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Abstract

Several processes may produce global tectonic patterns on the surface of a planetary body. The stresses associated with distortions of biaxial
figures due to despinning or reorientation were first calculated by Vening Meinesz [Vening Meinesz, F.A., 1947. Trans. Am. Geophys. Union 28
(1), 1–23]. We adopt a mathematically equivalent, but physically more meaningful treatment for distortions associated with rotation. The new
approach allows us to find analytic solutions for the general case of stresses associated with distortions of biaxial or triaxial planetary figures.
Distortions of biaxial figures may be driven by variations in rotation rate, rotation axis orientation, or the combination of both. Distortions
of triaxial figures may be driven by the same mechanisms and/or variations in tidal axis orientation for tidally deformed satellites. While the
magnitude of the resulting stresses depends on the adopted elastic and physical parameters, the expected tectonic pattern is independent of these
parameters for these mechanisms. Reorientation of the rotation/tidal axis alone is expected to produce normal/thrust faulting provinces enclosing
the initial rotation/tidal poles, and thrust/normal faulting provinces enclosing the final rotation/tidal poles. Reorientation of both the rotation and
tidal axis results in a wide variety of tectonic patterns for different reorientation geometries. On Europa, the tidal axis reorientation which generally
accompanies rotation axis reorientations may provide an alternative explanation for tectonic features that have been interpreted as evidence for
non-synchronous rotation. The observed tectonic pattern on Enceladus is more easily explained by a large reorientation (∼90◦) of the rotation
axis, than by rotation rate variations.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Global tectonic patterns may be produced on planetary bod-
ies by different mechanisms, most of which are related to
rotation. Reorientation of the rotation axis in space, such as
precession, is a consequence of external torques acting on
the equatorial bulge of a planetary body. The body surface
moves with the rotation axis in this case and the lithosphere
is not strained; hence, this type of reorientation does not gen-
erate tectonic patterns. By contrast, any mass redistribution
may drive the planet to a new minimum energy state of prin-
cipal axis rotation, resulting in motion of the solid surface
with respect to the rotation axis (Evans, 1866; Darwin, 1877;
Gold, 1955; Goldreich and Toomre, 1969). This type of reori-
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entation is commonly referred to as true polar wander (TPW).
On Earth, astrometric data shows TPW at a rate of ∼1◦/Myr
over the last century (Argus and Gross, 2004) and paleomag-
netic evidence suggests ∼30◦ of TPW over the last 200 Myr
(Prévot et al., 2000; Besse and Courtillot, 2002). The equa-
torial location of the Tharsis rise on Mars (Melosh, 1980b;
Willemann, 1984) and the polar location of Enceladus’ hot
spot (Nimmo and Pappalardo, 2006; Matsuyama and Nimmo,
2007) may be explained by reorientation of these bodies due to
TPW. Large impacts may have driven reorientation of the Moon
and icy satellites of the outer Solar System (Melosh, 1975;
Nimmo and Matsuyama, 2007). Vening Meinesz (1947) found
solutions for the stresses and Melosh (1980b) used Anderson’s
theory of faulting (Anderson, 1951) to predict the expected tec-
tonic patterns of a reoriented planet.

Tidal dissipation causes the orbit of a satellite to recede and
ultimately drives it to the minimum energy state of synchronous
rotation, causing despinning. Axially symmetric global tec-
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tonic patterns are expected in this case (Vening Meinesz, 1947;
Melosh, 1977). A small amount of despinning is also associ-
ated with TPW since angular momentum conservation leads
to rotation rate variations as mass redistribution changes the
inertia tensor (Matsuyama et al., 2007). Global tectonic pat-
terns on Mercury may have been produced by despinning and
thermal contraction (Burns, 1976; Melosh, 1977; Melosh and
Dzurisin, 1978; Pechmann and Melosh, 1979). In application to
the Moon, Melosh (1980a) calculated the tectonic patterns on a
despun, tidally deformed, satellite by representing the stresses
as the linear superposition of the stresses arising from two bi-
axial distortions using the solutions of Vening Meinesz (1947).

Diurnal tides (Greenberg et al., 1998), and non-synchronous
rotation (Helfenstein and Parmentier, 1985) may also produce
global tectonic patterns. Diurnal tides and non-synchronous ro-
tation are short-term processes associated with continuous vari-
ations of the tidal potential, while despinning and reorientation
(TPW) are long-term processes associated with a permanent
change to the centrifugal and tidal potentials. In this article, we
will focus on the latter long-term mechanisms.

We will extend previous work (e.g. Melosh, 1977, 1980a,
1980b; Helfenstein and Parmentier, 1985; Leith and McKin-
non, 1996) by finding analytic solutions for the general case of
stresses associated with distortions of biaxial or triaxial plane-
tary figures [Eqs. (28)–(31)]. Distortions of biaxial figures may
be driven by variations in rotation rate, rotation axis orienta-
tion, or the combination of both. Distortions of triaxial figures
may be driven by the same mechanisms for tidally deformed
satellites and/or variations in tidal axis orientation. Section 2
outlines the theory, which incorporates despinning, rotational
deformation, and tidal deformation. The general results are pre-
sented in Section 3, and we consider the global tectonic patterns
on Enceladus in Section 4. Finally, Section 5 summarizes the
main results and discusses some of their consequences.

2. Theory

2.1. Reorientation and despinning

In this section we consider the stresses arising from reori-
entation (due to TPW) and despinning of an axially symmetric
planetary body. In a reference frame with the rotation vector
directed along the z-axis, the centrifugal potential is given by

(1)Φrot = −1

3
Ω2R2 + 1

3
Ω2R2P2(cos θ),

where Ω and R are the rotation rate and mean radius and

(2)P2 = 1

2

(
3 cos2 θ − 1

)
is the degree-two Legendre polynomial (Murray and Dermott,
1999, Eq. 4.107, p. 151). The centrifugal potential causes the
planetary surface to deform radially. Using Love number the-
ory, the radial displacement of the surface can be written as

(3)δrrot = −RhT
2

(
R

GM

)
Ω2R2

3
P2(cos θ),
where hT
2 is the degree-two tidal h Love number, G is the grav-

itational constant, and M is the mass of the planet. Since we
are interested in the long-term rotational displacement, we are
implicitly assuming that all viscous stresses have relaxed by us-
ing the secular (or fluid limit) Love number. This dimensionless
number depends on the planet’s interior structure and rheology.
Note that we ignore the deformation in response to the degree-
zero component of the centrifugal potential. This term leads to
an isotropic expansion of the planet; however, we ignore this ef-
fect since this contribution is small (∼0.01% radius change for
Earth if rotation is completely stopped; Stoneley, 1924).

The figure of a rotating planetary body, rrot = R + δrrot, at a
point with spherical coordinates (θ,φ) can be written as

(4)rrot(θ) = R
[
1 − f

(
cos2 θ − 1/3

)]
,

where

(5)f
(
Ω,hT

2

) = hT
2

R3Ω2

2GM
= requator − rpole

R

is the flattening. The equilibrium figure corresponds to a biaxial
oblate ellipsoid with the symmetry axis directed along the ro-
tation axis (i.e. the equator is a circle). The flattening increases
with the rotation rate, as expected from the effect of the cen-
trifugal force.

The figure for a rotation pole with arbitrary spherical coor-
dinates (θR,φR), as shown in Fig. 1, is given by

(6)rrot(θ,φ) = R
[
1 − f

(
cos2 γ − 1/3

)]
,

where γ is the angular distance between an arbitrary point with
spherical coordinates (θ,φ) and the rotation pole. This angular
distance can be found using the spherical cosine law (Fig. 1):

(7)cosγ = cos θ cos θR + sin θ sin θR cos(φ − φR).

