and paleopole orientations (Figure 3.1e-f) lead to a better description of the
hydrogen distributions than does the current environment alone.
This type of reorientation is known as true polar wander. In a minimum energy
state, the spin axis of a planet will align with the maximum principal axis of inertia.
True polar wander results when the maximum principal axis changes orientation
owing to mass redistribution within the planet (Matsuyama et al., 2014). As the
principal axis changes, the planet will attempt to minimize rotational energy and
reorient to align this principal axis with the spin axis. This reorientation results
in motion of the spin axis with respect to the surface of the planet (although the
spin axis remains fixed in inertial space). Lunar true polar wander of varying age,
magnitude and direction has been previously suggested on the basis of topography,
gravity and remnant magnetism (Section 3.6); however, polar volatiles have not
previously been used to infer polar wander on the Moon.

3.3

Identifying the Origin of the Volatile Paleopole

If the off-polar, antipodal lunar hydrogen is indeed a volatile paleopole (north pole:
84.5◦ N, 138◦ E; south pole: 84.5◦ S, 318◦ E; Section 3.2), then it would have
represented a previous maximum principal axis of inertia. Under this assumption,
we ask the question: what mass anomaly would be required to reorient the Moon
from this paleopole to its present-day spin pole (0◦ N/S)? Phrased in terms of inertia
tensors, this question is equivalent to:
I = I paleo + I M A

(3.1)

in which I is the present-day lunar inertia tensor, I M A is the inertia tensor of
some arbitrary mass anomaly and I paleo is an undetermined inertia tensor with the
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maximum principal axis of inertia aligned with the volatile paleopole. The goal here
is to find all possible I M A that satisfy this condition.
3.3.1

The Inertia Tensor of the Moon

The present-day lunar inertia tensor I can be determined directly from a combination of degree-2 spherical harmonic coefficients of the gravitational potential, J2
(−C2,0 ) and C2,2 , and libration parameters, β and γ, and is well constrained (Keane
and Matsuyama, 2014; Matsuyama, 2013; Bills and Rubincam, 1995; Konopliv et al.,
1998). In a principal-axis reference frame, the

A


I diagonalized = 
0

0

lunar inertia tensor can be written:

0 0


B 0
(3.2)


0 C

where C > B > A are the maximum, intermediate, and minimum principal moments of inertia, respectively. Following (Matsuyama, 2013, and Section 2.2), it is
convenient to define these principal moments of inertia in terms of their departures
from the mean moment of inertia:
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where M and R are the mass and radius of the Moon. A, B, C can then be written:
C
2
= J2 = 135.619 × 10−6
2
MR
3
B
1
= − J2 + C2,2 = −23.019 × 10−6
2
MR
3
A
1
= − J2 − 2C2,2 = 135.619 × 10−6
2
MR
3
3.3.2

(3.4)
(3.5)
(3.6)

The Inertia Tensor of a Mass Anomaly

The inertia tensor of an arbitrary mass anomaly I M A depends strongly on the
assumed location, geometry and mass distribution of the perturbing mass anomaly.
However, if we consider the limiting case of an axisymmetric anomaly centered on
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the north pole of the planet (such that the symmetry axis of the anomaly and the
+z axis are aligned), then the inertia tensor of the anomaly is reduced to a single
parameter. This is because an axisymmetric anomaly centered on the north pole
will contribute only to J2 , no other degree-2 spherical harmonic gravity coefficients,
owing to symmetry. Following Lambeck (1980), we then relate the degree-2 gravity
of the mass anomaly located along the pole to its inertia tensor:


I0
1 MA
J
0
0
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3 2
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M
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0
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= M R2 
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+
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0
0
2
2
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3

(3.7)

where J2M A is the degree-2 zonal spherical harmonic coefficient of the gravitational
potential mass anomaly when centered on the north pole (aligned with the +z axis).
Because we are concerned only with the orientation of the principal axes of inertia
(the maximum of which is presumed to be associated with a paleopole), the mean
moment of inertia can be neglected. The mean moment of inertia is spherically
symmetric and does not control the orientation of the principal axis of inertia.
(Stated another way: the mean moment of inertia affects the eigenvalues of the
inertia tensor, but not the eigenvectors.) I 0 M A is the inertia tensor for the case
in MA which the mass anomaly is located on the north pole (with the symmetry
axis aligned with the positive z axis). To determine the inertia tensor for a mass
anomaly located anywhere on the Moon, we rotate the inertia tensor:
I M A = RI 0

MA

RT

(3.8)

where R is a rotation matrix defined to rotate the mass anomaly from the north pole
to an arbitrary latitude and longitude (θ, φ). R T is the transpose of R. Ultimately,
I M A is a function of J2M A and the position of the mass anomaly. For simplicity, we
define the quantity:
Q = −J2M A /J2

(3.9)

where J2 is the degree-2 zonal spherical harmonic of the GRAIL gravity field (J2 =
−C2,2 = 203.2133 × 10−6 in unnormalized spherical harmonic coefficients; Zuber
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et al., 2013). The negative sign forces Q to be positive for positive mass anomalies
(mass excesses) and negative for negative mass anomalies (mass deficits). This
definition of Q implies that the perturbation occurred instantaneously. Later we will
consider the case where Q changes with time; in which case, the relevant parameter
for these analyses is ∆Q (Equation 3.15). For simple models where we can ignore
the temporal evolution of Q (as in Sections 3.3.3-3.3.4), then Q = ∆Q.
To determine the possible locations and magnitudes of perturbing mass anomalies that could be responsible for the observed volatile paleopole, we performed a
parameter-space survey investigating the effect of placing mass anomalies of various
sizes (Q) across the surface of the Moon. For each test case, we determined the
paleo inertia tensor from Equation 3.3:
I paleo = I − I M A

(3.10)

We determined the orientations of the principal axes of inertia by evaluating the
eigenvalues and eigenvectors of I paleo . We then measured the mean angular separation between the maximum principal axis of inertia and the north and south volatile
paleopoles. Figure 3.6a-d shows example slices of this parameter-space search for
positive and negative mass anomalies. The regions that can drive the required reorientation to within the measured uncertainty (approximately 1◦ ) are limited. Figures
3.6e-3.7 show the acceptable regions in which a mass anomaly of a range of sizes
(Q) could produce the required reorientation to within 1◦ .
From Figures 3.6e-3.7, we can see that Both positive (mass excesses; ∆Q > 0)
and negative (mass deficits; ∆Q < 0) anomalies are possible, although the allowed
regions are limited. These regions depend only on the observed lunar inertia tensor
and the location of the volatile paleopoles. To first-order, these plausible anomalies
fall on great circles connecting the present-day poles and the paleopoles, although
they deviate owing to the triaxial nature of the Moon.
There are many geologic features that fall within the allowed regions of Figures
3.6e-3.7, including several large impact basins, and the center of the geochemically
distinct, Procellarum KREEP Terrane. In the following Sections (3.3.3-3.3.5) we will
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Figure 3.6: Slices through the mass-anomaly parameter-space search. a-d, Colored contours enclose regions where placing a mass anomaly ∆Q of the indicated size will cause a
reorientation of the Moon to within the specified distance (see legend) of the present-day
lunar spin pole. Red filled circles denote the volatile palaopoles. e, Contours enclose regions where mass anomalies ∆Q must be centered to reorient the Moon from the volatile
paleopole to the present-day spin pole, to within 1◦ . This figure is the same as in Figure
3.7, but in an equirectangular projection; symbols and lines as in Figure 3.7.

consider what geologic processes could result in a reorientation of this magnitude.
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Figure 3.7: Spherical orthographic projection of the lunar northern hemisphere (a), far
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75
3.3.3

Simple Geophysical Models for Producing the Required Reorientation

Lunar impact basins, uncompensated topography and mare basalts can have a substantial contribution to the inertia tensor of the Moon (Keane and Matsuyama,
2014; Melosh, 1975c,a). To determine if these features were possibly responsible for
the reorientation that is required to explain the volatile paleopoles, we considered
a simple case of a spherical cap of uniform surface density (Figure 3.8a). Figure
3.8b shows Q for spherical caps as a function of surface density (which, assuming
a material density, can be converted into an equivalent, uncompensated material
thickness) and cap radius. For the typical sizes of large impact basins (cap radii of
< 15◦ ), required mass anomalies (Figures 3.6e-3.7; |Q| > 0.2) would be equivalent
to > 5 km of uncompensated topography (either a topographic excess or depression,
depending on the sign of the surface density). This magnitude of uncompensated
topography or mare basalts is not observed in any lunar impact basin. In the following section (Section 3.3.4), we exclude impact basins and mare basalts in a more
rigorous manner.
Internal mass anomalies, including mantle plumes or lateral variations in composition or density, can also have a contribution to the Moon’s inertia tensor. For
simplicity, we considered a simple spherical mass anomaly, spanning from the outer
core to the lunar crust, with an arbitrary density contrast (Figure 3.8c). While the
choice of a spherical mass anomaly is arbitrary (mantle plumes are obviously not
spherical), tests using other simple geometries yield similar results. In this case, Q
for this simple internal anomaly is dependent only on the density contrast, as shown
in Figure 3.8d. The smallest required mass anomalies (Figures 3.6e-3.7; |Q| ≈ 0.2)
would be equivalent to density anomalies of only |∆ρ| ≈ 10 kg m−3 . If these density
anomalies are thought to arise from temperature variations, this would be equivalent
to |∆T | ≈ 100 K (assuming a 3,300 kg m−3 mantle density and a volumetric coefficient of thermal expansion of 3 × 10−5 Turcotte and Schubert, 2014).Temperature
anomalies of this magnitude are easily generated in thermal evolution models of the
Procellarum KREEP Terrane (Wieczorek and Phillips, 2000; Laneuville et al., 2013;
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Grimm, 2013; Andrews-Hanna et al., 2014). This motivates our detailed investigation into the reorientation potential of the Procellarum KREEP Terrane (Section
3.3.5).
3.3.4

More Complicated Geophysical Models for Producing the Required Reorientation: Impact Basins

Although many impact basins fall within the allowed regions of Figures 3.6e-3.7,
inverse modeling of the gravity fields of lunar impact basins shows that most do not
have a large enough mass anomaly to produce the required reorientation (Chapter
2; Keane and Matsuyama, 2014). Figure 3.9 shows the mass anomaly of the 32
largest lunar impact basins. The one exception is the South Pole-Aitken basin and
its associated ejecta blanket. All other impact basins have |Q| < 0.2, which is the
smallest possible value of Q that can reorient the Moon enough to explain the volatile
paleopoles (Figures 3.6e-3.7). The only large impact basin that is located in a place
that could potentially reorient the Moon in the necessary direction is Moscoviense
(27◦ N, 148◦ E). For it to cause the observed reorientation, Moscoviense would need
to be a present-day positive mass anomaly, with Q ≈ +0.22 (Figures 3.6e-3.7).
From the inverse modeling of this basin’s gravity field, we find that Moscoviense
is a net negative mass anomaly, with Q < −0.1. Thus, even the favorably located
Moscoviense impact basin is not capable of causing the required reorientation.
Lunar impact basins tend to have a negligible contribution to degree-2, owing to
the detailed structure of their gravity fields. Large lunar impact basins frequently
possess large, central, positive free-air anomalies (so-called “mascons” Muller and
Sjogren, 1968), surrounded by a broad, negative free-air anomaly collar resulting
from the deposition of ejecta and thickening of the crust (Melosh et al., 2013). This
alternating positive/negative “bull’s-eye” pattern results in an almost net-zero contribution to the degree-2 gravity field (Keane and Matsuyama, 2014). It is possible
that impact basins had more substantial contributions to degree-2 shortly after they
formed, and before the formation of the central mascon, due to viscoelastic relaxation, mantle-flow, and cooling and contraction of the impact melt pool; however,
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Figure 3.8: Simple geophysical models for reorienting the Moon. a, A schematic of our
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line). Over-plotted (green shading and orange lines) is the ∆Q required if the Procellarum
KREEP Terrane is responsible (∆Q = −0.45; Figures 3.6e-3.7).

this would be a transient stage lasting less than 30 Myr (Melosh et al., 2013). It is
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unlikely that all of the observed hydrogen deposits formed in such a short time-span.
Furthermore, if large impact basins were responsible, then we would expect several
sets of antipodal epithermal neutron deposits, rather than just one.
Although the South Pole-Aitken basin and its associated global ejecta blanket
easily produce mass anomalies comparable to those required to explain the volatile
paleopole, it is not at the proper location to reorient the Moon in the necessary
direction (Figures 3.6e-3.7). In fact, the location of the South Pole-Aitken basin is
incompatible with the observed volatile paleopole. Figure 3.10 illustrates the range
of possible paleopoles for both the South Pole-Aitken basin and the Procellarum
KREEP Terrane, for a wide range of mass anomalies centred on each feature (the
entire parameter space of Figure 3.8). The latitude and longitude of the perturbing
mass anomaly immediately restricts the possible locations for a paleopole. The set
of possible paleopoles for Procellarum KREEP Terrane naturally passes through
the volatile palaeopoles, whereas the possible paleopoles associated with the South
Pole-Aitken basin are nearly orthogonal to the observed reorientation. Thus, the
South Pole-Aitken basin cannot be responsible for the observed volatile paleopoles
(although asymmetries in the impact basin and associated ejecta blanket may complicate this picture Kendall et al., 2015).
Only the South Pole-Aitken basin has a large enough mass anomaly, but does
not correlate with any of the allowed regions and would result in roughly orthogonal
motion to our proposed wander path (Figure 3.10).
3.3.5

More Complicated Geophysical Models for Producing the Required Reorientation: Thermal Evolution of the Procellarum KREEP Terrane

The center of the radiogenic-rich Procellarum KREEP Terrane lies within the acceptable regions (Figures 3.6e-3.7). The thermal evolution of the PKT has previously been used to explain the formation of the near-side mare basalts, the distributions of incompatible elements, the anomalous heat flow and the gravity signature of
the Procellarum KREEP Terrane (Jolliff et al., 2000; Wieczorek and Phillips, 2000;
Laneuville et al., 2013; Grimm, 2013; Laneuville et al., 2013; Andrews-Hanna et al.,
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Impact Basins

Figure 3.9: Mass anomalies ∆Q of the largest lunar impact basins derived from inverse
fitting of the present-day lunar gravity field, following the method outlined in Keane and
Matsuyama (2014) (and Chapter 2). The only impact basin with a large enough mass
anomaly is the South Pole-Aitken basin, which is not properly located to drive the observed
true polar wander (Figures 3.6e-3.7). The only major impact basin that is properly located
is Moscoviense, which has a negligible mass anomaly (and with the wrong sign). Error
bars are 1σ uncertainties from the inverse solution.

