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Recently, Tyler [Tyler, R.H., 2009. Geophys. Res. Lett. 36, L15205; Tyler, R., 2011. Icarus, 211, 770–779] proposed that
the tide due to an obliquity of greater than 0.1� might drive resonant flow in a liquid ocean at Enceladus, and that dis-
sipation of the ocean’s kinetic energy may be an alternate source for the observed global heat flux. While there is cur-
rently no measurement of Enceladus’ obliquity, dissipation is expected to drive the spin pole to a Cassini state. Under
this assumption, we find that Enceladus should occupy Cassini state 1 and that the obliquity of Enceladus should be
less than 0.0015� for values of the degree-2 gravity coefficient C2,2 between 1.0 � 10�3 and 2.5 � 10�3. Unless there is a
significant free obliquity or the gravity coefficient C2,2 has been significantly overestimated, it is unlikely that obliq-
uity-driven flow in a subsurface ocean is the source of the extreme heat on Enceladus.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction and overview

The source of the observed heat flow of 5.9 ± 1.9 GW (Spencer et al., 2006) or
higher (Howett et al., 2011) at the south pole of Enceladus is an enigma. Tidal heat-
ing, specifically that related to the eccentricity of the orbit, has been widely sug-
gested as this source. However, for this to be the case, Enceladus needs to be in a
non-equilibrium state (Meyer and Wisdom, 2007). Tyler (2009) proposed that the
tide due to obliquity (the tilt of the spin pole relative to the orbit normal) might
drive resonant ocean flow, and that dissipation of the ocean’s kinetic energy may
be an alternate source for the elevated globally averaged heat flux of �7 mW m�2

or higher. For this to be feasible, the obliquity of Enceladus needs to be greater than
0.1�, or higher if the ocean is not global (Tyler, 2011).

While there is currently no measurement of Enceladus’ obliquity, the spin pole
is expected to occupy a Cassini state, where the spin pole, orbit normal and the
invariable pole remain coplanar while precession occurs. If Enceladus currently
occupies a Cassini state, this is likely to be Cassini state 1 (see Peale (1969) for num-
bering convention). Thus, the expected obliquity should be significantly less than
the orbital inclination (0.009�, JPL satellite ephemeris1), with the exact angle
depending on the interior structure of Enceladus. Since the dissipation scales quadrat-
ically with the obliquity (Tyler, 2011), we argue below that viscous dissipation in a
global ocean is negligible.

2. Cassini states for Enceladus

2.1. Background

Tides due to the eccentricity of the orbit result in dissipation due to the viscous
response of the ice shell. A non-zero obliquity also creates a similar tidal distortion.
This effect is generally neglected since high obliquities are required for substantial
dissipation (Wisdom, 2004). A more recent suggestion is that the tide due to the
obliquity can drive flows in a liquid ocean that have much higher velocities than
the flows associated with the eccentricity tides (Tyler, 2009).
ll rights reserved.
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Unlike eccentricity tidal dissipation, the end state of obliquity tidal dissipation
does not result in zero obliquity, if the orbit is inclined. Instead, dissipation drives
the invariable, orbit and spin poles to remain coplanar as they precess, a Cassini
state (Colombo, 1966; Peale, 1969). The forced obliquities due to trapping in a Cas-
sini state have been explored for many bodies, including the Moon (Ward, 1975),
the Galilean satellites (Bills, 2005) and Titan (Bills and Nimmo, 2008).

For coplanar precession to occur, the obliquity angle � must satisfy the relation
(Peale, 1969; Bills and Nimmo, 2008)

½V þ ðU � VÞ cosð�Þ�p sinð�Þ ¼ sinði� �Þ; ð1Þ

where i is the inclination of the orbit. The inclination of Enceladus is currently 0.009�.
The ratio of orbital motion to the orbit plane precession p is

p ¼ n
dX=dt

; ð2Þ

where n is the mean motion and X is the longitude of the ascending node of the or-
bit. From the Saturnian ephemerides, p is �638.92 (Harper and Taylor, 1993). The
parameters U and V are related to the degree-2 gravity coefficients J2 and C2,2 by

U ¼ 3
2

J2 þ 2C2;2

c

� �
; ð3Þ
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V ¼ 3
4

C2;2
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; ð4Þ

where c is the normalized polar moment. Eq. (1) can be expressed in terms of the
gravity coefficients as

3
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1
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� �
cosð�Þ

� �
p sinð�Þ � c sinði� �Þ ¼ 0: ð5Þ

Eqs. (1) and (5) can have either two or four distinct real solutions for the obliquity
depending on the input parameters (Colombo, 1966; Peale, 1969).