We will consider the equilibrium figure after reorientation
and despinning. As Melosh (1977) and Willemann (1984) note,
the initial planetary figure (before reorientation and despinning)
is established when the planet is hot, before a lithosphere could
form by surface cooling. Hence, if the rotation axis orienta-
tion or rotation rate changes after a lithosphere has formed,
the lithosphere is strained from its equilibrium position. If we
denote the magnitude and spherical coordinates of the initial
rotation vector as Ω0 and (θR,φR), respectively, the initial plan-
etary figure can be written as

(8)r0(θ,φ) = R
[
1 − f∗

(
cos2 γ − 1/3

)]
,

where f∗ ≡ f (Ω0, h
T ∗
2 ), hT ∗

2 is the degree-two h Love number
for the planet without a lithosphere, and γ is given by Eq. (7).
Similarly, if we denote the magnitude and spherical coordinates
of the final rotation vector as Ωf and (θ

f
R , θ

f
R ), respectively, the

final planetary figure can be written as

rf (θ,φ) = R
[
1 − f∗

(
cos2 γ − 1/3

) − ff

(
cos2 γf − 1/3

)
(9)+ f0

(
cos2 γ − 1/3

)]
,

where hT
2 is the degree-two h Love number for the planet with

a lithosphere,

(10)f0 ≡ f
(
Ω0, h

T
)
,
2
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Fig. 1. Spherical angles used for representing the planetary figure. (A) Reference frame in which the rotation pole has spherical coordinates (θR,φR). The angular
distance between an arbitrary point with spherical coordinates (θ,φ) and the rotation pole is denoted as γ . This angle can be found from the spherical cosine
law cosγ = cos θ cos θR + sin θ sin θR cos(φ − φR). The unit vectors associated with the spherical coordinates in this reference frame are denoted as êθ and êφ .
(B) Reference frame with the z-axis directed along the rotation pole. The unit vectors associated with the spherical coordinates in this reference frame are denoted
as ê′

θ and ê′
φ . For a given point with coordinates (θ,φ) in the reference frame in panel (A), ê′

θ and ê′
φ are on the same tangential plane as the one defined by êθ and

êφ . The unit vectors ê′
θ and ê′

φ are reoriented by angle ψ relative to the unit vectors êθ and êφ . This reorientation angle can be found from the spherical sine law
sinγ / sin(φ − φR) = sin θR/ sinψ and the spherical cosine law cos θR = cosγ cos θ + sinγ sin θ cosψ .
(11)ff ≡ f
(
Ωf ,hT

2

)
,

and

(12)cosγf = cos θ cos θ
f
R + sin θ sin θ

f
R cos

(
φ − φ

f
R

)
.

The last two terms on the right-hand side (RHS) of Eq. (9)
represent the contribution to the planetary figure from the
change in the centrifugal potential associated with reorien-
tation of the rotation pole and rotation rate variations. Note
that these terms depend on the Love number for the planet
with a lithosphere since we assume that these changes occur
after the lithosphere has formed. If reorientation and despin-
ning occur before the lithosphere forms, then f0 = f (Ω0, h

T ∗
2 ),

ff = f (Ωf ,hT ∗
2 ), the second and fourth terms on the RHS of

Eq. (9) cancel each other, and the final shape depends only on
the final rotation rate and angular distance to the final rota-
tion pole, as would be expected. It is also useful to consider
the case in which reorientation and despinning occur after the
lithosphere has formed and behaves with infinite rigidity. In this
case, hT

2 = f0 = ff = 0 and thus the final shape depends only
on the initial rotation rate and the angular distance to the pale-
opole, as expected, since the infinite rigidity of the lithosphere
maintains the original shape.

The radial displacement of the lithosphere due to reorien-
tation and despinning (hence the super-scripts ‘R’ and ‘D’) is
given by the difference between the final and initial planetary
figures:

dR,D
r = rf − r0

(13)= Rf0
(
cos2 γ − 1/3

) − Rff

(
cos2 γf − 1/3

)
.

This representation of the radial displacement is mathemati-
cally equivalent to that of Vening Meinesz (1947) and Melosh
(1980b); however, it is physically more meaningful since it is
explicitly associated with the difference between the initial and
final planetary figures. Furthermore, as we will show in the next
section, it facilitates the extension of the solutions found in this
section to the case of satellites with tidal deformation.
Vening Meinesz (1947) found equilibrium stress solutions
for a thin, nearly spherical elastic shell with a radial displace-
ment of the form

(14)dr = Rf
(
cos2 θ − 1/3

)
.

The stresses at the planet surface, R, in this case are given by

σθθ = 2

3

(
1 + ν

5 + ν

)
μf

(
3 cos2 θ + 1

)
,

σφφ = 2

3

(
1 + ν

5 + ν

)
μf

(
9 cos2 θ − 5

)
,

(15)σθφ = 0,

where μ is the rigidity and ν is Poisson’s ratio of the lithosphere.
We adopt the sign convention in which tensile (extensional)
stresses are positive. The radial stresses σrr , σrθ , and σrφ must
be zero at the planet surface.

The same solutions can be used for the stresses associated
with the radial displacement given by Eq. (13), but in a refer-
ence frame with the initial/final rotation vector directed along
the z-axis since γ /γf is the angular distance to the initial/final
rotation pole. Let us consider the first term on the RHS of
Eq. (13). If we denote the stresses associated with this term
in a reference frame with the rotation vector directed along the
z-axis as σ 0 ′

ij , then

σ 0 ′
θθ = 2

3

(
1 + ν

5 + ν

)
μf0

(
3 cos2 γ + 1

)
,

(16)σ 0 ′
φφ = 2

3

(
1 + ν

5 + ν

)
μf0

(
9 cos2 γ − 5

)
.

Following Vening Meinesz (1947) and Melosh (1980b), we
must take into account the reorientation of the unit vectors of a
reference frame with the z-axis along the rotation axis, ê′

θ and
ê′
φ , relative to the unit vectors êθ and êφ of a reference frame

in which the rotation pole has spherical coordinates (θR,φR),
as illustrated in Fig. 1. In the latter reference frame, the stress
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solutions for the first term on the RHS of Eq. (13) are given by

σ 0
θθ = σ 0 ′

θθ cos2 ψ + σ 0 ′
φφ sin2 ψ

= 2

3

(
1 + ν

5 + ν

)
μf0

(
6 sin2 γ cos2 ψ + 9 cos2 γ − 5

)
,

σ 0
φφ = σ 0 ′

θθ sin2 ψ + σ 0 ′
φφ cos2 ψ

= 2

3

(
1 + ν

5 + ν

)
μf0

(−6 sin2 γ cos2 ψ + 3 cos2 γ + 1
)
,

σ 0
θφ = −(

σ 0 ′
θθ − σ 0 ′

φφ

)
sinψ cosψ

(17)= −2

(
1 + ν

5 + ν

)
μf0 sin2 γ sin(2ψ),

where we use Eq. (16) and ψ is the reorientation angle for
the unit vectors. We can find expressions for the terms in
Eq. (17) which depend on this angle using spherical trigonom-
etry (Fig. 1). Combining the spherical cosine laws cosθR =
cosγ cos θ +sinγ sin θ cosψ and cosγ = cos θ cos θR +sin θ ×
sin θR cos(φ − φR) yields

(18)sinγ cosψ = cos θR sin θ − sin θR cos θ cos(φ − φR).

Similarly, we can use the spherical sine law to write

(19)sinγ sinψ = sin θR sin(φ − φR).

Finally, following the same procedure for the second term
on the RHS of Eq. (13), the total stresses can be written as

σ
R,D
θθ = 2

3

(
1 + ν

5 + ν

)
μ

[
f0

(
6 sin2 γ cos2 ψ + 9 cos2 γ − 5

)

− ff

(
6 sin2 γf cos2 ψf + 9 cos2 γf − 5

)]
,

σ
R,D
φφ = 2

3

(
1 + ν

5 + ν

)
μ

[
f0

(−6 sin2 γ cos2 ψ + 3 cos2 γ + 1
)

− ff

(−6 sin2 γf cos2 ψf + 3 cos2 γf + 1
)]

,

σ
R,D
θφ = −2

(
1 + ν

5 + ν

)
μ

[
f0 sin2 γ sin(2ψ)

(20)− ff sin2 γf sin(2ψf )
]
,

where

cosγf = cos θ cos θ
f
R + sin θ sin θ

f
R cos

(
φ − φ

f
R

)
,

sinγf cosψf = cos θ
f
R sin θ − sin θ

f
R cos θ cos

(
φ − φ

f
R

)
,

(21)sinγf sinψf = sin θ
f
R sin

(
φ − φ

f
R

)
.