2014; Zhong et al., 2000; Zhang et al., 2013). However, the effect of the Procellarum
KREEP Terrane on the Moon’s moments of inertia and orientation have not been
previously examined. Note that while we will refer to this geologic feature as the
Procellarum KREEP Terrane, we are not merely talking about the surface expression of this feature (which is how it is classically defined), but also any associated
density structure at depth.
To determine the reorientation of the Moon due to the thermal evolution of the
Procellarum KREEP Terrane, we used the 3D thermochemical convection models of
Laneuville et al. (2013). This model evaluates the influence of the high concentration
of heat sources within the PKT on global thermal evolution. Two limiting models

80

180°E
210°E

150°E

240°E

120°E

epithermal neutron paleopole

270°E

90°E

60 o N

60°E

SPA

300°E

o

30 N

330°E

PKT
0o N

30°E

0°E
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based on a mass anomaly placed at either the Procellarum KREEP Terrane or South
Pole-Aitken basin. Reorientations from the Procellarum KREEP Terrane always create
paleopoles passing through the neutron paleopole, whereas reorientations from the South
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paleopole.
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are considered here: heat-producing KREEP material initially beneath the crust
(model “B”), and heat- producing KREEP material initially mixed within the crust
(model “W”). In this section, we focus on how we can relate these numerical models
to changes in the Moon’s inertia tensor and reorientation history.
The Procellarum KREEP Terrane thermal models from Laneuville et al. (2013)
consist of a 3D spherical grid, with 20-km radial resolution and 60-km lateral resolution. The radial grid runs from the coremantle boundary (at a radius of RC =
390 km) to the Moon’s surface (R = 1,740 km). At each volume element within the
model domain, the density varies owing to thermal expansion and contraction and
changes bulk composition resulting from partial melting and subsequent melt migration. We determine the full inertia tensor of the model by summing the contribution
of each volume element:
I P KT



Ixx Ixy Ixz





=
Iyx Iyy Iyz 


Izx Izy Izz

(3.11)

where the individual components can be written:
Ix,x =

X

ρi Vi yi2 zi2



i

Ix,y = −

X

ρi Vi xi yi

(3.12)

i

and similarly for other components (Iy,y , Iz,z , Ix,z , Iy,z ). Here, Vi is the volume
of the ith grid element and ρi is its density, which varies with time. In these 3D
thermochemical convection models the Procellarum KREEP Terrane is located along
the +z axis.
For true polar wander, it is not only important to consider density variations
within the body, but also surface deformation in response to the temperature evolution at depth. As the mantle heats up, the surface will be uplifted in response to
the thermal expansion of the mantle. Depending on the magnitude of this surface
compensation, it is possible for the Procellarum KREEP Terrane to act either as a
net negative mass anomaly (Q < 0; if the thermal anomaly at depth dominates the

82
inertia tensor perturbation), or a net positive anomaly (Q > 0; if the topographic
uplift dominates the inertia tensor perturbation). The thermal models of Laneuville
et al. (2013) do not directly take into account changes in surface topography due
to thermal evolution at depth. To address this, we followed the approach used in
Laneuville et al. (2013) and calculated the amount of surface uplift a posteriori by
determining the amount of topography necessary to balance the thermal expansion and/or contraction of the mantle at depth. For each radial column within the
model domain, we determined the initial integrated mass within that column. As
the interior warms owing to the evolution of Procellarum KREEP Terrane thermal
anomaly, this results in an overall decrease in density in the column, which, in an
incompressible model without surface flexure, leads to a small decrease in the integrated mass within the column. If we assume that the lithosphere can perfectly
compensate for this change in density (which would occur only if the lithosphere was
completely strengthless), then we add this missing mass back into the model at the
uppermost radial volume element within the column. This added mass is a proxy
for the topographic uplift resulting from this interior changes in density. Because
real planetary lithospheres are not strengthless, and instead possess some rigidity,
we modulated this correction by a factor we term the “compensation state” C. If
C = 1, then we add in the complete mass correction corresponding to a strengthless
lithosphere. If C = 0, then we do not add in any mass correction, which would
correspond to a completely rigid lithosphere, incapable of deforming in response to
the interior thermal expansion. Thus, the total inertia tensor associated with the
Procellarum KREEP Terrane thermal model, I P KT , is:
I P KT = I interior + CI topography

(3.13)

where I interior is the inertia tensor that results from summing up the contribution of
each volume element within the model, and I interior is the inertia tensor that results
from the mass due to this dynamic topography in the upper-most grid cell. For all
cases, we normalize the final total inertia tensor to the observed mass and radius of
the Moon.
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From the inertia tensor, it is possible to directly calculate the spherical harmonic
gravity coefficients (Lambeck, 1980):
Iz,z − 21 (Ix,x + Iz,z )
M R2
Ix,z
=−
M R2
(Ix,x − Iy,y )
=
4M R2
Iy,z
=−
M R2
Ix,y
=−
2M R2

C2,0 = −J2 =
C2,1
C2,2
S2,1
S2,2

(3.14)

For the case with the Procellarum KREEP Terrane centered on the +z axis, the
degree-2 gravity field associated with PKT is described primarily by C2,0 , owing to
symmetry. Although there is some power in the other spherical harmonic gravity
coefficients, C2,0 is by far the most important. The inertia tensor is uniquely related
to degree-2 gravity coefficients (and only degree-2 gravity coefficients).
In our parameter-space search for possible perturbing mass anomalies (Figures
3.6e-3.7), we assume that the Moon used to have its spin axis at a different location
(possibly at the volatile paleopole) and was subsequently reoriented to the presentday spin pole. Phrased differently, we assume that the perturbing mass anomaly is
still present, and still contributes to the observed lunar inertia tensor and degree-2
spherical harmonic gravity coefficients. Thus, to determine the relative importance
of the Procellarum KREEP Terrane, it is more useful to define the change in the
mass-anomaly size with respect to its present value:
∆Q = Q(t) − ∆Q(0Gyr ago).

(3.15)

This ∆Q is the relevant quantity for the parameter-space survey in Figures 3.6e3.7, and determines how much the Moon could have reoriented in the past, with
respect to its present-day orientation. A positive ∆Q indicates the presence of a
positive mass anomaly (mass excess) with respect to the present state; a negative ∆Q
indicates the presence of a negative mass anomaly (mass deficit) with respect to the
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present state. Q and ∆Q for two end-member Procellarum KREEP Terrane thermal
anomalies are shown in Figure 3.11. The nomenclature “W” and “B” are shortened
from “0LW” and “0LB” from Laneuville et al. (2013), in which “0” denotes low
radiogenic mantle composition and “L” denotes diameter of the KREEP anomaly,
and “W” denotes KREEP within the crust and “B” denotes KREEP below the crust.
The most important part of Figure 3.11 are panels c and h, which show that the ∆Q
associated with the thermal evolution of the Procellarum KREEP Terrane can be
consistent with the ∆Q required to explain the volatile paleopole. The implications
of this will be discussed in the following section (Section 3.4).

3.4

The Reorientation History of the Moon due to the Thermal Evolution of the Procellarum KREEP Terrane

The thermal evolution of the Procellarum KREEP Terrane provides a simple explanation for the origin of the volatile paleopole (Section 3.3.5). The Procellarum
KREEP Terrane is in the right location on the Moon (following Figures 3.6e-3.7),
and is capable of perturbing the inertia tensor in the correct way to reorient the
Moon by the observed amount (Section 3.3.5). Figure 3.12 shows our nominal
model for the thermal evolution of the Procellarum KREEP Terrane, and the ∆Q
as a function of time.
Figure 3.13 shows the chronology of three representative true polar wander paths
derived using the nominal Procellarum KREEP Terrane thermal evolution model
for different lithospheric strengths. Starting from the present-day (non-equilibrium)
lunar inertia tensor and working backwards in time allows us to track the reorientation of the Moon due to Procellarum KREEP Terrane thermal evolution without
making assumptions about the lunar fossil figure. True polar wander tracks are not
forced to pass through the volatile paleopoles; this is simply a result of placing the
modeled thermal anomaly beneath the Procellarum KREEP Terrane. As long as
the lithosphere is moderately rigid, tracks will pass through the volatile paleopole
(Figure 3.13). True polar wander chronologies for a larger range of thermal evo-
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Model “W” - KREEP within the crust

Model “B” - KREEP beneath the crust
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Figure 3.11: Mass anomalies and reorientation of the Moon due to the thermal evolution
of the Procellarum KREEP Terrane. a-e, Results for model W, in which KREEP is mixed
within the crust. f-j, Results for model B, in which KREEP is mixed beneath the crust.
a, f, Temperature cross-sections of the lunar mantle, as a function of time. The dark circle
is the lunar core. White regions are partially molten. b, c, g, h, The mass anomaly Q (b,
g) and ∆Q (c, h) associated with the thermal anomalies shown in a and f, respectively,
as functions of time for various assumed compensation. states (colored lines). C = 0
corresponds to a rigid lithosphere; C = 1 corresponds to a strengthless lithosphere. The
region required to explain the volatile paleopole is highlighted in green. d, i, The distance
between center of the Procellarum KREEP Terrane and the instantaneous spin pole as
a function of time. e, j, The co-latitude of the instantaneous spin pole as a function of
time. In this plot, the co-latitude is defined as positive if the northern spin pole is on the
near side and negative if it is on the far side. The co-latitude of the volatile paleopole is
highlighted in green.

86

melt

PKT

temperature (K)

2000
1500

core

1000
500

1.0

0.5

0.8

0.0

0.6
ΔQ required for epithermal neutron paleopole to be due to the PKT

-0.5

0.4

age uncertainty
±0.2 Gyr

-1.0
4.5

4.0

0.2
3.5

3.0

2.5

2.0

time before present (Ga)

1.5

1.0

0.5

compensation, C

mass anomaly size, ΔQ

strengthless
lithosphere

0.0
rigid
0.0 lithosphere

Figure 3.12: 2D cross-sections of 3D thermochemical convection models from model “W” of
Laneuville et al. (2013) as a function of time, and their corresponding mass anomaly, ∆Q,
for different values of lithospheric compensation, C (Section 3.3.5). C = 0 corresponds to
a rigid lithosphere; C = 1 corresponds to a strengthless lithosphere. More details of this
nominal model are shown in Figure 3.11.

lution models are shown in Figure 3.14. This result is consistent with the present
geophysical state of the Procellarum KREEP Terrane (Laneuville et al., 2013) and
expectations of the early rigid lunar lithosphere (Zhong et al., 2000). True polar
wander tracks assuming a strengthless lithosphere (C ≈ 1) do not pass through the
paleopole (Figures 3.13-3.14), constraining past lithospheric compensation.
Although the allowed locations and magnitudes of perturbing mass anomalies
are robust, other geophysical processes can affect our proposed true polar wander,
owing to the degeneracy of interpreting gravity and moments of inertia. The true
polar wander paths and chronology depend sensitively on the compensation state
of the lithosphere and on the emplacement and relaxation of nearside mare basalts.
Future seismic and heat-flow measurements will constrain the current nature of the
Procellarum KREEP Terrane thermal anomaly. Passage through the paleopole occurs more than 3.5 Gyr ago for these representative models. Alternative chronologies
that incorporate early magma-ocean evolution, mare emplacement and changes in
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Figure 3.13: True polar wander due to the evolution of the Procellarum KREEP Terrane.
a-c, The predicted TPW path backwards through time from the present-day pole (red),
owing to the thermal evolution of the Procellarum KREEP Terrane, for a model with
KREEP material mixed within the crust (model W), assuming a rigid lithosphere (C = 0;
a), a partially rigid lithosphere (C = 0.5; b) and a strengthless lithosphere (C = 1.0; c).
In a and b, the true polar wander paths pass through the volatile paleopole, which is not
forced by the model. The 1σ uncertainty in pole position due to the rotational ambiguity
of the thermal model are smaller than the plotted points. Other mapped features are the
same as in Figure 3.1.

lithospheric strength may lead to later paleopole passage, but require additional free
parameters and modeling (Figure 3.14).

3.5

The Long-Term Stability of Lunar Polar Volatiles

If the spatial distribution of lunar polar hydrogen (plausibly in the form of water
ice) is reflecting the reorientation of the Moon by the thermal evolution of the
Procellarum KREEP Terrane, then this implies that a substantial fraction of the
observed lunar polar hydrogen is ancient—likely older than 3.5 Gyr (Section 3.4).
This is surprising, as the current paradigm is that the volatiles are being presently
deposited by solar wind implantation of hydrogen and micrometeroid impacts and
deposition of hydrogen.
Water ice will be stable if the temperatures in the first few meters of the Moon’s
regolith remain below about 145 K. Even near the poles, directly illuminated surfaces

88
a

C = 0.0

b

C = 0.2

c

C = 0.4

Model “W”
(KREEP
within the
crust)

d

C = 0.6

e

C = 0.8

f

C = 1.0

g

C = 0.0

h

C = 0.2

i

C = 0.4

k

C = 0.8

l

C = 1.0

j

C = 0.6

Model “B”
(KREEP
beneath
the crust)

o
C

n
C

C

m

Model “W”
with timevarying
compensation

Figure 3.14: Predicted true polar wander paths due to the thermal evolution of the Procellarum KREEP Terrane for a range of models and compensation states. a-f, Model W,
in which KREEP is mixed within the crust; g-l, model B, in which KREEP is mixed
beneath the crust; m-o, model W, with a time- varying compensation state. In general,
these TPW paths are consistent with the volatile paleopole forming early (4 ± 0.5 Gyr
ago), as long as the lithosphere is partially rigid. If the lithosphere is weak or strengthless
(d-f, k, l), the topographic uplift from the PKT thermal anomaly dominates and the TPW
track never passes through the volatile pole. m, An example where the lithosphere starts
strengthless (fluid; C = 1) and becomes perfectly rigid (C = 0) by the present day. n,
o, Examples where the lithosphere starts partially rigid and becomes weaker with time.
Although these cases may not be geophysically feasible, it is interesting as it confines the
true polar wander paths to within the observed hydrogen distribution and reduces the age
of the volatile paleopole. Error bars indicate 1σ uncertainty in the paleopole position due
to the rotational ambiguity of the thermal models; the error bars are often smaller than
the plotted pole positions. Other mapped features are the same as in Figure 3.1.
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will experience maximum temperatures that exceed 145 K, which leads to ground ice
being stable only within polar craters or regions with high topographic relief (Siegler
et al., 2015). Above this temperature, water ice (thicker than a single surface-bound
monolayer) will sublime on geologic timescales, with rates exceeding 1 mm Gyr−1
(Schorghofer and Taylor, 2007; Schorghofer, 2008).
Although a single monolayer of water is more stable, it is probably not sufficient
to cause the observed hydrogen excess. A typical sample of Apollo lunar regolith has
a surface area of about 0.5 m2 g−1 (Cadenhead et al., 1972; Heiken et al., 1991). An
idealized monolayer contains approximately 1015 molecules per square centimeter,
so a monolayer contains approximately 5×1018 molecules per gram of regolith. This
corresponds to a mass of 1.5 × 10−4 grams of H2 O, or 17 p.p.m. of hydrogen atoms.
Although variations in grain size may change the ratio of surface area to volume (and
thus the mass fraction of hydrogen), with these assumptions, adsorption of water
molecules directly to regolith can contribute only a small fraction of the minimum
plausible hydrogen concentration observed at the epithermal neutron palaeopole
(Figure 3.1). Thus, we assume that the observed hydrogen corresponds to either
water ice mixed within regolith (pore ice), or hydrogen bound within mineral grains.
Ancient ice must also survive billions of years of impact gardening, a process that
will slowly mix ice with the surrounding regolith (Arnold, 1979; Crider and Killen,
2005). Impact gardening can result in both ice loss, because ice is brought to the
warmer near-surface, and preservation of ice, because ice is buried under layers of
protective, thermally insulating regolith. However, impact gardening processes will
dominate only if the water ice is completely immobile (as would be the case for
adsorbed water). Given even short windows of time with temperatures above about
70-90 K, buried water molecules can migrate towards the surface, driven solely by
the water vapor concentration gradient between the regolith and the vacuum of
space. Water will migrate upward until it hits the predicted ice stability depths
(Figures 3.1c-d, 3.3-3.2). where it will remain and concentrate, because loss rates
to space are slow enough (1 mm Gyr−1 ) that it will not thermally sublimate over
geologic time. The ice may be buried again, mixed into the regolith or lost by an
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impact related process, but, assuming some small amount of thermal mobility, it
will again return to the ice stability depth. Therefore, even accounting for impact
gardening, as long as temperatures remain greater than about 70-90 K, but never
exceed about 145 K, the predicted depths should be a good proxy for detectable
hydrogen.
Ice stability models presented here show that ice can be stable both at the current
and proposed paleopole orientations. Figure 3.2e-f shows that there are large areas
that are stable in the upper 2.5 m for ice both at the current lunar pole position
and at the proposed paleopole (ice stability depth is assigned as an average of the
two models). However, if true polar wander led to a spin pole much further from
the paleopole, ground ice would no longer be stable in these locations. To estimate
how far a shadowed crater could move from the pole and still retain large amounts
of ground ice, we look at previous studies examining the effects of lunar obliquity
on ice stability. In such studies, a polar crater (Shackleton) was found to retain
stable ice until the Moon tilted by > 12◦ (Siegler et al., 2015, 2011). We use this
12◦ limit as an approximate estimate for the maximum extent of polar wander that
can occur with respect to a paleopole and still allow for the preservation of water ice
at the pole. In fact, some wander past the current pole would aid in the migration
of buried water to the surface by creating slightly warmer conditions than present.
At present, some cold traps are so cold (maximum temperatures< 90 K) that ice is
effectively immobile (Schorghofer and Taylor, 2007), leaving it to be slowly buried by
impact gardening (Hurley et al., 2012). True polar wander might have caused these
areas to experience conditions warm enough that ice buried by impact gardening
would migrate towards the surface (90 K < T < 145 K), driven by the concentration
gradient (with the vacuum of space).
Although many of our TPW paths remain within this 12◦ ice-stability limit,
suggesting that the hydrogen observed at the volatile paleopole is plausibly water ice
(Figure 3.13a-b, Figure 3.14a-d, n, o), many do not. In these “large wander” cases,
the shadowed regions near the volatile paleopole may have experienced temperatures
that exceeded the 145 K stability limit for water ice. This would suggest that the
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epithermal neutrons may be mineralogically trapped or bound hydrogen, rather than
pore ice. Most mineralogies will have higher bonding strength than that of water to
water, and be more stable to large temperature fluctuations. It may be that pore ice
was originally stable at these locations, but has since been partially lost (perhaps
via hydrothermally interacting with the surrounding regolith), leaving only the most
stable forms of hydrogen behind. However, impact gardening will slowly bury the
grains this water is bound to and thus limit the length of time such hydrogen will
be in sufficient abundances to be detectable via neutron spectrometry.
It is also plausible that the observed hydrogen might never have been water.
Hydrogen can implant into permanently shadowed regions both from Earth’s magnetotail and by backscattering of solar-wind hydrogen off of nearby irradiated crater
walls. However, an explanation of why such a mechanism would result in the observed antipodal ice distribution has not been proposed. Perhaps areas that once
harbored water ice are more accepting of solar-wind hydrogen. The time required to
build up about 100 p.p.m. of rim-entrapped hydrogen in a permanently shadowed
region has been estimated (Starukhina, 2012) to be of the order of 200 Myr. If not
continuously resupplied, then hydrogen trapped at defects in grain rims has a chance
to escape, with this chance depending primarily on two variables: diffusion activation energy and temperature. A range of realistic activation energies were found
for which hydrogen would be retained at low lunar temperatures and for billions of
years.
Regardless of the hydrogen source, defects in weathered grain rims can create a
large volume for hydrogen retention, and may be sufficient to explain the observed
hydrogen concentrations. The possible retention of hydrogen trapped at defects
within the rims of the lunar grains themselves has been calculated (Starukhina, 2012,
2006). The maximum concentration is set by the maximum retention of implanted
hydrogen in laboratory experiments, and is about 2 × 1017 cm−2 . The thickness
of the implantation rim is taken to be 100 nm. For a lunar soil surface area of
0.5 m2 g−1 , the maximum trapped-hydrogen concentration is about 1,700 p.p.m.
(Starukhina, 2012).
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Large-scale defects, such as radiation tracks, can react with water (Fuller, 1976;
Gammage and Holmes, 1975, 1976, 1977; Holmes et al., 1975). Such a situation
could occur as once-stable ice deposits begin to sublimate. This reaction was shown
to increase the specific surface area and porosity of lunar fines and retain water.
However, it is unclear how long water might stay within the grain lattice once it is
established there. We adopt a silicate lattice of 3.3 g cm−3 and, hence, an atomic
density of about 1023 cm−3 ; we assume a water density of about 1020 cm−3 . By
using Fick’s law (Fick, 1855), with a typical silicate diffusion coefficient of D =
10−25 cm2 s−1 , and calculating the flux across a 1-µm lattice layer into the vacuum
(so that 1020 drops to 0 cm−3 in 10−4 cm), we obtain a flux of J = 0.1 cm−2 s−1 .
The number of water molecules in a 1 µm × 1 cm2 volume is 1016 , so the diffusion
timescale is 1016 /(0.1 s−1 ) = 1017 s = 3 Gyr. Using values from the literature (Brady,
1995; Zhang, 2010), we estimate D ≈ 10−28 and J ≈ 10−4 cm−2 s−1 , which implies
that water, having incorporated into lunar materials, will not diffuse from the outer
micrometres in several billion years.
The mechanisms described above may allow for reasonable long-term (Gyr) storage of hydrogen in the volatile paleopoles—either in the form of pore ice, surficial water adsorption (Poston et al., 2015), or mineralogically bound hydrogen (Starukhina,
2012)—in the off-polar regions detected by the epithermal neutron data presented
here. However, the evidence presented here points to a correlation with preferential
water stability along the path of true polar wander.
It is possible that the epithermal neutron distribution marks the surviving hydrogen from an epoch of ice stability or high supply (for example, the late heavy
bombardment, a time during which the Moon had a protective magnetic field, or
primordial internal water from the Moon’s formation); alternatively, it could trace
a history of later-stage addition of hydrogen (for example, outgassing of water from
mare volcanism, large volatile-rich impacts or some variation in solar wind). Future
orbital missions with high-resolution, high-precision neutron spectrometers might
be able to better constrain the extent of the polar hydrogen, and future in situ polar landers or sample return might be able to directly determine the nature of lunar
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polar hydrogen. Current evidence, such as the detection of water ice in the Lunar
Crater Observation and Sensing Satellite (LCROSS) generated impact vapor plume
(Colaprete et al., 2010), suggests that the observed hydrogen enhancement is due
to water, and that the Moon may not have wandered an extreme amount since the
deposition of this water. It is interesting to note that the LCROSS impact point is
within our propose volatile paleopole (Figure 3.1).