Vening Meinesz (1947) and Melosh (1980b) found solutions
for the stresses associated with reorientation of the rotation
pole, while Vening Meinesz (1947), Burns (1976) and Melosh
(1977) found solutions for the stress associated with despin-
ning. Equation (20), first derived by Matsuyama et al. (2007),
extends these studies by providing analytic solutions for the
stresses associated with the combination of reorientation and
despinning for arbitrary initial and final rotation pole locations.
Using Eqs. (13) and (20), we can recover Eq. (5) of Vening
Meinesz (1947), or Eq. (23) of Melosh (1977), for a despun
planet, if we assume that the rotation pole remains fixed and
aligned with the z-axis (θR = θ
f
R = 0, see Appendix B). Simi-

larly, we can recover Eqs. (1)–(3) of Melosh (1980b) for a re-
oriented planet if we assume a constant rotation rate (f0 = ff ,
see Appendix C).

2.2. Reorientation and despinning of tidally deformed
satellites

We will find solutions for the stresses associated with reori-
entation and despinning for a tidally deformed satellite in this
section. If the satellite is not in synchronous rotation, the orbit
is eccentric, or the orbit is inclined, the tidal potential becomes
time-dependent in a reference frame rotating with the satellite;
hence, the radial displacement associated with tidal deforma-
tion also becomes time-dependent. For simplicity, we will as-
sume that the satellite is in a circular, zero inclination orbit in
synchronous rotation. In this case, in a reference frame rotating
with the satellite with the sub-planet point directed along the
z-axis, the tidal potential on the surface of the satellite is given
by

(22)Φtidal = −Ω2R2P2(cos θ)

(Murray and Dermott, 1999, Eq. 4.122, p. 155). The tidal po-
tential causes the satellite surface to deform radially, and the
radial displacement of the surface can be written as

(23)δrtidal(θ) = RhT
2

(
Ω2R3

GM

)
P2(cos θ).

The satellite figure in response to tidal deformation alone,
rtidal = R + δrtidal, is given by

(24)rtidal(θ) = R
[
1 + 3f

(
cos2 θ − 1/3

)]
,

where f is given by Eq. (5). The tidal figure corresponds to a
biaxial prolate ellipsoid with the symmetry axis along the tidal
axis. The radius is maximum along the tidal axis (θ = 0◦ or
180◦ in the adopted reference frame), as expected from the ef-
fect of tidal deformation.

The figure associated with tidal deformation for a body in
synchronous rotation, for an arbitrary sub-planet point with
spherical coordinates (θT ,φT ), can be written as

(25)rtidal(θ,φ) = R
[
1 + 3f

(
cos2 γtidal − 1/3

)]
,

where γtidal is the angular distance between a point on the satel-
lite surface with spherical coordinates (θ,φ) and the sub-planet
point. Similarly, the figure associated with tidal and rotational
deformation can be written as

rrot,tidal(θ,φ) = R
[
1 − f

(
cos2 γ − 1/3

)
(26)+ 3f

(
cos2 γtidal − 1/3

)]
.

The figure in this case corresponds to a triaxial ellipsoid (i.e.
the equator is an ellipse).

Following the analysis of the previous section, the radial
displacement associated with reorientation and despinning of
a tidally deformed satellite (hence the super-scripts ‘R,’ ‘D,’
and ‘T’) can be written as
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dR,D,T
r = Rf0

[
cos2 γ (θR,φR, θ,φ) − 1/3

]
− Rff

[
cos2 γ

(
θ

f
R ,φ

f
R, θ,φ

) − 1/3
]

− 3Rf0
[
cos2 γ (θT ,φT , θ,φ) − 1/3

]
(27)+ 3Rff

[
cos2 γ

(
θ

f
T ,φ

f
T , θ,φ

) − 1/3
]
,

where f0 and ff are given by Eqs. (10) and (11), respectively,

(θT ,φT ) and (θ
f
T ,φ

f
T ) are the spherical coordinates for the ini-

tial and final sub-planet points, and

(28)cosγ (θi, φi, θ,φ) = cos θi cos θ + sin θi sin θ cos(φ − φi).

The first two terms on the RHS of Eq. (27) are associated with
the response to the change in the centrifugal potential, while the
last two terms are associated with the response to the change in
the tidal potential. Once again, we assume that reorientation and
despinning occur after the formation of the lithosphere, and that
the body ultimately reaches synchronous rotation.

The equilibrium stress solutions associated with a radial dis-
placement due to reorientation and despinning of a tidally de-
formed satellite, given by Eq. (27), can be written as

σ
R,D,T
ij = σij

[
f0, γ (θR,φR, θ,φ),ψ(θR,φR, θ,φ)

]
− σij

[
ff , γ

(
θ

f
R ,φ

f
R, θ,φ

)
,ψ

(
θ

f
R ,φ

f
R, θ,φ

)]
− 3σij

[
f0, γ (θT ,φT , θ,φ),ψ(θT ,φT , θ,φ)

]
(29)+ 3σij

[
ff , γ

(
θ

f
T ,φ

f
T , θ,φ

)
,ψ

(
θ

f
T ,φ

f
T , θ,φ

)]
,

where

σθθ (f, γ,ψ) = 2

3

(1 + ν)

(5 + ν)
μf

(
6 sin2 γ cos2 ψ + 9 cos2 γ − 5

)
,

σφφ(f, γ,ψ) = 2

3

(1 + ν)

(5 + ν)
μf

(−6 sin2 γ cos2 ψ + 3 cos2 γ + 1
)
,

(30)σθφ(f, γ,ψ) = −2
(1 + ν)

(5 + ν)
μf sin2 γ sin(2ψ),

and

sinγ (θi, φi, θ,φ) cosψ(θi, φi, θ,φ)

= cos θi sin θ − sin θi cos θ cos(φ − φi),

(31)sinγ (θi, φi, θ,φ) sinψ(θi, φi, θ,φ) = sin θi sin(φ − φi).

The first two terms on the RHS of Eq. (29) are associated
with the satellite response to the change in the centrifugal po-
tential, while the last two terms are associated with the response
to the change in the tidal potential. With these expressions, the
stresses for a reoriented and despun body without tidal defor-
mation [Eq. (17)] can be written as

σ
R,D
ij = σij

[
f0, γ (θR,φR, θ,φ),ψ(θR,φR, θ,φ)

]
(32)− σij

[
ff , γ

(
θ

f
R ,φ

f
R, θ,φ

)
,ψ

(
θ

f
R ,φ

f
R, θ,φ

)]
.

The nature of the expected faulting is determined by the prin-
cipal stresses (Anderson, 1951; Melosh, 1977). Since we as-
sume that the radial stresses are zero, the principal stress in the
radial direction is always zero. There are three types of possible
tectonic regions determined by the other two principal stresses
σ+ and σ− (Appendix A). If σ+ and σ− are both extensional,
normal faulting perpendicular to the maximum principal exten-
sional stress is expected. If σ+ and σ− are both compressive,
thrust faulting perpendicular to the maximum principal com-
pressive stress is expected. Finally, if σ+ is compressive and
σ− is extensional, or vice versa, strike-slip faulting at angles
of ∼30◦ (for a friction coefficient ∼0.6; Turcotte and Schubert,
2002, Eq. 8-36) to the direction of the maximum compressive-
stress is expected.

3. Results

As an illustration of the new theory, we will consider
the specific example of Saturn’s moon Enceladus. We adopt
R = 252.1 km (Thomas et al., 2007), M = 1.080 × 1020 kg
(Jacobson et al., 2006), Ω = 5.31 × 10−5 rad s−1 (Lodders and
Fegley, 1998), and hT

2 = 0.03 (Nimmo et al., 2007, Fig. 4). We
assume that the rigidity and Poisson’s ratio of the lithosphere
are μ = 9.2 GPa and ν = 0.33, respectively, appropriate for icy
satellites (Turcotte and Schubert, 2002, Appendix E). Note that
while the specific choice of these parameters affects the mag-
nitude of the resulting stresses, it does not affect their relative
magnitude and orientation. Hence, the nature of the expected
tectonic pattern is independent of the parameters adopted, as
long as the stresses exceed the yield strength.

Our adopted Love number, hT
2 = 0.03, deserves more expla-

nation. First, we note that the stresses depend on only one of
the Love numbers, the one for the case with a lithosphere, hT

2 ,
as can be seen from Eqs. (29) or (32) since f0 ≡ f (Ω0, h

T
2 )

and ff ≡ f (Ωf ,hT
2 ). The stresses do not depend on the Love

number for the case without a lithosphere, hT ∗
2 , since we as-

sume that reorientation or despinning occur after the lithosphere
has formed. Second, the value of hT

2 depends on the time scale
for reorientation or despinning, which are not well known. We
therefore make the conservative assumption of a small Love
number, appropriate for Enceladus’ response to diurnal stresses,
which results in small magnitudes for the stresses. Reorien-
tation or despinning are expected to occur over longer time
scales and thus a larger Love number and correspondingly
larger stresses are expected. Once again, while the value of the
adopted Love number affects the magnitude of the stresses, it
does not affect the nature of the expected tectonic pattern.

3.1. Reorientation and despinning without tidal deformation

Melosh (1977) studied the tectonic patterns driven by de-
spinning for a planetary body without tidal deformation. In this
case, given the symmetry of the problem, the stress field and ex-
pected tectonic pattern is axially symmetric around the rotation
axis: strike-slip faults in an equatorial band (between 48◦ N and
48◦ S) and E–W trending normal faults in the remaining regions
(near the poles) are expected (Appendix B).

Melosh (1977) found that while the superposition of stress
fields due to despinning and expansion or contraction may pro-
duce a wide variety of tectonic patterns, the azimuthal stress
σφφ is always more compressive than the meridional stress σθθ

(i.e. σθθ > σφφ ). This characteristic signature is associated with
despinning since expansion or contraction produce equal σθθ
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Fig. 2. Expected tectonic pattern and stress field of a reoriented and despun planet in stereographic projection. Grid lines indicate latitude and longitude in 30◦
increments. The original north pole is at 60◦ N, 0◦ W. Solid circles indicate the location of the initial rotation poles. In the stress field figures (right column), crosses
indicate directions and relative magnitudes of principal stresses, and red and blue lines denote extensional and compressive stresses, respectively. In the tectonic
pattern figures (left and middle columns), the red, blue, and gray lines indicate the strike of the expected normal, thrust, and strike-slip faults. Black lines separate
these tectonic regions and are given by Eq. (A.2). Contours correspond to the deviatoric stress [Eq. (A.3)] in units of 0.2 MPa. (A) Without despinning, (B) 30%
despinning, (C) 60% despinning, and (D) 90% despinning.
and σφφ . If we ignore tidal deformation, we can recover Eq. (24)
of Melosh (1977):

(33)σθθ − σφφ = 4μ(1 + ν)

(5 + ν)
(f0 − ff ) sin2 θ

(Appendix B). This equation shows that σθθ − σφφ > 0 for
despinning (f0 > ff ), regardless of elastic parameters and flat-
tening change. Conversely, the meridional stress σθθ is always
more compressive than the azimuthal stress σφφ for any amount
of spin up (f0 < ff ).
For a planetary body without tidal deformation, TPW pro-
duces provinces of N–S trending normal faults covering 90◦ in
latitude and roughly 70◦ in longitude around the paleopoles,
provinces of thrust faulting covering 90◦ in latitude around the
final poles, and provinces of strike-slip faulting in the remain-
ing regions near the equator (see Figs. 2A and 6; or Melosh,
1980b). The magnitude of the stresses increases, and the normal
and thrust faulting provinces become more centered on the ro-
tation poles, as the amount of reorientation increases (see Fig. 6
or compare Figs. 1–3 of Melosh, 1980b). Without tidal defor-
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Fig. 3. Stress field and expected tectonic pattern (as labeled) for 20% despin-
ning with tidal deformation in simple cylindrical projection. Conventions for
predicted tectonic patterns and stress field follow Fig. 2. Contours correspond
to the deviatoric stress [Eq. (A.3)] in units of 0.1 MPa. Solid circles and trian-
gles indicate the location of the initial rotation poles, and sub- and anti-planet
points, respectively.

mation, the equilibrium figure is given by the axially symmetric
rotational bulge; therefore, the same tectonic pattern is expected
for any initial rotation pole longitude if it is uniformly shifted
with this longitude.

Fig. 2 shows the stress fields and expected tectonic patterns
for a 30◦ reorientation of the rotation axis and different amounts
of despinning (the initial north pole is at 60◦ N, 0◦ W). Nor-
mal and thrust faulting provinces form around the initial and
final rotation poles, respectively, due to reorientation. The size
of the thrust faulting provinces decreases significantly with de-
spinning while the size of the normal faulting provinces remain
nearly constant.

3.2. Despinning with tidal deformation

Fig. 3 shows the stress field and expected tectonic pattern
for a satellite that has been tidally despun by 20%. Several new
features arise when the effect of tidal deformation is taken into
account. First, the boundary separating strike-slip and normal
faulting moves polewards relative to the case in which rota-
tional deformation only is included. Normal faulting occurs
near the poles, north and south of 73◦ N and 73◦ S latitudes, at
the sub- and anti-planet meridians, respectively, and north and
south of 71◦ N and 71◦ S latitudes, at the meridians centered
on the trailing and leading hemispheres, respectively (Appen-
dix B). Second, while the normal faults near the poles are E–W
trending, as in the case without tidal deformation, around the
sub- and anti-planet meridians, they become N–S trending in
the trailing and leading hemispheres. Third, provinces of thrust
faulting appear centered on the sub- and anti-planet points, cov-
ering 80◦ in longitude and 86◦ in latitude (Appendix B).

Melosh (1977) also considered the effect of different litho-
spheric thicknesses (for bodies without tidal deformation) and
found that an equatorial band of thrust faulting is expected for
thick lithospheres (thicker than about 1/20 of the planet radius).
Our stress solutions are only valid for a satellite with a thin elas-
tic lithosphere; however, we can conclude that in the case of a
thick lithosphere, tidal deformation will increase the magnitude
of the compressive stresses and the size of the equatorial thrust
band around the sub- and anti-planet points.

Unlike the case without tidal deformation (see Section 3.1),
the azimuthal stress σφφ is not always more compressive than
the meridional stress σθθ . For despun, tidally deformed, satel-
lites,

σθθ − σφφ = 4μ(1 + ν)

(5 + ν)
(f0 − ff )

(34)× (
sin2 θ − 3 cos2 θ cos2 φ + 3 sin2 φ

)
(Appendix B). For example, the meridional stress σθθ becomes
more compressive than the azimuthal stress σφφ at the sub- or
anti-planet meridians (φ = 0◦ or 180◦) off the equator (north
and south of 30◦ N and 30◦ S latitudes, respectively).