3.6

The Moon’s Many Paleopoles

Our hypothesized volatile paleopole is not the first paleopole proposed for the Moon.
Figure 3.15 summarizes all previously proposed lunar paleopoles. Lunar paleopoles
can be subdivided into three distinct categories on the basis of the data set used
to identify them: (1) paleomagnetic poles, (2) fossil-figure poles determined from
long-wavelength topography or gravity, and (3) paleopoles inferred from the distribution of polar volatiles (proposed for the first time here). Here we summarize these
methods and the associated difficulties.
The first lunar paleopoles were inferred from orbital surveys of crustal magnetic
anomalies from Apollo 15 and 16 sub-satellites (Runcorn, 1983, 1984), and have subsequently been measured to higher precession with Lunar Prospector (Hood, 2011),
and Kaguya (Takahashi et al., 2014; Tsunakawa et al., 2015; Kim et al., 2015) observations. These magnetic anomalies can be fitted with source models of varying
prescription, and a local dipole magnitude and orientation can be determined. Assuming that this local dipole is a frozen remnant from a global, body-centered core
dynamo field, the geometry of this local field can be used to infer a paleomagnetic
pole (that is, the surface location where the magnetic dipole intersects the surface).
Under the assumption that the dipole is aligned with spin axis of the Moon, this paleomagnetic pole is then a record of the spin pole at the time at which the magnetic
anomaly formed.
There are several difficulties with interpreting paleomagnetic poles. First, not all
magnetic anomalies trace global dynamos. Large-scale impacts generate transient
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magnetic fields that can be different from any core dynamo existing at that time.
Many deposits associated with magnetic anomalies (particularly those associated
with impact ejecta, or features antipodal to large basins) may have experienced
rapid shock-remnant magnetization during these transient fields, and thus may not
accurately trace a core dynamo. To determine a true magnetic paleopole, it is necessary to identify deposits that cooled slowly, well after the dissipation of any transient
field (that is, thermoremnant magnetization). Identifying these deposits is difficult,
and has been done convincingly only for a few magnetic anomalies (Hood, 2011; Kim
et al., 2015). Although disentangling shock-remnant and thermoremnant anomalies
is difficult, it is still curious that many magnetic anomalies cluster into two groups:
one near the present-day spin-pole, and one in the far-side mid-latitudes (Takahashi
et al., 2014). The second major difficulty with interpreting paleomagnetic poles is
that they may not accurately trace the spin axis of a planet. This is the case on
Earth, where the magnetic pole is misaligned with the spin pole by about 10◦ . Future work will need to investigate the formation and evolution of the lunar dynamo,
in 3D, to determine how large of a misalignment is possible.
There have been some attempts to infer paleomagnetic poles from analysis of
remnant magnetism in samples returned from the Apollo missions. Because the
original orientation of these samples is unknown, it is not possible to completely describe the field geometry at the time these samples acquired their magnetizations—
however, it is possible to infer the paleolatitude of the samples on the basis of the
orientation of the remnant field with respect to the sample’s magnetic fabric, which
is used as a proxy for paleohorizontal. Analysis of multiple samples from multiple
Apollo landing sites has been used to infer paleomagnetic poles (Cournède et al.,
2012).
The second types of paleopoles are those inferred from measurements of the
Moon’s long-wavelength topographic shape and gravitational field—the so-called
“remnant figure” or “fossil figure”. Following the Moon’s formation and differentiation, the Moon was largely molten, and probably possessed a triaxial figure in
equilibrium with the tidal and rotational potential of its early orbit. Eventually,
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the Moon cooled, and developed an elastic lithosphere capable of supporting this
primordial, fossil triaxial figure over geologic time. The axis associated with the
maximum principal moment of inertia of this figure would represent the paleopole
at the time that the elastic lithosphere formed. This fossil figure was preserved
even as the Moon migrated to larger radial distances from Earth and the tidal and
rotational potentials decreased.
Although it is possible to directly measure the Moon’s present-day figure and its
associated pole (quantified by degree-2 gravity and topography, and libration measurements), it is non-trivial to measure the primordial figure. Giant impact basins
(particularly the South Pole-Aitken basin) and other large-scale geologic processes
alter the Moon’s figure and obscure the true fossil figure. Garrick-Bethell et al.
(2014) and Keane and Matsuyama (Chapter 2; 2014) have developed two different
methods for isolating this fossil figure. A critical comparison of these two works is
discussed in Chapter 2. Regardless, both studies suggest that the fossil figure has
reoriented by 15◦ − 30◦ (although in different directions).

3.7

Conclusions

In this chapter, we’ve shown that the spatial distribution of lunar polar hydrogen
(inferred to be water ice) preserves evidence that the spin axis of the Moon has
shifted (Section 3.2). While many geologic processes can reorient the Moon, the
location of this volatile paleopole greatly limits to the plausible causes. The simplest plausible explanation is that this volatile paleopole was left behind during the
thermal evolution of the Procellarum KREEP Terrane (PKT; a region rich potassium, rare-earth elements, and phosphorous (KREEP), containing the bulk of lunar
mare volcanism; Jolliff et al., 2000, Sections 3.3-3.4). Radiogenic heating within
this region altered the Moon’s inertia tensor. The resulting true polar wander is
consistent with volatile paleopole hypothesis.
This result is surprising for two reasons. First, this implies that a large fraction of
the measured lunar polar hydrogen is ancient (Section 3.4). This motivates further
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Figure 3.15: The Moon’s many published paleopoles. A collection of all published lunar
paleopoles, from a combination of paleomagnetic data (diamonds, triangles, and squares),
fossil figure estimates (stars) and the volatile paleopole reported here (circle). Ellipses
around each point indicate 1σ error.
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investigation of long-term stability of lunar polar volatiles (Section 3.5). However,
if this is correct, then this means that lunar polar hydrogen may hold a record of
the early delivery of water into the inner solar system. Second, this hypothesis links
lunar polar volatiles to the broader geologic and geophysical history of the Moon,
and the bombardment of the early Solar System.
This work represents only one aspect of the reorientation history of the Moon.
In the future, we plan to meld this with other investigations into the reorientation
history of the Moon due to asteroid impacts (Chapter 2), in order to construct the
first comprehensive reorientation chronology for the Moon. This chronology will be
important for further constraining the age of lunar polar volatiles, and investigating
other aspects of lunar geologic history.
Furthermore, the Moon is only one piece of the broader puzzle of solar system
volatiles. A broader investigation into true polar wander on other worlds may provide some more answers. For example, Mercury also has volatiles in its permanently
shadowed polar regions. Yet, they almost exactly match predictions from ice stability models (e.g. Paige et al., 2013). Is this telling us something different about the
origin or age of Mercury’s volatiles, or its rotational history?
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4.0

TRUE POLAR WANDER
AND FAULTING OF PLUTO
DUE TO VOLATILE LOADING
IN SPUTNIK PLANITIA

The contents of this chapter were published in Keane, Matsuyama, Kamata, and
Steckloff (2016).

4.1

Introduction

In July 2015, the New Horizons flyby revealed Pluto to be an astoundingly diverse,
geologically dynamic world (Figure 4.1). This dwarf planet (R = 1183 ± 1.6 km
Nimmo et al., 2017) is replete with fascinating geology—ranging from impact basins,
dissected (possibly fluvial) terrains, sublimation features (from meter-scale pits to
kilometer-scale penitentes), glacial flow, and cryovolcanic edifices (Stern et al., 2015;
Moore et al., 2016; Grundy et al., 2016; Moores et al., 2017; Howard et al., 2017;
Umurhan et al., 2017).
Of all of the geologic features on Pluto, the largest (and most dramatic) is
Sputnik Planitia (Figure 4.2). Sputnik Planitia is a tear-drop shaped topographic
depression approximately 1,000 kilometers in diameter, possibly representing an
ancient impact (Stern et al., 2015; Moore et al., 2016; Johnson et al., 2016). The
interior of Sputnik Planitia is characterized by a smooth, craterless plain, three to
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Figure 4.1: Enhanced color image composite of Pluto and Charon (to scale), as seen by
the New Horizons Ralph/Multispectral Visual Imaging Camera (MVIC). Image credit:
NASA/JHUAPL/SwRI.

four kilometers beneath the surrounding rugged uplands, and represents the surface
of a massive unit of volatile ices (N2 , CH4 , CO) several kilometers thick (Stern et al.,
2015; Moore et al., 2016; Grundy et al., 2016; McKinnon et al., 2016; Trowbridge
et al., 2016). This giant glacier is covered in polygonal cells several tens of kilometers
across, which has been interpreted to be the tops of solid-state convection cells
(Figure 4.2 inset). The exact thickness of this volatile ice deposit is uncertain, but is
likely on the order of a few kilometers based on inferences of basin geometry (Moore
et al., 2016), isostasy of the mountain-sized H2 O icebergs presumed to be floating
on the margins of Sputnik Planitia (Figure 4.2 inset; Moore et al., 2016; McKinnon
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et al., 2016; Trowbridge et al., 2016), and modeling of solid-state convection of the
ice (McKinnon et al., 2016; Trowbridge et al., 2016).
Curiously, Sputnik Planitia is located very close to the Pluto-Charon tidal axis
(the axis connecting the centers of Pluto and Charon, which are mutually tidally
locked and perpetually show the same face to one another; Figure 4.3). The alignment of large geologic features with the principal axes of inertia is often the hallmark
of true polar wander (Matsuyama et al., 2014). In a minimum energy state, planets
align their maximum principal axis of inertia with their spin axis. For tidally deformed planets in synchronous rotation (like Pluto), they also align their minimum
principal axis with their tidal axis. True polar wander occurs when mass is redistributed within the planet and the geographic locations of these axes change. To
remain in a minimum energy state, the planet reorients to realign these principal
axes with the tidal and spin axes. Notable examples of planetary true polar wander
include: the reorientation of Enceladus to place the plume-producing tiger stripes
at the south pole (Nimmo and Pappalardo, 2006; Collins and Goodman, 2007); the
reorientation of Mars to place the Tharsis volcanic rise at the equator (e.g. Perron
et al., 2007); and reorientation of the Moon to place the South Pole-Aitken basin
near the south pole (Keane and Matsuyama, 2014). True polar wander can have a
variety important consequence for a planet. True polar wander reorients the planet
with respect to the Sun, changing the local insolation conditions which is an important control for many geologic and atmospheric processes (e.g. sublimation, glacial
flow, etc.). True polar wander also reorients the planet’s lithosphere with respect
to planet’s rotational and tidal potentials, which can generate stresses in the lithosphere, leading to global-scale faulting. True polar wander may also have important
consequences for the planet’s deep interior, including misaligning the planet’s mantle and core, perhaps driving a mechanical dynamo. See Matsuyama et al. (2014)
for a review of planetary true polar wander.
In this chapter, we will investigate my hypothesis that Sputnik Planitia’s location is the result of true polar wander of Pluto, and what consequences this would
have for the geologic history of Pluto. First, we will determine whether Sputnik
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Planitia’s special location is just a chance coincidence (Section 4.2). Then we will
investigate the details of this proposed reorientation, which is a complicated function
of Pluto’s interior structure (Section 4.3) and the structure of Sputnik Planitia (Section 4.4). Finally, we will examine the consequences that this reorientation would
have for Pluto—including global-scale faulting (Section 4.5), and feedbacks between
Pluto’s spin and climate (Section 4.6)— and will with some concluding thoughts
and directions for future work (Section 4.7).

4.2

Is Sputnik Planitia’s Location a Consequence of Chance?