The maximum principal stress difference τmax [see Eq. (A.3)]
is reached at the centers of the leading and trailing hemispheres
(θ = 90◦ and φ = ±90◦), as shown in Fig. 3. Using Eqs. (34)
and (A.3) with these coordinates yields

(35)τmax = σθθ − σφφ

2
= 8μ(1 + ν)

(5 + ν)
(f0 − ff ),

which is equivalent to Eq. (3) of Melosh (1980a) if we assume
that the satellite is hydrostatic and homogeneous [i.e. hT

2 = 5/2,
we can also recover Eq. (1) of Melosh (1980a) using Eqs. (26),
(B.1), and (B.2) under the same assumption].

3.3. Reorientation with tidal deformation

If reorientation occurs around the tidal axis (i.e. if the ini-
tial rotation pole is at 90◦ W or 90◦ E longitude), the tidal bulge
remains fixed and thus the same tectonic pattern as the one for
the case without tidal deformation is expected (see Section 3.1).
Tidal deformation starts to influence the tectonic pattern as the
final tidal axis moves away from the initial tidal axis, break-
ing the axial symmetry. There are multiple possible locations
for the initial sub-planet point along a great circle given the
orientation of the initial rotation axis since the latter must be
perpendicular to the initial tidal axis. However, the sub-planet
point is uniquely defined given the size and location of the load
causing the reorientation (Matsuyama and Nimmo, 2007). Re-
orientation of the rotation axis is generally accompanied by
reorientation of the tidal axis, unless unique geometries are as-
sumed.

Fig. 4 shows the expected tectonic pattern for a 30◦ reori-
entation of the rotation pole (the paleopole is at 60◦ N, 70◦ W)
without (A) and with (B, C, D) tidal deformation for different
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Fig. 4. Expected tectonic pattern and stress field in stereographic projection due to a 30◦ reorientation of the rotation pole without (A) and with (B, C, D) tidal
deformation. Grid lines indicate latitude and longitude in 30◦ increments. The initial rotation pole is at 60◦ N, 70◦ W. For the cases with tidal deformation, the initial
sub-planet point coordinates are (B) 14◦ S, 5◦ W, (C) 11◦ S, 0◦ W, and (D) 8◦ S, 5◦ E. Solid circles and triangles indicate the location of the initial rotation poles,
and sub- and anti-planet points, respectively. Conventions for predicted tectonic patterns and stress field follow Fig. 2. Contours correspond to the deviatoric stress
[Eq. (A.3)] in units of 0.2 MPa.
initial sub-planet point longitudes in a reference frame with the
x- and z-axes directed along the final sub-planet point and the
final north pole, respectively. Since reorientation is more easily
accomplished around the tidal axis (Matsuyama and Nimmo,
2007), we choose small values for the initial sub-planet point
longitudes (5◦ W, 0◦ W, and 5◦ E). Even a small reorientation
of the tidal axis, relative to the amount of reorientation of the
rotation axis, is significant since the tidal bulge is three times
as large as the rotational bulge [Eq. (26)]. Several changes oc-
cur relative to the case without tidal deformation. First, thrust
faulting provinces move in longitude toward the initial sub-
and anti-planet points, as expected since reorientation of the
tidal axis produces thrust faulting provinces around these points
(Fig. 7, Appendix D). Second, for the same reason, for the reori-
entation geometry assumed here, the size of the thrust/normal
faulting provinces increases/decreases as the initial sub-planet
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Fig. 5. Tectonic pattern and stress field (as labeled) of Enceladus in stereographic projection due to spin up, reorientation, and despinning. Grid lines indicate
latitude and longitude in 30◦ increments. Solid circles and triangles indicate the location of the initial rotation poles, and sub- and anti-Saturn points, respectively.
Conventions for predicted tectonic patterns and stress field follow Fig. 2. Contours correspond to the deviatoric stress [Eq. (A.3)] in units of 0.2 MPa. (A) 10%
spin up. (B) 88◦ reorientation, the original north pole and sub-Saturn point are at 2◦ N, 90◦ W and 4◦ S, 0◦ E, respectively. (C) Reorientation as in case (B) and 4%
despinning.
point moves westward (compare Figs. 4B, 4C, and 4D). Small
variations in the initial tidal axis orientation lead to signifi-
cant size variations of these provinces. Third, normal and thrust
faulting provinces may no longer enclose the initial rotation and
tidal axis, respectively.

A small amount of despinning is expected to occur during
reorientation due to angular momentum conservation. Given
the amount of despinning, which depends on the inertia ten-
sor perturbations driving reorientation, the same stress solutions
[Eqs. (28)–(31)] can be used to find the expected tectonic pat-
tern of a tidally deformed body due to the combination of reori-
entation and despinning.

4. Application to Enceladus

The surface of Enceladus exhibits a global-scale division
into three characteristic tectonic regions (Kargel and Pozio,
1996; Porco et al., 2006; Helfenstein et al., 2006b). The margin
of the roughly circumpolar south polar terrain (SPT) at ∼55◦ S
latitude is characterized by cuspate, roughly E–W trending fold
belts which seem to have formed in response to N–S compres-
sional stresses. The cusps are the source of young, N–S ex-
tensional features which stretch towards the equator. Polewards
of the fold belts there is a chain of sub-parallel, ridge-flanked
troughs, or “tiger stripes,” with strike directions ∼45◦ offset
from the sub-Saturn direction. Elsewhere on the satellite, tec-
tonically disrupted terrain (centered roughly on 90◦ and 270◦
longitudes, and roughly 90◦ wide) is characterized by ridged
plains (Kargel and Pozio, 1996) and the N–S fractures appar-
ently emanating from the cusps and indicating E–W extension.
The ancient cratered terrain (a band encircling the satellite from
0◦ to 180◦ longitudes) has a few orthogonal sets of N–S and
E–W oriented fractures, mostly in the northern hemisphere.
Some of these fractures, such as Isbanir Fossa, may show strike-
slip offsets (Kargel and Pozio, 1996).

An increase in the rotation rate (spin up) has been sug-
gested as a possible explanation for the observed tectonic pat-
tern (Porco et al., 2006). In this scenario, the flattening in-
creases, forcing the tidal bulge to expand and the polar regions
to contract. Fig. 5A shows the expected tectonic pattern for a
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10% spin up. As we discussed in Section 3.2, while the mag-
nitude of the stresses changes, the expected tectonic pattern
is not affected by the amount of spin up or choice of elastic
parameters, as long as the stresses exceed the yield strength.
There are significant differences between the predicted and ob-
served tectonic patterns. First, while spin up does produce N–S
trending normal faults, as expected, they are predicted to occur
at locations where they are not observed. The normal fault-
ing provinces are predicted to be centered on 0◦ and 180◦
longitudes, while the tectonically disrupted terrain on Ence-
ladus (where the highest density of normal faults is observed) is
roughly centered on 90◦ and 270◦ longitudes. The normal fault-
ing provinces are predicted to cover ±40◦ of longitude from
the sub- and anti- planet points for any amount of spin up (Ap-
pendix B). Second, the boundary enclosing the thrust faulting
province around the south pole lies at ∼70◦ S latitude for any
amount of spin up (Appendix B), while the observed boundary
of the SPT lies at ∼55◦ S latitude. The available tectonic evi-
dence is therefore not consistent with spin up. Hence, we will
consider alternative explanations for the observed tectonic fea-
tures.

Some of the other intriguing discoveries on Enceladus by
Cassini include the detection of active jets of icy particles and
water vapor and high heat fluxes at the south pole (Porco et
al., 2006; Spencer et al., 2006). The polar location of this hot
spot may be explained by reorientation driven by a low-density
diapir (Nimmo and Pappalardo, 2006), and the similarity of
equatorial features to the “tiger stripe” tectonic features in the
south pole suggests that Enceladus has been reoriented by ∼90◦
(Helfenstein et al., 2006a). Fig. 5B shows the predicted tectonic
pattern and stress field for the kind of reorientation which may
have occurred on Enceladus (Matsuyama and Nimmo, 2007,
see their Fig. 4). Reorientation around the tidal axis, thus keep-
ing the same tidal figure, is more easily accomplished since the
tidal bulge is larger than the rotational bulge. The ancient north
pole and sub-Saturn point are at 2◦ N, 90◦ E and 4◦ S, 0◦ E, re-
spectively. Since the tidal axis only moves 4◦ while the rotation
axis moves 88◦, the effect of tidal deformation is small in this
case. N–S trending normal faults enclosing the ancient rotation
poles, and E–W trending thrust faults enclosing the present-
day rotation poles are expected. The normal faults are expected
to be centered on 90◦ and 270◦ longitudes. Hence, the loca-
tion and orientation of the observed N–S trending fractures in
the tectonically disrupted terrain is consistent with these pre-
dictions. Roughly circumpolar boundaries enclosing the thrust
faulting provinces are predicted at ∼45◦ N and ∼45◦ S lati-
tudes. Thrust faults near the edge of this boundary are expected
to be oriented roughly parallel to the boundary, perhaps explain-
ing the observed SPT boundary at ∼55◦ latitude. The slight
difference in the observed and predicted location of the margin
of compression could be explained by the addition of a small
(∼0.2 MPa) isotropic extension component, perhaps as a result
of very minor thickening of the ice shell (Nimmo, 2004). While
any amount of reorientation produces a tectonic boundary en-
closing the south pole, a large reorientation (∼90◦) is required
to produce a tectonic boundary similar to the observed SPT
boundary, which is centered on the south pole (Appendix C).
The orientation of the predicted thrust faults polewards of ∼55◦
latitude does not match the observed “tiger stripes” orienta-
tions. However, the predicted deviatoric stress is minimum near
the poles, and it has been suggested that these features were
created by present-day extensional diurnal stresses (Nimmo et
al., 2007). The predicted thrust faulting region centered on the
present-day north pole is not observed. Although some strike-
slip faults have been tentatively identified in the ancient cratered
terrain where such features are predicted to appear, their orien-
tation does not match the models. Nevertheless, it appears that
the observed tectonic pattern is more easily explain by a large
reorientation than by spin up.

Local stresses at the south pole may explain some of the dif-
ferences between the observed and predicted tectonic patterns
described above. If the south pole was a site of convection-
related upwarping (Nimmo and Pappalardo, 2006), then radial
extensional fractures would result. However, the south pole is
currently a topographic low (Thomas et al., 2007), perhaps as
a result of local melting (Collins and Goodman, 2007). As-
sociated lithospheric downwarping would lead to local thrust
faulting with a weak preference for its orientation (Janes and
Melosh, 1990), perhaps explaining the difference between the
N and S polar regions. Furthermore, the weak preference for
the orientations of the thrust faults might enable the orientation
of the “tiger stripes” to be ultimately controlled by present-day
diurnal stresses.

If Enceladus has a subsurface ocean, as suggested for the
large icy satellites of Jupiter (Spohn and Schubert, 2003), it
may decouple the lithospheric shell from the interior, causing
reorientation driven by an internal load to be limited to the in-
terior. Reorientation driven by an internal load could not strain
the lithosphere in this case; however, a ∼90◦ reorientation of
the floating shell, roughly around the tidal axis, may be driven
by variations in ice shell thickness (Ojakangas and Stevenson,
1989). Alternatively, a large impact near the equator may trigger
a large reorientation (Melosh, 1975; Nimmo and Matsuyama,
2007). Whatever the mechanism, if the lithosphere has been
reoriented by ∼90◦ as suggested by the present-day equator-
ial location of a hypothesized ancient polar terrain (Helfenstein
et al., 2006a), a tectonic pattern similar to the one shown in
Fig. 5B is expected.

Finally, we consider the effect of tidal despinning. The
amount of outward migration of Enceladus due to tidal dissi-
pation is constrained by the orbital radii and resonances that
saturnian satellites would have encountered in the past. If
Enceladus migrated outward significantly, Tethys and Dione
would have been captured in a 2:3 resonance, and thus Ence-
ladus could not have migrated from <0.976 its present value
(Dermott and Thomas, 1994, Fig. 9). Assuming synchro-
nous rotation, the corresponding amount of despinning is
�4%, which corresponds to a maximum deviatoric stress of
∼0.07 MPa [Eq. (35)]. Hence, the influence of despinning on
the tectonic pattern is expected to be small. Fig. 5C shows the
predicted tectonic pattern due to the reorientation discussed
above (Fig. 5B) and 4% despinning. The effect of tidal despin-
ning on the predicted tectonic pattern is negligible, as expected
(compare Figs. 5B and 5C).
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5. Summary and conclusions

We have extended previous studies (Vening Meinesz, 1947;
Melosh, 1977, 1980a, 1980b) by providing analytic expressions
for the global stresses of tidally and rotationally distorted plan-
etary bodies [Eqs. (27)–(31)]. The solutions presented here can
be used to calculate the stresses arising due to arbitrary geome-
tries for the reorientation of the rotation and tidal axes, and
rotation rate variations. While the magnitude of the resulting
stresses depends on the adopted elastic and physical parame-
ters, the expected tectonic pattern is independent of these pa-
rameters for despinning, reorientation, or the combination of
both.

Our results for the stresses associated with despinning or
spin up of a tidally deformed satellite are in agreement with
the numerical solutions of Melosh (1980a). Despinning/spin up
is expected to produce circumpolar provinces of normal/thrust
faulting centered on the rotation poles, covering ∼40◦ in lat-
itude; and N–S trending thrust/normal faulting provinces cen-
tered on the sub- and anti-planet points, covering 80◦ in longi-
tude and 86◦ in latitude. The rest of the surface is predicted to
be in strike-slip faulting.

Reorientation of the rotation/tidal axis is expected to pro-
duce normal/thrust faulting provinces enclosing the initial rota-
tion/tidal poles, and thrust/normal faulting provinces enclosing
the final rotation/tidal poles. Since reorientation of the rotation
axis is generally accompanied by a corresponding reorientation
of the tidal axis, a wide variety of tectonic patterns may be pro-
duced by different reorientation geometries.

Reorientation of the tidal axis in longitude is commonly
explained in terms of non-synchronous rotation (NSR) (e.g.
Helfenstein and Parmentier, 1985; Leith and McKinnon, 1996;
Greenberg et al., 1998; Hurford et al., 2007). However, if TPW
occurs, it is generally accompanied by reorientation of the
tidal axis in longitude and/or latitude (Matsuyama and Nimmo,
2007). NSR leads to a continuous time-dependent shift, while
TPW leads to a permanent shift of the tidal axis. Our stress
solutions are not directly applicable to NSR; however, analo-
gous time-dependent stress solutions can be found using the
time-dependent viscoelastic Love numbers instead of the sec-
ular Love numbers. A similar approach can be used to describe
the response to a time varying tidal potential due to non-zero
eccentricity and inclination.

TPW is expected to occur on Europa due to variations in
ice shell thickness (Ojakangas and Stevenson, 1989). However,
Leith and McKinnon (1996) found that most of the observed
global tectonic pattern is more easily explained by NSR than
by TPW. They considered the specific case of reorientation of
the rotation axis around the tidal axis. The tidal bulge remains
fixed in this case and the radial displacement on the surface cor-
responds to a distortion of the biaxial rotational figure alone. In
the more general case of TPW with the initial rotation axis at
an arbitrary longitude, reorientation may be accompanied by
a small, but non-negligible, reorientation of the tidal axis in
longitude (Matsuyama and Nimmo, 2007) which results in dis-
tortions of triaxial figures. This reorientation of the tidal axis
produces tectonic patterns that are equivalent to those produced
by NSR, as described by Leith and McKinnon (1996). Thus,
whether TPW has occurred is not yet clear based on observed
tectonic features, and should be the focus of future work.