There are two different ways assess whether the alignment of Sputnik Planitia and
the tidal axis is a consequence of chance.
The simplest approach is to ask: “what is the probability that Sputnik Planitia
is near any single axis (e.g. the tidal axis)?” This question can be answered analytically. The probability, P , of a feature being within a radius of γ of any individual
point on the surface of a sphere is simply the ratio of the surface area of a spherical
cap with radius γ (Figure 4.4) to the total surface area of the sphere:
P =

2πR2 (1 − cos γ)
Acap (γ)
=
= (1 − cos γ)/2
Asphere
4piR2

(4.1)

where R is the radius of the sphere. Since each principal axis intersects the surface
at two points (e.g. the sub-Charon and anti-Charon points for Pluto’s tidal axis),
the probability of a feature being within a radius of γ of any axis is twice that of
Equation 4.1:
Paxis =

2Acap (γ)
4πR2 (1 − cos γ)
=
= (1 − cos γ)
Asphere
4πR2

(4.2)

This geometric method assumes that one axis is special. However, there are three
orthogonal principal axes of inertia, and it is conceivable that if Sputnik Planitia
were near any of these three axes, someone might conclude that true polar wander
is at play. To do this more generally, we take a numerical approach. We generated a
large number (N > 100,000) of points uniformly distributed on the surface of a unit
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Figure 4.2: Enhanced color image composite of Sputnitia Planitia. This large, smooth
feature makes up the western lobe of Pluto’s “heart,” and is thought to represent an
enormous glacier of solid nitrogen, carbon monoxide, and methane ices. The bottom
panel shows an high resolution image mosaic of the western margin of Sputnik Planitia,
showing the transition from the cratered and fractured highlands (left), through a region of
blocky chaos (middle), onto the smooth plains of Sputnik Planitia (right). The highlands
and large blocks of the chaos are predominantly composed of water ice, while the plains of
Sputnik Planitia are composed of a combination of volatile ices (predominantly N2 , with
some CH4 and CO). As water ice is buoyant in nitrogen ice, the chaos is hypothesized to be
water icebergs, floating in the Sputnik Planitia glacier. The majority of Sputnik Planitia
is broken apart in a polygonal or cellular pattern, suggestive of convection of the glacier.
The inset image is about 530 kilometers across, with a resolution of about 250 meters.
Image credit: New Horizons Ralph/Multispectral Visual Imaging Camera (MVIC) and
Long Range Reconnaissance Imager (LORRI), NASA/JHUAPL/SwRI.
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Figure 4.3: Geometry of Sputnik Planitia in the Pluto-Charon system. Orthographic
spherical projections of Pluto and Charon (to scale) with Sputnik Planitia and the principal axes of inertia labeled. Base maps of Pluto and Charon: NASA/JHUAPL/SwRI.

sphere. The latitude, θ, and longitude, φ, of a randomly positioned point on a sphere
can be written as θrandom = cos−1 (2u − 1) and φrandom = 2πv, where u and v are
random numbers spanning 0 and 1. We calculated the great-circle distance between
each random point and the three nearest surface traces of the three principal axes
of inertia. Figure 4.4 shows the cumulative probability of a point being a certain
angular distance, γ, away from one particular principal axis (for example, the tidal
axis) in blue. This line is very nearly identical to the analytic solution of Equation
4.2. The cumulative probability of a point being near one of two particular principal
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axes (for example, the tidal or spin axes) is orange. The cumulative probability of
a point being near any one of the three principal axes is yellow.
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γ
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0°

9%
24°

30°
60°
Angular Distance

90°

Figure 4.4: Left: the geometry of a spherical cap. Right: the probability of a randomly
located feature being near any given principal axis (or set of axes). N is the number of
axes considered; for example, the blue line indicates the chance probability of being near
any single principal axis, whereas the yellow line indicates the chance probability of being
near any of the three possible principal axes. The probabilities shown here are derived
from the numerical approach described in this chapter, although the numerical approach
and analytic approach produce effectively identical results for the N = 1 case. Given the
location of Sputnik Planitia, there is a 9% probability of Sputnik Planitia being this close
to the tidal axis of Pluto, and a 26% probability of Sputnik Planitia being this close to
any one of the principal axes of Pluto.

In order to use Figure 4.4 to determine whether the alignment of Sputnik Planitia
and the tidal axis is chance, it is necessary to estimate the location of Sputnik
Planitia. We determined the size and center location of Sputnik Planitia by fitting
it to a small circle using the available global map of Pluto (Figure 4.5). Using
this technique, we found a center of 176◦ E, 24◦ N, which is about 24◦ away from
the tidal axis. From Figure 4.4, we can see that there is a 9% probability that
Sputnik Planitia is this close to the tidal axis (either at the anti-Charon point or
at the sub-Charon point), and an approximately 26% chance that Sputnik Planitia
would be close to any one of the principal axes. This probability depends on the
chosen center of Sputnik Planitia. Nimmo et al. (2016) performed a similar analysis,
but using a different center of Sputnik Planitia (175◦ E, 18◦ N; based on fitting an
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ellipse to topography). This center is slightly closer to the tidal axis, and thus
they get a correspondingly smaller probability of being near either tidal axis of 5%.
Nimmo et al. (2016) only consider the probability that Sputnik Planitia is near
one particular principal axes (blue line in 4.4). Looking at all of the principal axes
(yellow line in 4.4), their probability increases to approximately 20%. Taken alone,
these probabilities near 20% are not entirely convincing. However, as we will discuss
in Section 4.5, there is is another key piece of evidence that Pluto has reoriented—its
tectonics.

Figure 4.5: Global, enhanced color mosaic of Pluto, based on three-color filter images from
the New Horizons Ralph/Multispectral Visual Imaging Camera (MVIC). The horizontal
axis spans from 0◦ E (left) to 360◦ E (right), and is centered on the anti-Charon tidal axis
at 180◦ E. The vertical axis spans from −90◦ N (bottom) to 90◦ N (top). The black region
in the Southern hemisphere was in permanent shadow during the New Horizons flyby and
was not imaged. Pluto’s heart, Tombaugh Regio, is located in the center of the map, on
the anti-Charon tidal axis point. Sputnik Planitia is the western lobe of this heart. Image
credit: NASA/JHUAPL/SwRI.

106

4.3

Pluto’s Figure

In a minimum energy rotation state, a planets spin axis will align with the planet’s
maximum principal axis of inertia—a process known as true polar wander (e.g. Gold,
1955; Goldreich and Toomre, 1969; Matsuyama et al., 2014). If planets were perfect
spheres (that is, with three equal principal moments of inertia), then any perturbation in the density structure on the planet would result in dramatic reorientation of
the planet. However, planets are not perfect spheres. In general, rotating planets
are well described as oblate ellipsoids, with equatorial bulges; synchronously rotating, tidally deformed planets are well described as triaxial ellipsoids, with both
equatorial and tidal bulges. These asymmetries in the planet’s structure increase
the differences between the planet’s principal moments of inertia, meaning that it
takes a larger perturbation in order to change the orientation of the principal axes.
Therefore, in order to investigate true polar wander on any planetary body, it is
necessary to develop a dynamical model for the planet’s interior structure. In this
section, we will develop a dynamical model for the interior structure of Pluto. This
dynamical model will be constructed using viscoelastic Love number theory, and
will account for the differentiated interior of Pluto and its long-wavelength figure
resulting from the combination of rotational deformation (from Pluto’s spin; Section
4.3.3) and tidal deformation (from Pluto’s large moon, Charon; Section 4.3.4).
4.3.1

The Gravitational Potential and Shape of a Planet in Spherical Harmonics

The gravitational potential of a planet can be expanded in spherical harmonics.
Spherical harmonics are a natural representation of a planet’s gravity field both
because spherical harmonics are a natural set of orthogonal basis functions on the
surface of a sphere, and because spherical harmonics are a solution to Laplace’s
equation, ∇2 U = 0, where U is the gravitational potential on the sphere. The
spherical harmonic expansion of the gravitational potential can be expanded with
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unnormalized coefficients, Cl,m and Sl,m as (Kaula, 1966, 1968; Wieczorek, 2015):
l
∞
l 

GM X X R 
Cl,m Pl,m (cos θ) cos(mφ)+Sl,m Pl,m (cos θ) sin(mφ)
U (r, θ, φ) =
r l=0 m=0 r
(4.3)
where θ, φ, and r are co-latitude, longitude, and radius at which the potential field is
evaluated; R is a reference radius (often taken to be the mean radius of the planet,
R); G is the gravitational constant; M is the mass of the planet; and Cl,m and Sl,m
are the unnormalized spherical harmonic coefficients of the planet’s gravitational
potential, of degree l and order m. Spherical harmonic expansions of the gravity
field are only explicitly correct if evaluated above the reference radius (r > R).
Pl,m are the unnormalized associated Legendre polynomials, Pl,m (x) (e.g. Arfken
and Weber, 1995):
Pl,m (x) = (1 − x2 )m/2

dm
Pl (x)
dxm

(4.4)

where Pl (x) are the Legendre polynomials, which can be expressed using Rodrigues’s
formula:

1 dm 2
Pl (x) = l
(x − 1)l
m
2 l! dx

(4.5)

Note that throughout this work, we follow the geodesy sign convention that the
gravitational potential is positive. The gravitational potential is in units of (m2 s−2 ),
or equivalently, (J kg−1 ).
The shape of a planet can be expanded in spherical harmonics in a very similar
way. The radius of a planet, r, can be written as:
"∞ l
#

XX
r(θ, φ) = R
cl,m Pl,m (cos θ) cos(mφ) + sl,m Pl,m (cos θ) sin(mφ)
(4.6)
l=0 m=0

where cl,m and sl,m are the unnormalized spherical harmonic coefficients of the
planet’s shape, of degree l and order m. The expansion coefficients are dimensionless in this definition, with c0,0 = 1. The spherical harmonic coefficients can be
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found by integrating:
cl,m

2l + 1 (l − m)!
1
=
1 + δm,0 2π (l + m)!

π

Z

Z

2π

r(θ, φ) [Pl,m (cos θ) cos(mφ)] sin(θ) dθdφ
0

0

Z

πZ

(4.7)
sl,m

2l + 1 (l − m)!
= (1 − δm,0 )
2π (l + m)!

2π

r(θ, φ) [Pl,m (cos θ) sin(mφ)] sin(θ) dθdφ
0

0

(4.8)
where δi,j is the Kronecker delta (δi,j = 0 if i 6= j; δi,j = 1 if i = j).
Some simple relationships between spherical harmonic degree (l) and order (m)
can help visualize the geometry of the spherical harmonics. Spherical harmonics
possess 2m zeros crossings in the longitudinal direction, and l − m zero crossings in
the latitudinal direction. If m = 0, the spherical harmonics only depend on latitude
and are called zonal harmonics. In planetary science, it is not uncommon for zonal
harmonics to be written as Jl , where Jl ≡ −Cl,0 . if (l − m) = 0, the spherical
harmonics only depend on longitude and are called sectoral harmonics. If l > 0 and
(l − m) > 0, the spherical harmonics are called tesseral harmonics. Additionally,
for a given spherical harmonic degree, the equivalent cartesian wavelength is given
by Jeans relation (e.g. Wieczorek, 2015):
2πR
λ= p
l(l + 1)
4.3.2

(4.9)

Relating Planetary Gravity to the Inertia Tensor

Gravity can be related to the inertia tensor. Using the orthogonality conditions of
the spherical harmonics, it is possible to express the inertia tensor, I, as a function
of solely the degree-two spherical harmonic coefficients of the gravitational potential
(Lambeck, 1980):
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(4.10)
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where I0 is the spherically symmetric contribution to the inertia tensor. Since I0
is spherically symmetric it does not affect the orientation of the principal axes, the
ordering between the principal axes, or the relative differences between the moments.
Because of this, we can ignore the contribution from I0 when solving for true polar
wander solutions. True polar wander solutions are found by diagonalizing the inertia
tensor, and assuming that the planet remains in principal axis rotation—with the
spin axis aligned with the maximum principal axis of inertia (and the tidal axis
aligned with the minimum principal axis of inertia, if appropriate). If the inertia
tensor is diagonalized, the inertia tensor can be simplified:


A 0 0





0
B
0
I diagonalized = 




0 0 C

(4.11)

where C > B > A are the principal moments of inertia. These can be related to
two degree-2 spherical harmonic coefficients of the gravitational potential:
C − (A + B)/2
M R2
B−A
=
4M R2

J2 = −C2,0 =
C2,2
4.3.3

(4.12)
(4.13)

Rotational Potential and Deformation

In a reference frame with the rotation vector aligned with the +z axis, the rotational
potential at the planetary surface, U R , is (e.g. Murray and Dermott, 1999):
1
1
U R = Ω2 R2 − Ω2 R2 P2,0 (cos θ)
3
3

(4.14)

where Ω is the magnitude of the planet’s rotation vector (Ω = 2π/P , where P is the
planet’s spin period). We only include first order terms in the rotational potential
by evaluating this potential on the mean planet radius (r = R). From inspection
of Equation 4.14 and Equation 4.3, the rotational potential can be written as a
R
degree-2 spherical harmonic, C2,0
:
R
C2,0
=

−Ω2 R3
3GM

(4.15)
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As planet deforms in response to the rotational potential, it forms an equatorial
bulge. Assuming that the planet deforms linearly in response to this potential, we
can use Love number theory to write out the gravitational potential arising from
the rotational deformation of the planet, C RD :
RD
C2,0
= −k2

Ω2 R3
3GM

(4.16)

and similarly in terms of shape spherical harmonics, cRD :
cRD
2,0 = −h2

Ω2 R 3
3GM

(4.17)

where k2 is the degree-2 gravitational potential Love number, and h2 is the degree-2
displacement Love number. These Love numbers describes how the planet deforms in
response to the applied potential, and is a function of the planet’s interior properties
(and will be discussed in Section 4.3.6).
4.3.4

Tidal Potential and Deformation

Tidal deformation can be expanded in spherical harmonics in a similar fashion as
the rotational potential (Section 4.3.3). Here we consider on tides on a planet
rotating synchronously with the tide-raising body (Charon), with negligible orbital
eccentricity. In a reference frame with the tidal axis directed along the +z axis, the
0

tidal potential at the planetary surface, U T D , is given by (e.g. Murray and Dermott,
1999):
0

UT =

GMT R2
P2,0 (cos θ)
a3

(4.18)

where MT is the mass of the tide-raising body, and a is the semimajor axis of the
tide-raising body’s orbit. The prime (0 ) indicates that the tidal axis is directed
along the +z axis—which we will change later (Section 4.3.5). From inspection of
Equation 4.18 and Equation 4.3, the tidal potential can be expanded as a degree-2
0

TD
spherical harmonic for when the tidal axis is aligned with the +z axis, C2,0
:
0

T
=
C2,0

R GMT R2
GM
a3

(4.19)
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Once again, we assume that the planet deforms linearly in response to this forcing
potential, and use Love number theory to write out the gravitational potential and
shape of the tidally deformed planet,
0

R GMT R2
GM
a3
R GMT R2
= h2
GM
a3

TD
= k2
C2,0

cT2,0D

0

(4.20)
(4.21)

Equations 4.20-4.21can be further simplified with Kepler’s third law: Ω2 a3 = G(M +
MT )
T D0
C2,0
TD
c2,0

0

 2 3
ΩR
MT
= k2
MT + M
GM

 2 3
MT
ΩR
= h2
MT + M
GM


(4.22)
(4.23)

Here we assume that the body in question is synchronously rotating, such that the
planet’s spin rate Ω is the same as the tide-raising body’s orbital rate.
4.3.5

Combining the Tidal and Rotational Deformation

Pluto’s long-wavelength figure is controlled by the combination of rotational deformation (Section 4.3.3) and tidal deformation (Section 4.3.4). Equations 4.14-4.23
all assume that both the rotational and tidal potential are aligned with the +z
axis. For most solar system applications (e.g. the Moon and the Earth, or Pluto
and Charon) these potentials are usually oriented in orthogonal directions. Here we
keep the rotation axis aligned with the +z direction, and rotate the tidal potential
to be aligned with the +x direction. This transformation can be done easily in
the spectral domain with the spherical harmonic addition theorem (e.g. Arfken and
Weber, 1995):




TD
C
cos(mφ)
(l − m)!
T D0
 l,m  = C2,0

(2 − δm,0 )
Pl,m (cos θ) 
TD
(l
+
m)!
Sl,m
sin(mφ)

(4.24)

Performing this transformation for the tidal potential (Equation 4.22) yields two
spherical harmonic coefficients for the gravitational potential arising from tidal de-
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formation:
TD
C2,0
TD
C2,2


 2 3
1 T D0
1
MT
ΩR
= − C2,0 = − k2
2
2
MT + M
GM

 2 3
1 T D0
1
MT
ΩR
= C2,0
= k2
4
4
MT + M
GM

(4.25)
(4.26)

And similarly for the shape arising from the tidal deformation (Equation 4.23):

 2 3
1 T D0
1
MT
ΩR
TD
c2,0 = − c2,0 = − h2
(4.27)
2
2
MT + M
GM
 2 3

1 T D0
ΩR
1
MT
TD
c2,2 = c2,0 = h2
(4.28)
4
4
MT + M
GM
Summing together the tidal and rotational components yields the expected spherical harmonic gravity coefficients for a tidally-deformed, synchronously rotating
planet:
C2,0
C2,2

 2 3
 2 3

1
ΩR
1
ΩR
MT
=
+
− k2
= − k2
3
GM
2
MT + M
GM

 2 3
MT
ΩR
1
TD
= C2,0
= k2
4
MT + M
GM
TD
C2,0

RD
C2,0

(4.29)
(4.30)

And similarly, the spherical harmonic shape coefficients for a tidally-deformed, synchronously rotating planet:
c2,0
c2,2

 2 3
 2 3

1
ΩR
ΩR
MT
1
=
− h2
+
= − h2
3
GM
2
MT + M
GM
 2 3

ΩR
1
MT
= cT2,0D = h2
4
MT + M
GM
cT2,0D

cRD
2,0

(4.31)
(4.32)

It is often interesting to look at the ratio of C2,0 and C2,2 (Equations 4.29-4.30).
The majority of terms drop out of this ratio, leaving just:
C2,0
10MT + 4M
=−
C2,2
3MT

(4.33)

In the limit of MT  M , C2,0 /C2,2 approaches 3.33. While this is a good assumption
for many systems (e.g. Jupiter acting on Europa or Ganymede; Saturn acting on
Titan; the Earth acting on the Moon), this breaks down for Pluto and Charon. For
Pluto, tidally deformed by Charon, we expect C2,0 /C2,2 = 14.3. In other words,
Pluto is much more oblate than might otherwise be expected.
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Figure 4.6: J2 /C2,2 (from Equation 4.33) as a function of the ratio of the mass of the tide
raiser (MT ) to the mass of the body being deformed (M ). When MT  M , this ratio
approaches 10/3 (grey line). Each dashed line denotes the mass ratio for a pair of tidally
deformed worlds; the first object is the tide raising body, and the second body that is
being deformed. While it is safe to assume J2 /C2,2 = 10/3 for many tidally deformed
systems (e.g. Europa being deformed by Jupiter), this breaks down for Pluto and Charon
due to their comparable masses.

4.3.6

Pluto’s Oblateness

While the flyby nature of the New Horizons mission precluded it from measuring
Pluto’s gravity field in any meaningful way, its imaging campaign was able to place
upper-limits on the oblateness of Pluto. Nimmo et al. (2017) analyzed New Horizons Long-Range Reconnaissance Imager (LORRI) limb profiles using three different
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techniques, and limited Pluto’s oblateness, f :
f=

requatorial − rpolar
requatorial

(4.34)

where requatorial and rpolar are the equatorial and polar radii of Pluto, respectively.
Assuming that Pluto is approximated as a homogeneous, hydrostatic, rotationally
and tidally deformed triaxial ellipsoid, these different radii can be related to degree-2
spherical harmonic coefficients of Pluto’s shape (Equation 4.6):





3 cos2 θ − 1
2
+ c2,2 3 sin θ cos(2φ) (4.35)
r(θ, φ) = R 1 + c2,0
2


1
◦ ◦
requatorial = r(90 , 0 ) = R 1 − c2,0 − 3c2,2
(4.36)
2
rpolar = r(0◦ , 0◦ ) = R [1 + c2,0 ]

(4.37)

Substituting in our spherical harmonic shape coefficients for a tidally-deformed,
synchronously rotating planet (Equations 4.31-4.32), the oblateness can be written
as:
f=

3h2 q
h2 q − 3h2 µq + 6

(4.38)

where q ≡= (Ω2 R3 )/(GM ) and µ ≡ MT /(MT +M ). Figure 4.7 shows the maximum
expected oblateness of Pluto as a function of the semimajor axis of Charon, assuming
that Pluto behaves like a uniform, hydrostatic fluid (h2 = 5/2). For the presentday orbital configuration of Pluto and Charon (orbital semimajor axis = 14.7 Pluto
radii), the oblateness can be related to the displacement Love number:


h2
−4
f = 4.13 × 10
5/2

4.3.7

(4.39)

Complicating the Figure: The Elastic Lithosphere, Remnant Figure, and
True Polar Wander

Even if tidal and rotational deformation give a planet a tidal and rotational bulge,
those bulges will not stabilize the planet against true polar wander unless the bulges
have some strength. As you perturb the orientation of a strengthless planet (say,
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Figure 4.7: Oblateness of Pluto due to tides from Charon (Equation 4.38; blue line). For
this plot, we assume Pluto behaves like a uniform, hydrostatic fluid (h2 = 5/2). Charon’s
present-day semimajor axis is 14.7 Pluto radii. The New Horizons upper limit for Pluto’s
oblateness (Nimmo et al., 2017) is shown as the horizontal orange line.

by placing a mass anomaly on the surface), the tidal and rotational bulges would
readjust to the tidal and rotational potential in this new orientation. In the end, the
orientation of this strengthless planet would still be controlled by any perturbing
mass anomalies, regardless of the magnitude of the planet’s tidal and rotational
bulges.
Of course, planets are not strengthless. One way to account for strength within
the planet is to account for the presence of an elastic lithosphere (Gold, 1955; Willemann, 1984; Matsuyama et al., 2006). We assume that the planet formed hot, with
no elastic lithosphere and gradually cooled, freezing an elastic lithosphere. This
elastic lithosphere will preserve a record of the planet’s figure at the time that
the lithosphere formed. If the planet’s orientation is later perturbed, elastic stresses
within the lithosphere prevent the primordial tidal/rotational bulge from completely
readjusting—leaving a remnant or fossil tidal/rotational bulge.
Following Willemann (1984) and Matsuyama et al. (2006), we can incorporate
an elastic lithosphere into our formulation of Pluto’s figure. First, let us consider the
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case of a rotating planet, with no tidal deformation, and no true polar wander. In
this case, the observed degree-2 gravity coefficients would simply be the sum of the
degree-2 gravity coefficients arising from remnant rotational bulge, and the degree2 coefficients arising from the present-day equilibrium response to the rotational
potential. This individual components can be written from Equation 4.16:


Ω? 2 R3
Ω2 R 3
?
RD
+ (k2 )
C2,0 = − (k2 − k2 )
3GM
3GM

(4.40)

where here k2? is the degree-2 Love number for the case without an elastic lithosphere,
and k2 is the degree-2 Love number for the case with an elastic lithosphere. Ω? is
the initial rotation rate when the elastic lithosphere formed, and Ω is the present
rotation rate. The first term in the brackets of Equation 4.40 correspond to the
C2,0 coefficient arising from the remnant rotational bulge. the second term in the
brackets of Equation 4.40 correspond to the equilibrium C2,0 coefficient arising from
the present rotational potential. It is useful to consider some limiting cases in this
simple situation. If an elastic lithosphere does not form, k2? = k2 , and the remnant
tidal bulge contribution disappears. If the elastic lithosphere formed with infinite
rigidity k2 = 0, then the resulting figure depends entirely on the remnant tidal bulge.
True polar wander acts to reorient the remnant tidal/rotational bulge with respect to the the tidal/rotational axes. Equation 4.40 can be easily modified to
include the effect of true polar wander by way of the spherical harmonic addition
theorem 4.24:


RD
C2,m

 = −(2 − δm,0 ) (2 − m)! ×
RD
(2 + m)!
S2,m


?
cos(mφR )
Ω R

(k2? − k2 )
P2,m (cos θR ? ) 
3GM
sin(mφR ? )

!
2 3
cos(mφR )
ΩR

P2,m (cos θR ) 
+k2
3GM
sin(mφR )
?2

3

(4.41)

where θR ? and φR ? are the colatitude and longitude of the initial spin axis associated
with the remnant figure, and θR and φR are the colatitude and longitude of the
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present spin axis. Repeating the above procedure, we can determine the degree2 gravity coefficients due to the presence of an elastic lithosphere and true polar
wander:


TD
C
 2,m  = (2 − δm,0 ) (2 − m)! ×
TD
(2 + m)!
S2,m



?
cos(mφ
)
MT
Ω R
T

(k2? − k2 )
P2,m (cos θT ? ) 
?
MT + M
GM
sin(mφT )

!
 2 3

cos(mφT )
ΩR
MT

P2,m (cos θT ) 
+k2
MT + M
GM
sin(mφT )




?2

3



(4.42)

where θT ? and φT ? are the colatitude and longitude of the initial tidal axis associated
with the remnant figure, and θT and φT are the colatitude and longitude of the
present tidal axis.
While Equations 4.41 and 4.42 provide the degree-2 gravity coefficients from
rotational and tidal deformation, with an elastic figure, and true polar wander, it is
often more useful to deal directly with the inertia tensor (since true polar wander
solutions can be found by diagonalizing the inertia tensor). Combining the spherical
harmonic addition theorem (Equation 4.24) and the relationship between degree-2
spherical harmonic gravity coefficients and the inertia tensor (Equation 4.10), it is
possible to write the inertia tensor for axisymmetric perturbations, I:


1
2 0
I = Ii,j = I0 δi,j + M R C2,0
δi,j − ei ej
3

(4.43)

where we now use index notation (i and j are indices that cycle through x, y, and
z). δi,j is the Kronecker delta (δi,j = 0 if i 6= j; δi,j = 1 if i = j). ei is the ith
component of ê—a unit vector that represents the orientation of the symmetry axis
(e.g. the rotational axis or tidal axis):


sin θ cos φ



ê = 
sin
θ
sin
φ


cos θ

(4.44)
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The inertia tensor perturbations from the rotational and tidal deformation can be
0
found by taking Equation 4.43, and substituting in the proper C2,0
(Equation 4.16 for

the rotational potential; Equation 4.22 for the tidal potential), and using the same
approach for accounting for the remnant and equilibrium figure as in Equation 4.40.
This results in the following inertia tensor perturbations for the rotational and tidal
deformation, with an elastic figure, and true polar wander:


1
Ω? 2 R5
R? R?
RD
?
ei ej − δi,j +
Ii,j =(k2 − k2 )
3G
3


2 5
ΩR
1
k2
ei R ej R − δi,j
3G
3
 2 5


ΩR
1
MT
TD
T? T?
?
Ii,j =(k2 − k2 )
ei ej − δi,j +
MT + M
G
3
 2 5


ΩR
1
MT
k2
ei T ej T − δi,j
MT + M
G
3

(4.45)

(4.46)

ˆ , eˆR are unit vectors representing the initial and final orientation of the
where eR?
spin axis, and eTˆ ? , eˆT are unit vectors representing the initial and final orientation
of the tidal axis (see Equation 4.44).
4.3.8

Complicating the Figure: Mass Anomalies

Rotational and tidal deformation are not the only processes that can shape a planet’s
gravity field and inertia tensor. Large geologic features can also contribute to the
planet’s gravity field and inertia tensor. For Pluto, we specifically consider the effect
of mass loading from the volatile ice sheet in Sputnik Planitia.
To determine how surface mass anomalies perturb a planet’s gravity field and
inertia tensor, we begin by expanding the mass anomaly’s surface density in spherical
harmonics (similar to Equation 4.6):
#
"∞ l

XX
M
σ(θ, φ) =
Cl,m Pl,m (cos θ) cos(mφ) + Sl,m Pl,m (cos θ) sin(mφ)
4πR2 l=0 m=0
(4.47)
where Cl,m and Sl,m are the dimensionless spherical harmonic coefficients of surface
density. Following Matsuyama et al. (2014), the spherical harmonic coefficients of
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surface density can be directly related to the spherical harmonic coefficients of the
gravitational potential:




MA
MA
C
C
 l,m  = 1  l,m 
MA
2l + 1 S M A
Sl,m
l,m

(4.48)

Let us consider the case for an axisymmetric, spherical cap located at the north
pole. In this case, the surface density and gravity field of the mass anomaly can be
0
0
described entirely by zonal harmonics, Cl,0
and Cl,0
(where again the prime (0 ) indi-

cates that this anomaly is aligned with the +z axis). Combining the gravity-density
mapping relationship (Equation 4.48) and the definition for spherical harmonic coefficients (Equation 4.7), we can solve for the spherical harmonic gravity coefficients
as a function of cap size, γ and surface density σ:
0
C2,m

MA

C 0 l,0
2l + 1
Z Z
R2
(l − m)! γ 2π
σPl,m (cos θ) cos(mφ) sin θ dθdφ
= (2 − δm,0 )
M
(l + m)! 0 0
=

(4.49)
(4.50)

The presence of an elastic lithosphere will partially compensate for the gravity
anomaly of a mass anomaly. This can be again accounted for using Love number theory, where this time the spherical harmonic gravity coefficient is scaled by
the load Love number, klL :
0 MA
C2,m

C 0 l,0
=(1 +
(4.51)
2l + 1
Z
Z
R2
(l − m)! γ 2π
σPl,m (cos θ) cos(mφ) sin θ dθdφ
=(1 + klL ) (2 − δm,0 )
M
(l + m)! 0 0
klL )

(4.52)
The load Love number describes how the lithosphere flexes in response to the applied
load. klL is negative, and ranges from 0 (indicating a load is completely uncompensated) to −1 (indicating a load is completely compensated). The degree-2 gravity
coefficient is the most relevant for true polar wander analyses, and can be solved
analytically:
MA

C 0 2,m = (1 + k2L )

πR2
σ cos γ sin2 γ
M

(4.53)
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Combining this with Equation 4.43 yields the inertia tensor perturbation for the
mass anomaly:
MA
Ii,j




1
MA MA
=M R
δi,j − ei ej
)
3


1
MA MA
L
4
2
δi,j − ei ej
)
=(1 + k2 )πR σ cos γ sin γ
3
2

MA
C 0 2,0

(4.54)
(4.55)

where êMA is a unit vector representing the location of the mass anomaly (Equation
4.44).
4.3.9

The Complete Inertia Tensor of Pluto

We have now computed the inertia tensor (and spherical harmonic gravity coefficients) for the full, complicated figure of Pluto—including rotational deformation
(Section 4.3.3), tidal deformation (Section 4.3.4), the effect of an elastic lithosphere
(Section 4.3.7), true polar wander (Section 4.3.7), and surface mass anomalies (Section 4.3.8). Putting these components together (and ignoring the spherically symmetric contributions which do not affect the planet’s orientation), we arrive at the
complete non-equilibrium inertia tensor:
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(4.56)

This can be simplified further by assuming that the present tidal axis and rotational
axis are aligned with the +z and +x axes, respectively (eˆR = [0, 0, 1] and eˆT =
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[1, 0, 0]):


Ii,j




1
MA MA
= MR
δi,j − ei ej
)
3



Ω? 2 R5
1
R? R?
?
ei ej − δi,j
+ (k2 − k2 )
3G
3


 2 5 

MT
ΩR
1
T? T?
?
δi,j − ei ej
+ (k2 − k2 )
MT + M
G
3
2

MA
C 0 2,0

(4.57)

Because the remnant figure (the second two bracketed terms in Equation 4.57)
acts to stabilize the planet against true polar wander from any perturbing mass
anomaly (the first bracketed terms in Equation 4.57), it is often useful to define a
normalized load size that compares these two terms:
C 0 MA
2,0
Q = − RD
=
TD
C2,0 + C2,0
0



1 + k2L
k2? − k2



GM
Ω2 R 3



6M + 6M T
2M + 5M T



MA

C 0 2,0

(4.58)

The negative sign in the definition of Q0 forces positive mass anomalies (mass excesses) to have a positive Q0 s, and negative mass anomalies (mass deficits) to have
negative Q0 s. In general, positive mass anomalies (Q0 > 0) will reorient towards
a planet’s equator (and tidal axis, if appropriate), while negative mass anomalies
(Q0 < 0) will reorient poleward. The proximity of Sputnik Planitia to Pluto’s equator and tidal axis suggests that it is a positive mass anomaly.
4.3.10

Pluto’s Interior Structure and Love Numbers

Thus far, we have described Pluto dynamically in terms of its mass, radius, and
Love numbers. These Love numbers depend on the interior structure of Pluto. We
calculated long-term Love numbers by solving the mass, momentum, and Poisson
equations for the deformation of a spherically symmetric, non-rotating, elastic and
isotropic body (Peltier, 1974; Takeuchi and Saito, 1972; Sabadini et al., 2016). We
constructed a four-layer model for the interior structure of Pluto using Pluto’s mass
and radius as constraints. Our nominal Pluto model (Figure 4.8) consists of a
silicate-rich solid core (density: 3.36 g cm−3 ; radius: 858 km), liquid water ocean
(density: 1.0 g cm−3 ; thickness: 10 km), overlaid by a two-layer water-ice mantle
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(density: 0.95 g cm−3 ; thickness: 320 km). The ice mantle is comprised of a weak,
viscous lower mantle, beneath an elastic lithosphere of varying elastic thickness (070
km), rigidity (3.49 GPa) and bulk modulus (9.3 GPa) (Wahr et al., 2009). The longterm Love numbers can be computed by considering the infinite time limit, or by
assuming that all regions (with the exception of the elastic lithosphere) are inviscid.
For simplicity, we assume infinite viscosity in all layers, zero frequency dependence
and that only the upper mantle is elastic (all common assumptions). Love numbers
decrease as the elastic thickness and/or the rigidity of the lithosphere decrease.
We calculated Love numbers for a range of elastic thicknesses spanning from 0
to 70 km. The potential Love numbers k2 spans 0.7653 to 0.4682; k2L spans -0.9856
to -0.4500. The displacement Love number h2 spans 1.7509 to 0.9182; hL2 spans
-3.2230 to -1.7345. The second tidal displacement Love number l2 spans 0.4374 to
0.9182; and l2L spans -0.7847 to -0.3858. Our Love numbers differ slightly from those
of Nimmo et al. (2016), primarily owing to different assumptions about the core
structure.
Our results are not strongly sensitive to assumed Love numbers and interior
structure. The interior structure dependence is described by the Love number factor
(from Equation 4.58):
F =

1 + k2L
k2? − k2

(4.59)

Both the numerator and denominator are sensitive to the interior structure, but
this dependence almost disappears when the ratio is taken. This is clearly shown in
Figure 4.9, and further enhances the robustness of our true polar wander solutions
for Pluto.
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Figure 4.8: Modeled interior structure of Pluto, consisting of a silicate-rich core, and a
liquid water ocean overlaid by a water ice rich weak lower mantle and elastic lithosphere.