The global tectonic patterns on Enceladus have been inter-
preted as due to spin up (Porco et al., 2006), perhaps due to a
suitably oriented impact. However, the observed tectonic pat-
tern is more easily explained by a large reorientation (∼90◦),
which may be driven by mass redistribution associated with an
internal load (Nimmo and Pappalardo, 2006; Matsuyama and
Nimmo, 2007), ice shell thickness variations (Ojakangas and
Stevenson, 1989), or an equatorial large impact (Melosh, 1975;
Nimmo and Matsuyama, 2007). Given Enceladus’ orbital evo-
lution constraints, the effect of despinning due to tidal dissi-
pation on the predicted tectonic pattern is negligible. Many of
the observed tectonic features are in good agreement with the
pattern predicted for a large reorientation. However, the lack of
thrust faults centered on the north pole remains unexplained,
and the orientation of the putative strike-slip faults in the an-
cient cratered terrain is in disagreement with the model predic-
tions.

The difference between the N and S polar regions of Ence-
ladus may be explained by contrasts between the mechanical
nature of these regions due to degree-one convection (Grott
et al., 2007) or other unknown processes, or local stresses
at the south pole due to warping of the lithosphere by con-
vective stresses or melting. The comparative lack of strike-
slip features is hard to explain, since the predicted deviatoric
stress is a maximum in strike-slip provinces. It may simply
be that such offsets are more difficult to recognize than those
produced by other kinds of faulting. Finally, modeling the
lithosphere as a radially-homogeneous elastic medium is an ob-
vious oversimplification: after failure, it should be treated, at
least locally, as a plastic medium, and in this case may inherit
a preferred pattern due to pre-existing faults (Melosh, 1977;
Pechmann and Melosh, 1979). Variations in the mechanical
nature of the lithosphere, local stresses due to convection or
melting, the inheritance of pre-existing fabrics, and extension
of the solutions past the point of failure should be considered in
future work.

Acknowledgments

The authors thank John Wahr and Jay Melosh for their care-
ful reviews and constructive comments. We acknowledge sup-
port from the Carnegie Institution of Washington and the NASA
Outer Planets Research.

Appendix A. Principal stresses

The magnitude of the principal stresses is given by

(A.1)σ± = (σθθ + σφφ)

2
± 1

2

√
(σθθ − σφφ)2 + 4σ 2

θφ.

The boundary for the different tectonic regions occurs at lo-
cations where principal extensional stresses become compres-
sional or vice versa (see Section 3); hence, this boundary can
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be found by setting σ± = 0, or

(A.2)σθθσφφ = σ 2
θφ.

The deviatoric stress is given by

(A.3)τ = σ+ − σ−

2
= 1

2

[
(σθθ − σφφ)2 + 4σ 2

θφ

]1/2
.

Appendix B. Rotation rate variations

For rotation rate variations alone, in a reference frame with
the x- and z-axes directed along the tidal and rotation axes, re-
spectively (θR = θ

f
R = 0◦, θT = θ

f
T = 90◦, and φT = φ

f
T = 0◦),

Eqs. (28) and (31) become

cos θ = cosγ (θR,φR, θ,φ) = cosγ
(
θ

f
R ,φ

f
R, θ,φ

)
,

sin θ = sinγ (θR,φR, θ,φ) cosψ(θR,φR, θ,φ)
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(
θ

f
R ,φ

f
R, θ,φ

)
cosψ

(
θ

f
R ,φ

f
R, θ,φ

)
,

0 = sinγ (θR,φR, θ,φ) sinψ(θR,φR, θ,φ)

(B.1)= sinγ
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R, θ,φ

)
sinψ

(
θ
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R ,φ
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)
and

sin θ cosφ = cosγ (θT ,φT , θ,φ) = cosγ
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θ
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)
,
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)
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.

If we ignore tidal deformation, replacing Eq. (B.1) in
Eqs. (27), (30), and (32), or equivalently replacing Eq. (B.1)
in Eqs. (13) and (20) yield

dr = R(f0 − ff )
(
cos2 θ − 1/3

)
,

σθθ = 2

3

(
1 + ν

5 + ν

)
μ(f0 − ff )

(
3 cos2 θ + 1

)
,

σφφ = 2

3

(
1 + ν

5 + ν

)
μ(f0 − ff )

(
9 cos2 θ − 5

)
,

(B.3)σθφ = 0,

which is equivalent to Eq. (5) of Vening Meinesz (1947), or
Eq. (23) of Melosh (1977) for the case of a thin lithosphere.
Note that the radial displacement is defined as dr ≡ r0 − rf and
compressive stresses are positive in Melosh (1977), while we
define the radial displacement as dr ≡ rf − r0 and adopt the
opposite sign convention for the stresses. The stress difference
σθθ − σφφ , given by Eq. (33), can be found from direct substi-
tution of Eq. (B.3).

When the effect of tidal deformation is taken into account,
we can replace Eqs. (B.1) and (B.2) in Eqs. (27) and (29) to
obtain

dr = R(f0 − ff )
(
cos2 θ − 3 sin2 θ cos2 φ + 2/3

)
,

σθθ = 2

3

(
1 + ν

5 + ν

)
μ(f0 − ff )

(
19 − 3 sin2 θ

− 9 sin2 θ cos2 φ − 18 cos2 φ
)
,

σφφ = 2

3

(
1 + ν

5 + ν

)
μ(f0 − ff )

(
1 − 9 sin2 θ

− 27 sin2 θ cos2 φ + 18 cos2 φ
)
,

(B.4)σθφ = −6

(
1 + ν

5 + ν

)
μ(f0 − ff ) cos θ sin(2φ).

The stress difference σθθ −σφφ , given by Eq. (34), can be found
from direct substitution of Eq. (B.4).

The boundary for different tectonic regions is given by
Eq. (A.2). For planetary bodies without tidal deformation, re-
placing Eq. (B.3) in Eq. (A.2) yields

(B.5)
(
3 cos2 θ + 1

)(
9 cos2 θ − 5

) = 0,

which is independent of elastic parameters and flattening
change. The real solution of Eq. (B.5) is θ = ±41.8◦ (i.e.
±48.2◦ latitude). This boundary separates provinces of normal
and strike-slip faulting (Melosh, 1977). Similarly, for planetary
bodies with tidal deformation, replacing Eq. (B.4) in Eq. (A.2)
yields

81 cos2 θ sin2(2φ)

= (
19 − 3 sin2 θ − 9 sin2 θ cos2 φ − 18 cos2 φ

)
(B.6)× (

1 − 9 sin2 θ − 27 sin2 θ cos2 φ + 18 cos2 φ
)
.

Once again, we emphasize that the location of the boundary
separating different tectonic provinces is independent of elastic
parameters and flattening change. This boundary lies at ±73.2◦
and ±43.4◦ latitudes for 0◦ and 180◦ longitudes, at ±70.5◦
latitudes for ±90◦ longitudes, and at ±39.7◦ and ±140.3◦ lon-
gitudes at the equator (θ = 90◦), as shown in Fig. 3.

Appendix C. Reorientation of the rotation axis

For reorientation of the rotation axis alone, if we ignore rota-
tion rate variations (f0 = ff = f ) and adopt a reference frame

with the z-axis directed along the final north pole (θf
R = 0)

and the x-axis directed along the longitude of the initial north
pole (φR = 0), the amount of reorientation is given by θR , and
Eqs. (28) and (31) yield

cos θ = cosγ
(
θ

f
R ,φ

f
R, θ,φ

)
,

sin θ = sinγ
(
θ

f
R ,φ

f
R, θ,φ

)
cosψ

(
θ

f
R ,φ

f
R, θ,φ

)
,

(C.1)0 = sinγ
(
θ

f
R ,φ

f
R, θ,φ

)
sinψ

(
θ

f
R ,φ

f
R, θ,φ

)
and

cos θR cos θ + sin θR sin θ cosφ = cosγ (θR,φR, θ,φ),

cos θR sin θ − sin θR cos θ cosφ

= sinγ (θR,φR, θ,φ) cosψ(θR,φR, θ,φ),

(C.2)sin θR sinφ = sinγ (θR,φR, θ,φ) sinψ(θR,φR, θ,φ).