4.4

True Polar Wander of Pluto, and Implications for the Structure of
Sputnik Planitia

4.4.1

True Polar Wander of Pluto due to Sputnik Planitia

Using our model for the interior structure of Pluto (Section 4.3), we evaluate how
Pluto would reorient in response to the formation and evolution of Sputnik Planitia.
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Figure 4.9: Love number factor (Equation 4.59), as a function of the elastic lithosphere
thickness for our modeled interior structure of Pluto. The Love number factor is not
strongly sensitive to the elastic lithosphere thickness (changing by only 1% over the full
range of elastic lithosphere thicknesses).

We determined the possible initial locations of Sputnik Planitia as a function of Q0
(Section 4.3.9, Equation 4.58). We performed a parameter space search—placing
synthetic models of Sputnik Planitia cross the entire surface of Pluto and evaluating
how Pluto reoriented in response. We modeled Sputnik Planitia as a 20◦ spherical
cap, with varying values of Q0 , which can be related to properties of Sputnik Planitia
(Section 4.4.2). Note that Q0 is self-consistently defined to account for the flexural
response of Pluto’s elastic lithosphere, which (if you assume the mass anomaly comes
predominantly from loading of volatile ices) effectively increases the ice thickness
required to produce a given reorientation. Contours in Figure 4.10 bound the initial
locations of Sputnik Planitia (as a function of Q0 ) that reoriented Pluto to place
Sputnik Planitia within 5◦ of its present location. Figure 4.11 shows the same plot
in a more standard mapping projection. Several key observations can be made from
these figures. First, Sputnik Planitia could not have formed in any random location;
the initial positions are limited to regions of a single quadrant of the northern, antiCharon side of Pluto. This arises from energy constraints during single-episode
true polar wander that prohibit the perturbing anomaly from crossing latitude and
longitude lines of the remnant figure’s principal axes. Within this quadrant, the
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available initial conditions are further constrained, as Sputnik Planitia is not exactly
at the tidal axis. Second, the parameter space overwhelmingly favors positive mass
anomalies (Q0 > 0; Figure 4.11e). Q0 is constrained to be between -0.3 and 1.8. This
reveals that Sputnik Planitia is not a purely uncompensated topographic depression,
as such a feature would have Q0 = −4 (Section 4.4.2), which would completely
overwhelm Pluto’s remnant figure and reorient Sputnik Planitia to the north pole.
Some combination of volatile ice loading and basin structure is required for Sputnik
Planitia to be at its present location. Finally, there are two families of true polar
wander solutions: large’ solutions, where Sputnik Planitia started northwest of its
present location; and small’ solutions, where Sputnik Planitia started north of its
present location. Figure 4.12 shows the differing geometries of these true polar
wander solutions. Large true polar wander solutions occur when the intermediate
and minimum principal axes of inertia swap (hence the minimum Q0 value for large
true polar wander solutions, which are related to the moment differences).
4.4.2

The Mass Anomaly of Sputnik Planitia

The mass anomaly of Sputnik Planitia depends on its presumed density structure.
New Horizons stereo imaging has revealed that Sputnik Planitia is a topographic
depression, three to four kilometers beneath the surrounding rugged uplands (Figure 4.13). If the Sputnik Planitia’s topography were all that contributed to its
mass anomaly (Q0 ; Equation 4.58), then Sputnik Planitia would represent a massive
negative mass anomaly that should have reoriented towards Pluto’s pole—and not
its tidal axis. While topographic depressions are negative mass anomalies, impact
basins (as Sputnik Planitia is hypothesized to be on the basis of its quasi-circular
shape Moore et al., 2016), have stochastic mass anomalies owing to the complicated
density structures that form during the impact process (Figure 4.14; Keane and
Matsuyama, 2014; Melosh et al., 2013; Zuber et al., 2016; Johnson et al., 2016).
Unavoidable impact basin components, such as ejecta blankets, can substantially
offset the negative mass anomaly of the topographic depression. We remain agnostic as to the true structure of the Sputnik Planitia, and instead focus on providing
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Figure 4.10: The possible initial locations of Sputnik Planitia before reorientation with
respect to the principal axes of the remnant figure, as a function of Q0 .

relationships that link Q0 to the thickness of the volatile ice within the basin for
several different basin structures. Figures 4.15 and 4.16.
The mass anomaly from a 3-km-deep, uncompensated topographic depression
has a mass anomaly of Q0 = −4.14 (Figure 4.15), which is too large and negative
for Sputnik Planitia to be at its present location. Sputnik Planitia must have a
mass anomaly between -0.3 and 1.8 to be at its present location (Figure 4.11).
With Q0 = −4.14, Sputnik Planitia would reorient almost completely to the north
pole. Adding volatiles into the basin (while maintaining a 3-km-deep basin) reduces
the mass anomaly of the basin. However, for typical values for the density of the
Pluto’s ice-rich crust (930 kg m−3 ) and the predominantly N2 volatile ice within
the basin (1,000 kg m−3 ), the thickness required to give −0.3 < Q0 < 1.8 is well
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Figure 4.11: Contours enclosing the possible initial locations of Sputnik Planitia as a
function Q0 . This is the same as Figure 4.10 but in an equirectangular map projection.
The histogram on the right shows the fraction of the surface are a of Pluto within each
contour of Q0 in the true polar wander solutions at right (and in Figure 4.10). The vast
majority of solutions are positive mass anomaly solutions.

Figure 4.12: Orthographic spherical projections of Pluto for example initial orientations
from the perspective of an inertial viewer, fixed with respect to the tidal/rotational axes.
Base map: NASA/JHUAPL/SwRI.

above the estimated thickness of the volatile ice of < 10 km (Moore et al., 2016;
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Figure 4.13: Stereo-derived topography of the New Horizons encounter hemisphere of
Pluto. Purples and blues correspond to topography 2-3 kilometers below average Pluto;
oranges and reds correspond to topography 2-3 kilometers above average Pluto. Image
credit: Paul M. Schenk LPI/NASA/JHUAPL/SwRI.

McKinnon et al., 2016; Trowbridge et al., 2016). Although decreasing the density
of the crust and increasing the density of the volatile infill can reduce the required
thickness (Figure 4.16), it is difficult (it would require a very dense volatile infill
and extremely low-density crust). Thus, for Sputnik Planitia to be at its present
location, the underlying basin must at least be partially compensated.
If Sputnik Planitia is an impact basin, then there are several processes that
could plausibly compensate for the mass anomaly associated with the topographic
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Figure 4.14: a, An oblique cross-section of a typical lunar mascon basin, FreundlichSharonov, highlighting the different components that contribute to a basin’s overall mass
anomaly. b, A table of large basins on other planetary bodies (in order of the basin’s
diameter relative to the host planet) for which we have adequate gravity measurements to
determine their respective mass anomalies. c, The mass anomaly of each basin. The mass
anomalies for lunar impact basins have been comprehensively characterized in (Keane and
Matsuyama, 2014). Mass anomalies for impact basins on Mars and Mercury are calculated
in the same way, using available gravity data for these two bodies. Uncertainties have not
been quantified for impact basins on Mars and Mercury.

depression. These processes can include mantle uplift, isostatic adjustment of the
basin and surrounding terrains, cooling and contraction of impact melt, changes
in porosity and the emplacement of ejecta (Melosh et al., 2013). On the Moon
and other terrestrial planets, these processes often give impact basins stochastically
positive and negative total mass anomalies, despite being topographic lows (Figure
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Figure 4.15: Q0 as a function of volatile ice thickness for four idealized models of Sputnik
Planitia. a, Volatiles on the surface (equivalent to volatiles loading a basin with Q0 = 0).
b, Volatiles filling an uncompensated basin. c, Volatiles filling an uncompensated impact
basin surrounded by an ejecta blanket. d, Volatiles filling an impact basin that was initially
compensated by an uplift in the subsurface ocean (as in Nimmo et al., 2016).

4.14); Keane and Matsuyama, 2014). Even if impact processes on icy planets and
satellites are somehow fundamentally different than those on their terrestrial counterparts, unavoidable components such as ejecta blankets can considerably offset the
negative mass anomaly from the topographic depression. This may be why large
impact basins on other icy bodies do not always result in poleward reorientation
(for example, Herschel on Mimas Matsuyama and Nimmo, 2008). As an example,
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the reorientation of the Moon due to the formation of the South Pole-Aitken impact
basin was more strongly controlled not by the basin itself, but by the deposition of
a thick ejecta blanket on the far side of the Moon (Keane and Matsuyama, 2014;
Kendall et al., 2015).
Figure 4.16 showcases four possible simple structures for the Sputnik Planitia
basin, and their impact on its total mass anomaly. The first model (Figure 4.16a)
looks at volatiles loading an underlying basin that has an intrinsic mass anomaly
of Q0 = 0, which is dynamically equivalent to volatiles loading the surface of the
planet. Since the Q0 value of mass anomalies on other planets is seemingly random
(Figure 4.14; Keane and Matsuyama, 2014), this model serves as our null hypothesis,
and is what we use to estimate ice thicknesses for loading and tectonic calculations.
The second model (Figure 4.16b) considers ice filling a basin of fixed depth, and is
already discussed above. The third model (Figure 4.16c) is a simple impact basin
model (based on Melosh, 1975b) consisting of ice filling a basin of fixed depth,
surrounded by an ejecta blanket with a total volume set by the total amount of
material excavated from within the basin. The final model (Figure 4.16d) consists
of a basin that is initially isostatically compensated by an uplift in a subsurface
ocean, and subsequently filled with volatiles. This final model is examined more
thoroughly in Nimmo et al. (2016) and Johnson et al. (2016). Additional models
can be constructed by summing components from the mass anomaly menu in Figure
4.17.
The inclusion of an ejecta blanket substantially offsets the mass anomaly associated with the topographic low of the Sputnik Planitia basin—from Q0 ≈ −4 to
Q0 ≈ −2 (Figures 4.15b and 4.16c). This is still too negative for Sputnik Planitia to be at its present location (requiring 0.3 < Q0 < 1.8). Thus, like the model
without ejecta (Figure 4.16b), this then requires that Sputnik Planitia must have
some extra positive mass anomaly contributing to its total mass anomaly. However,
including impact ejecta enables the volatiles within the basin to play a much larger
role in the total mass anomaly for three reasons. First, adding an ejecta blanket
changes the depth of the basin with respect to the mean radius of Pluto; we assume
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Figure 4.16: Models for Sputnik Planitia. a-d, Q0 as a function of volatile thickness
(left column) for each simple model of Sputnik Planitia (right column). Different colors
and lines denote different model results assuming different densities of model components
(volatile ice density, crust density, mantle density, and ejecta density, when appropriate).
Nominal outputs from each model are shown in 4.15. a, Volatiles loading on the surface of
a planet, which is equivalent to volatiles loading a basin with no intrinsic mass anomaly.
b, Volatiles filling an initially uncompensated basin, with a fixed depth of 3 km from the
surface of the planet to the top of the volatiles. c, Volatiles filling an initially uncompensated impact basin surrounded by an ejecta blanket extending from 1 to 2 crater radii
containing the total mass excavated from within the basin. The height from the top of the
rim to the top of the volatiles is fixed to 3 km. d, Volatiles filling a basin that is initially
compensated from isostatic uplift of the presumed ocean at depth (as in Nimmo et al.,
2016). In all plots, it is assumed that volatiles are partially supported by Pluto’s elastic
lithosphere (4.3).
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Figure 4.17: Mascon components and their mass anomalies. af, Mass anomaly (Q0 ) of an
individual component of a basin (for example, volatile ice load or topographic depression)
as a function of that component’s thickness and density. White dashed regions denote
plausible areas of parameter space. Densities of Plutonian ices are from Spencer et al.
(1997). Basin depths and ice thicknesses are from Stern et al. (2015), Moore et al. (2016),
McKinnon et al. (2016), Trowbridge et al. (2016). Ejecta blanket thicknesses are estimated
by redistributing the mass excavated from the basin into an annulus outside the basin,
between 1 and 2 crater radii. The mass anomaly of the impact basin can be constructed
by linearly summing these components.

134
that the depth of the basin is measured with respect to the crater rim. Second,
by reducing the mass anomaly of the underlying basin, it reduces the amount of
volatiles required within the basin to reach an acceptable Q0 value. Lastly, as the
thickness of the volatiles within the basin increases, the total excavated volume of
Sputnik Planitia increases, thus increasing the thickness of ejecta blanket. This results in steeper curves for Q0 as a function of volatile ice thickness in Figure 4.17c
compared with Figure 4.17b. Taking the ejecta blanket into account reduces the
required volatile ice thickness from tens or hundreds of kilometers from the simple basin model (Figure 4.17b) to less than 10 km, which is consistent with other
estimates for the thickness of volatiles within Sputnik Planitia (Stern et al., 2015;
Moore et al., 2016; McKinnon et al., 2016; Trowbridge et al., 2016). If the thickness
of volatiles within Sputnik Planitia is larger, then Sputnik Planitia must have an
additional negative mass anomaly to enable it to be at its present location.
The inclusion of an uplift in the postulated subsurface ocean results in a similar
Q0 value to models with an ejecta blanket. If the initial (pre-volatile filled) Sputnik
Planitia basin is isostatically compensated (via Airy isostasy), then the initial mass
anomaly of the basin reduces from Q0 ≈ −4 to Q0 ≈ −2 (Figures 4.15d and 4.16d).
It is important to note that despite the fact that this initial basin is compensated’ it
does not have Q0 = 0. This arises from how a compensated structure fundamentally
alters the inertia tensor (and thus Q0 ). Because the structure compensating for
the topographic low is deeper within the planet, it contributes less to the inertia
tensor (inertia tensors scale with radial distance squared), and thus the negative
mass anomaly arising from the topographic low still dominates. Nonetheless, this
reduction of the underlying basin’s Q0 value is sufficient to allow volatiles to overcome
the remaining negative mass anomaly for ice thicknesses of 1-10 km. This mechanism
is discussed much more rigorously in Nimmo et al. (2016). Continued study of New
Horizons data, as well as thorough impact simulation studies, is needed to truly
disentangle the possible cause of the positive mass anomaly within Sputnik Planitia.
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4.5

Tectonics of Pluto

As a planet reorients during true polar wander, each surface location experiences a
change in the tidal and rotational potential. This builds stress in the lithosphere,
eventually resulting in faults with a characteristic global pattern (Matsuyama and
Nimmo, 2008). Pluto indeed possesses a global non-random system of extensional
faults (e.g. Figure 4.18-4.19; Stern et al., 2015; Moore et al., 2016). In the following
sections, we will use this global network of faults to test our true polar wander
hypotheses (and in particular, the different true polar wander solutions of Section
4.4.1). Section 4.5.1 discusses our mapping of Pluto’s faults; Section 4.5.2 details
the theoretical treatments allowing us to predict the tectonic patterns arising from
global expansion, true polar wander, and loading; and finally, in Section 4.5.3, we
compare these theoretical predictions with the observed tectonic patterns on Pluto.
4.5.1

Mapping Pluto’s Faults

We mapped Pluto’s faults using available global image mosaics from the New Horizons team (e.g. Figure 4.5). These mosaics have mixed resolution globally, with
the best resolution (10s of meters) on the New Horizons encounter hemisphere of
Pluto, near Sputnik Planitia. The sub-Charon hemisphere was imaged from much
further away, and has considerably lower resolution (10s of kilometers). At the time
of writing this dissertation, global, calibrated mosaics and topography maps have
not been published to the Planetary Data System. This makes a systematic mapping project difficult. In particular, we do not have a good understanding of how
complete our mapping is. Nonetheless, the available global maps are sufficient for
our goals here. The tectonic patterns predicted from global expansion, true polar
wander, and loading are global in nature. The exact locations of the faults are not
predicted from our tectonic model, and uncertainties in fault locations of several
degrees do not change the results presented in Section 4.5.3. Once all of the New
Horizons data (including reduced data products) has been published on to the PDS,
a more thorough mapping campaign would be possible.
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Figure 4.18: High-resolution Long Range Reconnaissance Imager (LORRI) image mosaic
of the western edge of the New Horizons encounter hemisphere. Faults cover a large portion
of the rugged uplands outside of Sputnik Planitia. The faults running horizontally towards
the top of this image are Djanggawul Fossae. The faults running from the bottom-left
diagonally up and to the right of the image are Inanna Fossa and Dumuzi Fossa. Image
credit: NASA/JHUAPL/SwRI.
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Figure 4.19: Enhanced color image of Pluto’s “spider.” The longest fracture, running
diagonally from the lower-left to the upper-right of this image is Sleipnir Fossa, and is
approximately 580 km long, and is roughly north-trending. These fractures cross-cut
Pluto’s bladed terrain, Tartarus Dorsa. Image credit: NASA/JHUAPL/SwRI.

We mapped faults using the available global image mosaics (e.g. Figure 4.5).
Faults were mapped as (often multiple) segments of great circles. Each segment was
defined by two latitude and longitude, which can be related to the fault segment’s
azimuth from North (i.e. strike or trend). From the mixed resolution, and varying
scales of different faults, we classified faults into three categories, depending on our
certainty whether the feature in question was actually a fault. Type-1 faults are
very obvious, graben-like features (such as Inanna and Dumuzi Fossae in Figure
4.18). Type-2 faults are probable faults, that display many of the characteristics
of an obvious Type-1 fault, but are not conclusively faults (often the consequence
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of their typically smaller size, and thus lower resolution). Type-3 faults are quasilinear features—often near the minimum resolution of the map. Figure 4.20 shows
an equirectangular map of our mapped faults, with the thickness of each mapped
fault scaling with our fault classification scheme (Type-1 faults are thick lines, Type3 faults are thin lines). Figure 4.21 shows a spherical orthographic projection of the
encounter hemisphere, with likely faults (Type-1 and Type-2).

Figure 4.20: Equirectangular map of Pluto’s faults, as identified in New Horizons global
image mosaics (e.g. Figure 4.5). The thickness of the mapped fault line reflects our
certainty in the nature of the feature (thick lines are unequivocally faults; thin lines are
quasi-linear features that may or may not be faults). Different geologic regions (e.g.
Sputnik Planitia) are shaded for reference.

All of our clearly identifiable faults are extensional faults, akin to terrestrial
graben. Some faults (particularly near Inanna and Dumuzi Fossae) may exhibit
lateral offset, although this is not certain. There are some linear chains of mountains
(particularly in Cthulhu Regio), which could conceivably be compressional features,
but this is extremely uncertain. The lack of observed compressional or translational
faults probably reflects global expansion due to the freezing of a subsurface ocean
(Hammond et al., 2016).
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Figure 4.21: Spherical orthographic projection of Pluto, with faults identified colored by
azimuth, and the line width corresponding to our certainty in the nature of the fault—
thick lines are unambiguous faults (Type-1) and thin lines are probable faults (Type-2).
We do not plot “possible” faults (Type-3) in this figure. There is a definite, coherent
pattern in Pluto’s tectonics. Base map credit: NASA/JHUAPL/SwRI.

140
4.5.2

Tectonic Patterns from Global Expansion, True Polar Wander, and Loading

Following Wahr et al. (2009) (Appendix B), the stresses on the surface of a spherical
planet due to generalized displacement, d~ = (dr , dθ , dφ ) can be written:
τθ,θ

τφ,φ




2µ
∂φ dφ
λ
τr,r +
(3λ + 2µ)dr + 2(λ + µ)∂θ dθ + λ
+ dθ cot θ
=
(λ + 2µ)
R(λ + 2µ)
sin θ
(4.60)



λ
2µ
∂φ dφ
=
τr,r +
(3λ + 2µ)dr + 2∂θ dθ + 2(λ + µ)
+ dθ cot θ
(λ + 2µ)
R(λ + 2µ)
sin θ
(4.61)

τθ,φ



µ
∂φ dθ
=
∂θ dφ +
− dφ cot θ
R
sin θ

(4.62)

where τθ,θ , τφ,φ , and τθ,φ are the components of the horizontal components of the
local stress tensor, µ and λ are the Lamé parameters. Note that τr,r = 0 for displacements due to rotational or tidal deformation. From these relationships, the
isotropic stresses due to an isotropic change in radius, δR can be written as:




2µ + 3λ δR
E
δR
τθ,θ = τφ,φ = 2µ
=
(4.63)
λ + 2µ
R
1−ν R
where E and ν are the elastic modulus and Poisson’s ratio, respectively.
To evaluate the stresses using Equations 4.60-4.61, it is necessary to know the
displacement due to rotational deformation, tidal deformation, and true polar wander. This can be written in terms of degree-2 displacement Love numbers, h2 and
l2 :
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h
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2 X
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?
 dθ  = R
l2 ∂θ  (U2,m,i − U2,m,i
)Yl,m,i
 


m=0 i=1
l 2 ∂φ
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sin θ

(4.64)

where U ? are U are the initial (pre-true polar wander) and final (post-true polar
wander) gravitational potentials, respectively. Here we define Yl,m,i as the spherical
surface harmonics:




Yl,m,1 (θ, φ)
cos mφ

 = Pl,m (cos θ) 

Yl,m,2 (θ, φ)
sin mφ

(4.65)
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The gravitational potential expansion coefficients for the tidal deformation, rotational deformation, elastic lithosphere, and true polar wander are (see Section 4.3.7):
(2 − m)!
U2,m,i =(2 − δm,0 )
(2 + m)!


2 3
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Ω2 R3
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R
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(4.67)

where (θR , φR ) and (θR? , φR? ) are the final and initial spherical coordinates of the
rotation pole; (θT , φT ) and (θT ? , φT ? ) are the final and initial spherical coordinates
of the tidal pole; and Ω and Ω? are the final and initial rotation rates of Pluto.
The displacement due to mass loading in Sputnik Planitia can be written in a
similar way:
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(4.68)

where hLl and llL are the displacement loading Love numbers of degree-l. Unlike the
rotational and tidal deformation (which are predominantly a degree-2 displacement),
loading generates displacements across a large range of wavelengths. Assuming an
axisymmetric load (Section 4.3.8) of radius, γ, and surface density, σ, the gravitational potential expansion coefficients can be written as:
Z γ
(2 − m)! 2πR2 σ
L
L
Ul,m,i = (2 − δm,0 )
Yl,m,i (θ , φ )
Pl,0 (cos θ)dθ sin θ
(2 + m)! M
0

(4.69)

From these relationships (Equations 4.60-4.69) we can calculate the local stress
tensor across the surface of Pluto. At any given location, the expected tectonic
pattern can be calculated from the eigenvalues and eigenvectors of the local stress
tensor (Anderson, 1951). Normal faults occur perpendicular to the maximum principal stress.
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4.5.3

Pluto’s Tectonics as a Record of True Polar Wander

Using our initial locations of Sputnik Planitia (Figure 4.10), we calculated the tectonic patterns for a range of possible true polar wander scenarios, including the
effects of reorientation, global expansion and loading of ice within Sputnik Planitia
(Section 4.5.2). Figure 4.22 shows a subset of this parameter space. Figure 4.23
compares our best-fitting tectonic model to the mapped tectonic pattern on Pluto.
In most models, faults are quasi-radial proximal to Sputnik Planitia, primarily from
loading stresses. Distal to Sputnik Planitia, true polar wander stresses dominate
and the orientations of the faults change. The predicted tectonic patterns are not
strongly sensitive to the bulk properties of Pluto, but are sensitive to the initial
location, size and thickness of ice within Sputnik Planitia (Figure 4.22).
We quantified how well our predicted fault geometries fit by measuring the difference between the observed and predicted fault azimuths (Watters et al., 2015).
Each mapped fault is mapped as a segment of a great circle, defined by two latitude
and longitude points, which in turn define a fault azimuth (or strike). For each
fault segment, we measured the misfit between the mapped fault azimuth and the
predicted fault azimuth from our tectonic models (see Section 4.5.2). The misfits
were normalized by the fault lengths, and binned in a histogram (e.g. Figure 4.23e).
If the tectonic model were perfect, the misfits would cluster near 0◦ .
Large true polar wander solutions yielded the best fit to the observed fault distribution and are marginally better than small true polar wander solutions. The
observed fault geometry is inconsistent with global expansion, de-spinning or orbit
migration alone (Figure 4.22; Matsuyama and Nimmo, 2013). We do not accurately
predict the locations of the Sun Wukong Fossae and spider’ fault network (Figure
4.19) east of Sputnik Planitia. Although our model does predict the confluence of
eastward- and northward-trending faults at some distance from Sputnik Planitia (as
demonstrated by the accurate fitting of faults westward of Sputnik Planitia), the
Sun Wukong Fossae and spider’ are westward of the predicted eastern transition.
This difference may be due to oversimplifications in our model geometry of Sputnik
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Figure 4.22: Predictions for the Pluto’s tectonic patterns. a-q, Tectonic patterns depend
on the geometry of proposed reorientation (a-f), the interior structure (i-k), and the size
and location of the perturbing load (l-q). Faults are colored by azimuth, as in Figure 4.23.
Black lines show mapped faults, as in Figures 4.20 and 4.23a-b.
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Figure 4.23: a-b, Tectonic features mapped in publicly available New Horizons imagery
(Section 4.5.1). c-d, The best-fitting predicted tectonic pattern resulting from global
expansion, loading, and a large true polar wander event. e, Binned misfit between observed
and predicted fault azimuths, following the procedure of Watters et al. (2015). Pluto base
map credit: NASA/JHUAPL/SwRI.

Planitia, inhomogeneity in the lithosphere, or faulting during different stress conditions (Section 4.5.4). Nonetheless, true polar wander, loading, and global expansion
provide the most comprehensive explanations for the global pattern of faults on
Pluto.
4.5.4

Other geologic evidence for true polar wander of Pluto

Sublimation often creates geologic features that align north-south (e.g. Moore et al.,
2016). Although several terrains on Pluto are characterized by elongated, plausibly
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sublimation-driven landforms (for example, pitted uplands and the bladed terrain
of Tartarus Dorsa Moore et al., 2016; Moores et al., 2017), not all align north-south.
The washboard terrain northwest of Sputnik Planitia is characterized by parallel
ridges and troughs that trend southwest-northeast (Moore et al., 2016). In our pretrue-polar-wander view of Pluto, these features become aligned north-south (Figure
4.12). This may suggest that these features pre-date the reorientation of Pluto by
volatile loading in Sputnik Planitia. Relative age-dating of these features and other
sublimation structures may provide constraints on the timing of the formation of
Sputnik Planitia.
If the reorientation of Pluto was due to the gradual infill of volatiles within
Sputnik Planitia (as in Figure 4.26), then the stress and tectonic patterns may also
change gradually with time. The time evolution of the tectonic patterns predicted
by a simple reorientation model are shown in Figure 4.24. A nearly ubiquitous result
in these tectonic models is that at a certain distance away from Sputnik Planitia,
faults transition from being quasi-radial to Sputnik Planitia to quasi-azimuthal.
This transition marks a change in the dominant source of stress; loading stresses
dominate near Sputnik Planitia, whereas reorientation stresses dominate far away.
We use this transition as evidence of the reorientation to explain the sharp change
in fault azimuths observed on Pluto (Figure 4.23). Curiously, the location of this
transition changes as a function of the loading within Sputnik Planitia in these timesequence models. In particular, the transition moves progressively further away from
Sputnik Planitia as it is filled with volatiles (Figure 4.24). Eventually, for very thick
deposits within Sputnik Planitia, the loading stresses dominate reorientation stresses
globally (Figure 4.24g-h). This change in stress field with time may be recorded in
the cross-cutting relationships of faults on Pluto. For example, we predict that in
complicated fault networks (like Djanggawul Fossa and the “spider,” Figure 4.19),
the faults azimuthal to Sputnik Planitia are older, and should be cross-cut by faults
radial to Sputnik Planitia. Further geologic mapping of Pluto (even in regions far
from Sputnik Planitia), may provide valuable insight into the nature and origin of
Sputnik Planitia.
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Figure 4.24: Tectonics due to progressive loading of Sputnik Planitia. a-h, The predicted
tectonic pattern on Pluto as a function of the amount of ice within Sputnik Planitia, as
in Figure 4.26. f denotes the fraction of the total global reservoir of ice within Sputnik
Planitia (where the reservoir is equivalent to a 200-m-thick global layer); f = 9% corresponds to 500 m, f = 12% corresponds to 800 m (as in Figure 4.26c), f = 21% corresponds
to 1,400 m (as in Figure 4.26d) and f = 52% corresponds to 3,500 m. The left column
shows a view above the faults west of Sputnik Planitia, while the right column shows a
view above the faults east of Sputnik Planitia. Grid lines and colored vectors denote the
instantaneous principal axis reference frame. As Sputnik Planitia is loaded with volatiles,
Pluto reorients. This changes the location of these features with respect to the principal
axis reference frame (resulting in the reorientation of the latitude and longitude grid in
each frame). This also changes the stresses as a function of loading within Sputnik Planitia, resulting in time-evolution of the tectonic patterns. The transition from quasi-radial
(loading-dominated) to quasi-azimuthal (true polar wander-dominated) faults increases
in distance from Sputnik Planitia as a function of the loading within Sputnik Planitia.
This change in stress pattern may be recorded in the cross-cutting relationships of Pluto’s
faults.
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4.6

Climate-Reorientation Coupling of Pluto

If ice loading within Sputnik Planitia drove true polar wander, then this suggests
a feedback between the planet’s volatile cycle and rotational stability. Rubincam
(2003) previously investigated such a feedback (but only considering polar caps, not
localized deposits like Sputnik Planitia), and discounted it on the basis of Pluto’s
insolation geometry. Pluto’s large obliquity (122◦ ) means that the equator receives
less insolation than the poles (Figure 4.25; e.g. Earle and Binzel, 2015). Therefore,
Rubincam (2003) concluded that volatiles should accumulate at Pluto’s equator,
building a stabilizing equatorial bulge and inhibiting true polar wander. However,
while Pluto’s equator receives less insolation, it is never the coldest part of the
planet (Figure 4.25b). Pluto’s poles oscillate seasonally between long polar nights,
and if volatiles are sufficiently mobile the poles may still be the preferred sites for
volatile deposition (Spencer et al., 1997; Earle and Binzel, 2015). This may explain
why volatiles are found preferentially at higher latitudes on Pluto (Grundy et al.,
2016). Furthermore, the coupling of volatile transport and reorientation of Pluto
is complicated by the presence of Sputnik Planitia—which is an enormous reservoir
of volatiles, that also breaks the normal latitudinal symmetry of climate. Our true
polar wander solutions suggest that Sputnik Planitia formed at higher latitudes
in these regions of enhanced seasonal volatile deposition. We posit that Sputnik
Planitia is a cold trap, and over time it accreted a large fraction of Pluto’s volatile
reservoir, driving reorientation (Figure 4.26). The final location of Sputnik Planitia
is set by Pluto’s total volatile reservoir, the remnant figure and the feedback between
true polar wander and volatile stability within Sputnik Planitia. The proximity of
Sputnik Planitia to the latitude of minimum mean insolation (Figure 4.25c; Hamilton
et al., 2016) may be evidence that a true polar wander-volatile stability feedback is
active.
In this section, we revisit the rotational stability of Pluto, given our improved
understanding of Pluto post-New Horizons (Section 4.6.1), determine how quickly
Sputnik Planitia may have collected its volatile ices (Section 4.6.2), and investigate
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how these processes may couple and drive seasonal (or long-term) wobbles of Pluto
(Section 4.6.3).
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4.6.1

Rotational Stability of Pluto

If volatiles tend to accumulate at Pluto’s north and south poles (as discussed above,
and shown in Figure 4.25), this may make Pluto more susceptible to polar wander
than previously expected (Rubincam, 2003). As a polar ice cap grows in mass,
it effectively reduces the dynamical flattening of the planet. Once the polar caps
exceed the dynamical flattening, the maximum and intermediate principal axes of
inertia will swap—reorienting Pluto by 90◦ around the tidal axis, placing the former
polar cap on the intermediate principal axis of inertia (the orbital axis at (90◦ E, 0◦
N) or (270◦ E, 0◦ N) as in Figure 4.21). If we assume that volatiles are sequestered
into two 60◦ -radius polar caps, with ice densities of 1 g cm−3 , then this rotational
stability limit occurs when the ice caps reach a thickness of around 180 m (equivalent
to a global layer of around 90 m). This calculation assumes that the polar ice caps
can be partially compensated by lithospheric flexure (following the loading Love
number calculations of Section 4.3.8). If caps are not partially supported (or if they
are constructed more rapidly than the lithosphere can adjust), then the threshold
is smaller: about 80 m (equivalent to a global layer of about 40 m). Note that the
total volume of ice required within these “destabilizing” polar ice caps is comparable
to the expected volume of volatile ice within Sputnik Planitia.
If polar ice caps can grow large enough to destabilize Pluto, they would result
in substantially different tectonic patterns—perhaps akin to crop-circle’ faults on
Europa, which are hypothesized to result from a similar style of reorientation (albeit
due to differential crustal thickening, and not surface volatile transport; Schenk
et al., 2008). The lack of such an observed tectonic pattern may suggest that this
style of reorientation has not occurred on Pluto. Perhaps the volatile reservoir on
Pluto is too small to build such a polar cap, or the remnant figure is larger. Although
Pluto’s polar regions are indeed rich in volatiles (Grundy et al., 2016), the thickness
of volatiles and their compensation state are unclear. Some eroded mantled terrains
in the northern uplands have thicknesses of approximately 1 km (Moore et al., 2016).
If these deposits ever covered large fractions of polar regions, they would easily
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destabilize Pluto. If polar volatiles are sufficiently mobile, then it is conceivable
that they may adjust to changes in the planet’s insolation conditions faster than
the planet can reorient. In such a case, polar volatiles would act more similarly
to a hydrostatic tidal rotational bulge, and may not be capable of controlling the
planet’s orientation over long timescales.
4.6.2