If we ignore tidal deformation, replacing Eqs. (C.1) and
(C.2) in Eqs. (27) and (29) yield

dr = Rf
[
(cos θR cos θ + sin θR sin θ cosφ)2 − cos2 θ

]
,
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σθθ = 1

2

(
1 + ν

5 + ν

)
μf sin θR

[
4 cos θR sin(2θ) cosφ

− sin θR

{
cos(2θ)

[
3 + cos(2φ)

] + 10 sin2 φ
}]

,

σφφ = 1

2

(
1 + ν

5 + ν

)
μf sin θR

[
2 sin θR sin2 φ

+ 12 cos θR sin(2θ) cosφ

− 3 sin θR cos(2θ)
{
3 + cos(2φ)

}]
,

σθφ = 4

(
1 + ν

5 + ν

)
μf sin θR sinφ(sin θR cos θ cosφ

(C.3)− cos θR sin θ),

which is equivalent to Eqs. (1)–(3) of Melosh (1980b) for a re-
oriented planet without despinning and tidal deformation. Note
that we have defined the radial displacement as dr ≡ rf − r0,
while it is defined as dr ≡ r0 − rf in Melosh (1980b). Using
Eq. (C.3) yields

σθθ − σφφ = μf (1 + ν)

(5 + ν)

[
sin2 θR

{[
3 + cos(2θ)

]
cos(2φ)

(C.4)− 6 sin2 θ
} − 2 cosφ sin(2θ) sin(2θR)

]
.

The boundary for different tectonic regions is given by
Eq. (A.2), and replacing Eq. (C.3) in this equation yields

0 = 64 sin2 φ(cos θR sin θ − sin θR cos θ cosφ)2

− {
12 cos θR sin(2θ) cosφ + 2 sin θR sin2 φ

− 3 sin θR cos(2θ)
[
3 + cos(2φ)

]}
× {

4 cos θR sin(2θ) cosφ − sin θR

(
10 sin2 φ

(C.5)+ cos(2θ)
[
3 + cos(2φ)

])}
.

Fig. 6 shows the boundaries for different tectonic provinces
using Eq. (C.5). If we consider the great circle containing the
initial and final rotation poles (i.e. φ = 0◦ or 180◦), Eq. (C.5)
yields θ = θR/2 or 90◦ +θR/2 for φ = 0◦, and θ = 180◦ −θR/2
or 90◦ − θR/2 for φ = 180◦. The normal provinces extend from
θR/2 north and 90◦ − θR/2 south of the initial north pole, and
θR/2 south and 90◦ − θR/2 north of the initial south pole.
Hence, the normal faulting provinces become more centered on
the paleopoles, and the thrust faulting provinces become more
centered on the final rotation poles, as the amount of reorien-
tation approaches θR = 90◦. The normal and thrust faulting
provinces always cover 90◦ of latitude for any amount of re-
orientation. For a 90◦ reorientation (θR = 90◦), the tectonic
boundaries at the equator (θ = 90◦) are given by

(C.6)
(
2 − sin2 φ

)(
1 − 3 sin2 φ

) = 0.

Normal and thrust faulting provinces cover roughly 70◦ in lon-
gitude for a 90◦ reorientation (φ = ±35.3◦ or 180◦ ± 35.3◦).
This longitudinal coverage remains invariant for any amount
of reorientation (see next appendix, the apparent variations in
longitudinal coverage in Fig. 6 are an artifact of the simple
cylindrical projection).
Fig. 6. Boundaries for tectonic provinces of potential normal (N), thrust (T), and
strike-slip (S) faulting due to reorientation of the rotation axis using Eq. (C.5).
Solid circles indicate the location of the initial rotation poles. (A) 90◦ reorien-
tation, (B) 60◦ reorientation, and (C) 30◦ reorientation.

Appendix D. Reorientation of the tidal axis

Given the symmetry between the rotational and tidal bulges
[Eq. (25)], the same tectonic pattern is expected for reorienta-
tion of the rotation axis alone or reorientation of the tidal axis
alone. For reorientation of the tidal axis alone, if we ignore
rotation rate variations (f0 = ff = f ) and adopt a reference
frame with the x-axis directed along the final sub-planet point
(θf

T = 90◦, φ
f
T = 0◦), for reorientation of the tidal axis in lon-

gitude (θT = 90◦), Eqs. (28) and (31) yield

sin θ cosφ = cosγ
(
θ

f
T ,φ

f
T , θ,φ

)
,

− cos θ cosφ = sinγ
(
θ

f
T ,φ

f
T , θ,φ

)
cosψ

(
θ

f
T ,φ

f
T , θ,φ

)
,

(D.1)sinφ = sinγ
(
θ

f
T ,φ

f
T , θ,φ

)
sinψ

(
θ

f
T ,φ

f
T , θ,φ

)
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Fig. 7. Boundaries for tectonic provinces of potential normal (N), thrust (T),
and strike-slip (S) faulting due to reorientation of the tidal axis in longitude
using Eq. (C.5). Solid circles indicate the location of the initial sub-planet point.
(A) 30◦ reorientation, (B) 60◦ reorientation, and (C) 90◦ reorientation.

and

sin θ cos(φ − φT ) = cosγ (θT ,φT , θ,φ),

− cos θ cos(φ − φT ) = sinγ (θT ,φT , θ,φ) cosψ(θT ,φT , θ,φ),

(D.2)sin(φ − φT ) = sinγ (θT ,φT , θ,φ) sinψ(θT ,φT , θ,φ).

The amount of reorientation is given by φT in this case. If we
ignore rotational deformation, replacing Eqs. (D.1) and (D.2) in
Eqs. (27) and (29) yield

dr = 3Rf sin2 θ
[
cos2 φ − cos2(φ − φT )

]
,

σθθ = 3

(
1 + ν

5 + ν

)
μf sinφT sin(2φ − φT )

[
cos(2θ) − 5

]
,

σφφ = 3

(
1 + ν

5 + ν

)
μf sinφT sin(2φ − φT )

[
3 cos(2θ) + 1

]
,

(D.3)σθφ = 12

(
1 + ν

5 + ν

)
μf sinφT cos θ cos(2φ − φT ).

The boundary for different tectonic regions is given by
Eq. (A.2) and replacing Eq. (D.3) yields

(D.4)
23 + 44 cos(2θ) − 3 cos(4θ) + 24 cos(4φ − 2φT ) sin4 θ = 0.

Fig. 7 shows the boundaries for different tectonic provinces due
to reorientation of the tidal axis in longitude using Eq. (D.4). If
we consider the boundaries at the equator (θ = 90◦), Eq. (D.4)
yields φ = φT /2, φT /2±90◦, or φT /2±180◦. The thrust fault-
ing provinces extend from φT /2 to φT /2 + 90◦ on the side
facing the planet, and its antipode on the other side. Hence, the
thrust faulting provinces become more centered on the initial
sub- and anti-planet points, and the normal faulting provinces
become more centered on the final sub- and anti-planet points,
as the amount of reorientation approaches φT = 90◦. The
thrust and normal faulting provinces always cover 90◦ of lon-
gitude along the equator for any amount of reorientation. We
can estimate the latitudinal coverage of the normal and thrust
faulting provinces by considering the case of 90◦ reorienta-
tion (φT = 90◦) and the boundaries along the 90◦ E meridian
(φ = 90◦). In this case, the normal and thrust faulting provinces
cover up to ±35.3◦ latitudes (θ = 54.7◦ and 125.3◦). Fig. 7
shows that this latitudinal coverage for normal and thrust fault-
ing provinces remains invariant for different amounts of reori-
entation (similarly, the longitudinal coverage for normal and
thrust faulting provinces due to reorientation of the rotation axis
is always 70.6◦).

The analytic solutions presented here are consistent with
previous numerical results for predictions of the tectonic pat-
terns due to NSR (Helfenstein and Parmentier, 1985; Leith and
McKinnon, 1996; Greenberg et al., 1998).
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