Sputnik Planitia as a Cold trap

As Sputnik Planitia is a large topographic low, and there is no observed troposphere
on Pluto (that is, temperature decreases with altitude on Pluto Gladstone et al.,
2016), we posit that Sputnik Planitia is an intrinsic cold trap. Other factors may
contribute to Sputnik Planitia being a cold trap, such as atmospheric circulation in
response to its topography or intrinsic albedo variations associated with the underlying basin. This hypothesis is explored in detail in Bertrand and Forget (2016). Over
time, scattered volatile ice deposits should migrate into one large deposit (Sputnik
Planitia) owing to lower-albedo terrains that surround the higher-albedo ice. The
darker terrains have higher surface temperatures, resulting in an enhancement of
volatile ice sublimation from the margins of the ice deposits. Thus, if ice condensation is constant across the interiors of multiple ice sheets, then smaller ice sheets
experience a larger fractional loss of ice from their margins, resulting in their eventual disappearance and atmospheric transport of their volatile content to a single
dominant ice deposit. This process is known as a runaway albedo effect (Spencer
and Denk, 2010), and this may be the reason a large fraction of volatile ices have
accumulated in Sputnik Planitia (Hamilton et al., 2016).
If reorientation is controlled by the accumulation of volatiles within Sputnik
Planitia, then the approximate reorientation timescale can be estimated from the
time required to fill Sputnik Planitia with volatiles. From Figure 4.15 (Section
4.4.2), the typical volatile ice thicknesses required to drive reorientation are around
5 km. Following Langmuir (1913), it would take approximately 5 million years to
grow a 5 km N2 ice cap given Pluto’s present average atmospheric pressure and
temperature (Gladstone et al., 2016). Similar timescales can be estimated by con-
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sidering sublimation mass fluxes due to seasonal differences in insolation Spencer
et al. (1997).
4.6.3

Seasonal Wobbles of Pluto due to Mass Transport into and out of Sputnik
Planitia

If volatiles migrate into and out of Sputnik Planitia on seasonal timescales, then one
may expect corresponding small-scale oscillations in the planet’s principal axes of inertia. These small-amplitude wobbles would be analogous to atmospheric-pressuredriven wobbles on Earth (e.g. Gross et al., 2003). Figure 4.27 shows how Pluto’s
minimum and maximum principal axes of inertia would change orientation in response to small changes in the thickness of volatile ices within Sputnik Planitia. If
these changes occurred seasonally, then Pluto would not have time to damp the tidal
rotational energy (true polar wander timescales are generally of the order of millions of years), and the principal axes would wobble about the tidal and rotational
axes (Gross et al., 2003; Spada et al., 1996). In a reference frame fixed to Pluto,
such wobbles would result in apparent motions of Pluto in the sky (even though
Pluto and Charon would remain in almost perfect double synchronous spin-orbit
lock). Such motions would result in tidal heating very similar to obliquity and/or
libration tides, which can be important for the heat budget of icy satellites (Nimmo
and Spencer, 2015). Because these wobbles are driven by the continual sublimation
and redeposition of volatiles on Pluto, they may be persistent, resulting in small
but continual amounts of extra heating within Pluto.
The amount of heat generated from these postulated seasonal wobbles can be
estimated by determining the change in rotational kinetic energy in response to the
transport of ice into and out of Sputnik Planitia. Rotational kinetic energy, E, is
related to the planet’s spin vector, w,
~ and its inertia tensor, I:
E=w
~ T Iw
~

(4.70)

where T denotes a transpose. For Pluto’s current rotation rate (6.39 Earth days),
and typical assumptions of Pluto’s figure and moments of inertia (Section 4.3),
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Figure 4.27: Pluto’s wobbles. a, b, The location of Pluto’s minimum (a) and maximum (b)
principal axes of inertia with respect to their present locations as a function of changes in
ice thickness in Sputnik Planitia. Around 1 m of volatile ice can be transported seasonally
across the entire surface of Pluto (Spencer et al., 1997), although it is unclear how volatiles
migrate into and out of Sputnik Planitia. c, The change in rotational kinetic energy
resulting from the transport of volatile ice into and out of Sputnik Planitia.

Pluto’s rotational kinetic energy is about 4.7 × 1023 J. Adding or removing one
meter of ice (approximately the amount of ice transported seasonally across Pluto;
Spencer et al., 1997) from Sputnik Planitia changes this rotational kinetic energy by
approximately 1017 J (assuming the rotation rate remains unchanged) (Figure 4.27c).
Assuming this occurs over one Pluto year (248 Earth years), this translates into a
heat production rate of 5 × 107 J s−1 . This is approximately 1/1,000 of the presentday radiogenic heating expected within Pluto (McKinnon et al., 1997). Although the
expected heat production rate is low, this heat may be released closer to the surface
(for example, localized in crustal faults), whereas radiogenic heating is probably
concentrated within Pluto’s silicate core, deep beneath the surface. Future work
will need to quantify the mechanics and efficacy of this “wobble-heating” process in
more detail.
The magnitude and geometry of any such wobbles depend on both the amount
of material being transported and the differences between Pluto’s moments of inertia (or, equivalently, its degree-2 spherical harmonic gravity coefficients; Lambeck,
1980). If our true polar wander hypothesis for Sputnik Planitia is correct, then
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Pluto’s present-day degree-2 gravity has some contributions from Sputnik Planitia
and Pluto’s reoriented remnant figures. The exact values depend on the proposed
reorientation event. Figure 4.28 shows predicted, present-day spherical harmonic
gravity coefficients for the reorientation geometries summarized in Figure 4.10. Future measurement of degree-2 gravity of Pluto, be it from orbiting spacecraft, or
remote observations of wobbles, may further constrain which true polar wander
models for Sputnik Planitia are viable.
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4.7

Conclusion

In this chapter, we have shown that the location of Sputnik Planitia—the 1,000
kilometer diameter, impact basin, filled with volatile ices, that dominates the New
Horizons encounter hemisphere of Pluto—is a natural consequence of the sequestration of volatile ices within the basin and the resulting reorientation (true polar
wander) of Pluto. Loading of volatile ices within a basin the size of Sputnik Planitia
can substantially alter Pluto’s inertia tensor (Section 4.4.2), resulting in a reorientation of the dwarf planet of around 60◦ with respect to the rotational and tidal axes
(Section 4.4.1). The combination of this reorientation, loading and global expansion due to the freezing of a possible subsurface ocean generates stresses within the
planet’s lithosphere, resulting in a global network of extensional faults that closely
replicate the observed fault networks on Pluto (although more tectonic mapping
needs to be done; Section 4.5). Sputnik Planitia probably formed northwest of its
present location, and was loaded with volatiles over million-year timescales as a
result of volatile transport cycles on Pluto. Pluto’s past, present and future orientation is controlled by feedbacks between volatile sublimation and condensation,
changing insolation conditions and Pluto’s interior structure (Section 4.6). Similar
volatile-driven reorientation feedback cycles may be important for continued geologic activity on other large Kuiper belt objects, Triton, and other planetary (or
exoplanetary) worlds with large reservoirs of mobile volatiles.
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5.0

CONCLUSION

The goal of this dissertation has been a thorough investigation of the the figures of
solar system worlds, how those figures change and undergo true polar wander, and
how these dynamical processes affect (or are affected by) geological processes. Here,
we summarize the key results.
In Chapter 2, we revisit the classic problem of the Moon’s anomalously large figure. The Moon’s rotational and tidal bulges are significantly larger than expected,
given the Moon’s present orbital and rotational state. This excess deformation has
been ascribed to a fossil figure, frozen in by the formation of an elastic lithosphere,
when the Moon was closer to the Earth and the rotational and tidal deformation
was more severe (Sedgwick, 1898; Jeffreys, 1915; Lambeck and Pullan, 1980; GarrickBethell et al., 2006; Matsuyama, 2013). While a fossil figure is capable of explaining the observed lunar figure, it is only consistent with a highly eccentric and/or
non-synchronous orbit, contrary to our understanding of the Moon’s formation and
evolution (Meyer et al., 2010). In this work, we show that lunar impact basins and
mascons have a significant contribution to the observed lunar figure (that is, they
contribute significantly to the Moon’s moments of inertia and/or degree-2 spherical
harmonic gravity field). Removing the contribution from these mass anomalies reveals a misaligned fossil figure, consistent with the formation of a fossil figure in a
lower-eccentricity, synchronous orbit, followed by a period of true polar wander after
the formation of the South Pole-Aitken basin. This work was published in Keane
and Matsuyama (2014).
In Chapter 3, we continue our investigation of the reorientation history of the
Moon, in light of new evidence for a volatile paleopole. In this Chapter, we show
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that the spatial distribution of polar hydrogen (as revealed by orbiting neutron spectrometers) is inconsistent with the present-day thermal environment at the Moon’s
poles. There is a significant amount of volatiles off the north and south poles. What
is most surprising is that these off-polar hydrogen deposits at the Moon’s north and
south poles are antipodal from one another—likely representing fossilized cold traps,
from when the Moon spun around a different axis. Through a dynamical analysis of
the Moon’s present inertia tensor, we show that this change in the spin axis can be
readily explained by true polar wander resulting from the thermal evolution of the
Procellarum KREEP Terrain (a region rich in potassium (K), rare-earth elements
(REE), and phosphorous (P), that also encompasses most of the Moon’s basaltic
mare volcanism Jolliff et al., 2000). Since the Procellarum was most active early in
lunar history, this implies that the true polar wander was also early, and that a significant fraction of the Moon’s polar volatiles are ancient—perhaps recording early
delivery of water to the inner Solar System. This hypothesis provides a unique link
between lunar polar volatiles and the broader geophysical evolution of the Moon.
This work was published in Siegler et al. (2016).
In Chapter 4 we move 40 AU away, to Pluto. The most striking geologic feature
on Pluto is Sputnik Planitia—a tear-drop-shaped topographic depression, approximately 1,000 kilometers in diameter, filled with a thick layer of volatile, convecting
volatile ices (Stern et al., 2015; Moore et al., 2016; Grundy et al., 2016; McKinnon
et al., 2016; Trowbridge et al., 2016; Johnson et al., 2016). Curiously, this large
feature is very near the Pluto-Charon tidal axis. In this Chapter, we show that
location of Sputnik Planitia is a natural consequence of the sequestration of volatile
ices within the basin and the ensuing true polar wander of Pluto. Furthermore, the
combination of true polar wander, loading, and global expansion from the freezing
of a subsurface ocean generates stresses in Pluto’s lithosphere, resulting in a global
network of extensional faults that closely replicates the observed fault network on
Pluto. Pluto likely reoriented 60◦ since the formation of Sputnik Planitia, and the
present-day orientation may be changing as volatiles migrate in and out of the basin
on million-year volatile transport cycles. This work was published in Keane et al.
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(2016).
While this dissertation has focused on three relatively specific problems, they
open the doors to a vast array of problems concerning the coupling of geologic and
dynamic processes. Here we discuss some directions for future work.
Our work presented Chapters 2-3 are just two pieces in the larger puzzle of the
Moon’s formation and evolution—one which we are now poised to solve. In particular, we are on the verge of creating the first, complete, integrated chronology for
the evolution of the Moon’s spin with time. The techniques developed in Chapter
2 are capable of isolating how different geologic structure contribute to the Moon’s
inertia tensor. Coupling these inertia tensor perturbations with the lunar geologic
record will allow us to look at the time evolution of the lunar inertia tensor, and by
extension, the reorientation history of the Moon. Figure 5.2 illustrates a very preliminary model demonstrating this for the Moon (and Mercury, Mars, and Venus).
While this is will be a powerful tool, it only allows us to investigate long-term, permanent reorientation events that are preserved in the Moon’s present-day gravity
field. Transient and temporally-evolving events—like the formation and evolution of
the Procellarum KREEP Terrain—require a different approach. Chapter 3 outlines
one such approach, where we have combined numerical models for the Moon’s thermal evolution (Laneuville et al., 2013) with rotational dynamics. Similar numerical
models could be used for investigating the spin of the Moon in the aftermath of
giant impacts (e.g. Johnson et al., 2016). Investigating the temporal aspect of true
polar wander may also require more thorough investigations into time-dependent
viscoelastic true polar wander solutions (e.g. Spada et al., 1996). Additionally, as
the inertia tensors change with time, so does the Moon’s spin and orbital angular
momentum. If we want to truly address problems like the long-term stability of
polar volatiles, we will need to couple these results with dynamical models for the
evolution of angular momentum (including things like the Cassini-state transition;
e.g. Colombo, 1967; Peale, 1969; Siegler et al., 2011). Perhaps when taken together,
this will help shed light on the complicated story of the Moon’s magnetic dynamo
and magnetic paleopoles.
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Figure 5.1: Preliminary true polar wander chronologies for the terrestrial worlds, from
Keane and Matsuyama (2017). Each point in these plots indicates the location of the
north pole as a function of time, after the formation of individual geologic features (impact
basins, volcanoes, etc.). The plot is shown in a reference frame fixed to the present-day
principal axes of each planet.

The techniques we have developed in this thesis for using gravity data to isolate
how mass anomalies perturb the inertia tensors of planets (Chapter 2) is completely
general. We now have sufficiently high resolution gravity data to perform a systematic, data-driven survey of reorientation of many worlds in the inner solar system:
Mercury, Venus, Moon, Mars, and Vesta (Figure 5.2). This survey would provide
insight into a variety of solar system processes. For brevity, here are a few important
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questions for future study:
• Mercury, Moon, Ceres, and Mars have substantial reservoirs of polar volatiles
(in permanently shadowed craters on Mercury and the Moon, in polar caps and
the subsurface of Mars and Ceres). While the polar volatiles on Mercury and
Ceres appear to correlate well with the present spin pole, there is evidence that
the spatial distribution of volatiles on the Moon and Mars do not (although
Mars is further complicated by atmospheric and topographic effects). Does this
reflect differences in the spin-state evolution of these worlds, or is something
different about the nature of volatile transport on these worlds?
• Mercury, Moon, and Vesta all have anomalously large tidal-rotational bulges
that are inconsistent with their present spin-states. My technique of removing geologic features from the gravity fields of these worlds also reveals the
primordial, underlying tidal-rotational bulge from when the planet’s elastic
lithosphere formed. Are these anomalous tidal-rotational bulges truly remnant, or are they predominantly formed by other geologic processes (such as
impacts or convection)?
• Venus has almost no rotational bulge, meaning that it should be extremely
easy to reorient. Are Venus’s large volcanic edifices large enough to cause
substantial reorientation? Since reorientation can significantly alter the stress
state in the lithosphere, does this reorientation affect global tectonic patterns,
or the ability of magma to ascend through the crust?
While we have focused on worlds for which we have sufficient gravity data to investigate their detailed reorientation histories, the advancements developed here (both in
terms of data analysis, also our theoretical understanding of these planetary bodies)
can be extended to other worlds in the outer solar system.
Our work presented in Chapter 4 not only explains one aspect of Pluto’s interesting geology, but also reveals many new, exciting avenues of future research. One
of my most interesting predictions from our work was that Pluto may be undergoing small amplitude wobbles due to seasonal transport of volatile ice in and out
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Figure 5.2: A collection of the gravity fields for all solar system worlds for which the
gravity field is measured to spherical harmonic degree-2 or better.
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of the basin (similar to the annual, atmospheric-pressure-driven wobbles that the
Earth experiences). If these wobbles occur seasonally, then Pluto will not be able
to damp the excess tidal/rotational energy (such timescales are generally millions
of years). From the reference frame of Pluto, these wobbles would result in the apparent motions of Charon in the sky. This motion would result in tidal heating very
similar to obliquity and/or libration tides that can be important for the heat budget
of icy satellites and binary Kuiper belt objects. Since this idea of volatile-driven
reorientation is relatively new, no one has looked into the efficacy of such a heating
process.
More generally, volatile-driven reorientation is undoubtedly active on a variety
of other solar system objects. Neptune’s large moon, Triton, and many other large
Kuiper Belt objects are known to possess significant quantities of volatile ices that
can migrate across the surface, and may experience similar climate-reorientation
feedbacks to Pluto (Rubincam, 2003). These feedbacks may enable continued geologic activity on the surfaces of these worlds. Beyond our solar system, it is conceivable that other more exotic volatiles may result in reorientation of exoplanets.
For example, very hot, tidally-locked exoplanets may undergo reorientation cycles
controlled by the migration of silicates across their surfaces. I will perform the first
simple analytical studies to determine under what circumstances (and for which
exoplanets) this might occur on. These feedbacks may manifest in observations of
exoplanet temperatures, albedos, and atmospheric chemistry in the coming decades.
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