We are most concerned with solutions for small obliquity angles associated
with either Cassini state 1 (when four solutions exist) or Cassini state 2 (when
two solutions exist) (Peale, 1969; Gladman et al., 1996). For large values of J2 and
C2,2, the satellite occupies Cassini state 1. In Cassini state 1, the invariable pole
and the spin pole lie on opposite sides of the orbit normal. Dissipation drives the
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spin pole and orbit normal to be nearly aligned, so the obliquity is much smaller
than the inclination.

2.2. Application to Enceladus

For a synchronous, hydrostatic satellite in a damped Cassini state, the obliquity
can be calculated using a single gravity measurement. In this case, J2 and C2,2 should
be in a ratio of 10/3, and c can be calculated from the Darwin–Radau relation
(Hubbard and Anderson, 1978). If the body is not hydrostatic, the obliquity can still
be calculated using Eq. (5) if J2 and C2,2 are known, assuming reasonable bounds on
c (0.3–0.4 for a solid body). Enceladus’ shape is inconsistent with it being hydro-
static (Thomas, 2010) and the gravity coefficients, J2 and C2,2 are still undetermined
(Iess et al., 2010).

While the gravity coefficients are undetermined, we anticipate that C2,2 will be
more tightly constrained than J2 due to the geometry of Cassini flybys. There are two
approaches to predicting the likely value of C2,2. For a synchronous hydrostatic
body, c can be related to C2,2 via the Darwin–Radau relation (Hubbard and
Anderson, 1978)

C2;2 ¼
1
4

n2R3

GM

 !
5

1þ 5
2� 15

4 c
� �2 � 1

 !
; ð6Þ

where R is Enceladus’ radius and M is Enceladus’ mass. For likely limiting values of
the polar moment c = 0.3 (differentiated interior) and c = 0.4 (homogeneous interior),
C2,2 lies between 1.0 � 10�3 and 2.5 � 10�3.

For a non-hydrostatic, homogeneous body, C2,2 can also be estimated from the
shape (Bills and Nimmo, 2011a),

C2;2 ¼
3

20
ða2 � b2Þ

a2 þ b2 þ c2
ð7Þ

where a, b, and c are the Saturn-facing, orbit-facing, and polar semi-axes respec-
tively. Under those assumptions, C2,2 is 2.1 � 10�3. Thus we adopt values of C2,2 be-
tween 1.0 � 10�3 and 2.5 � 10�3 for this study. These values of C2,2 are consistent
with predictions from interior structure models (Rappaport et al., 2007).

Because C2,2 is likely to be better determined than J2 and Enceladus is appar-
ently non-hydrostatic, we adopt a parameterization whereby we assume that

J2 ¼ fC2;2 ð8Þ

and that 1 < f < 10. The minimum value of f is 1 because J2 must be greater than C2,2.
The f parameter is 10/3 for bodies that are hydrostatic. If Enceladus were homoge-
neous, f would be 4.3 from the shape data. The Moon’s measured f is 9.08 (Konopliv
et al., 1998).

For C2,2 between 1.0 � 10�3 and 2.5 � 10�3, we find that four Cassini states are
possible. However, three of these states imply obliquities of close to 90� or 180�,
which are ruled out by existing observations. The final state is Cassini state 1.
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Fig. 1. Cassini state obliquity for Enceladus with C2,2 = 1.0 � 10�3 (solid lines) or C2,2 = 2.
(5). Here c is the normalized polar moment of inertia and f is the ratio J2/C2,2.
Fig. 1 shows the obliquity in Cassini state 1 as a function of f in the limits of
c = 0.3 and c = 0.4 calculated from Eq. (5). The obliquity does not exceed 0.0015�.

2.3. Damping timescale

For the analysis above, we have assumed that the obliquity is fully damped. The
obliquity may be damped via tidal torques or interactions between the interior solid
and liquid layers (Peale, 2005). The obliquity damping timescale, sobl due to tidal
torques can be estimated as (Gladman et al., 1996; Bills and Nimmo, 2011a)

sobl ¼
3GMc

n3R3

Q
k2

� �
� 11;000

c
0:4

� 	
10�5 � Q

k2

� �� �
yrs; ð9Þ

where Q is the tidal quality factor and k2 is the degree-2 Love number. The obliquity
would need to be excited on timescales short compared to sobl to be much larger
than the predicted value.

3. Discussion

If Enceladus is in a damped Cassini state, it is likely to be in Cassini state 1. For
reasonable estimates of C2,2, the obliquity is at most 0.0015� (Fig. 1).

For these calculations, we have assumed that the orbit precession is forced so-
lely by the oblateness of Saturn. In reality, the orbit precession is forced at multiple
frequencies due to perturbations from other satellites in the system as well as Jupi-
ter and the Sun (Bills, 2005). From a secular variation model which includes pertur-
bations from other bodies, under the assumption of uniform density and
gravitational coefficients calculated from the shape parameters, the obliquity
should only vary by 20% from the single-frequency value (Bills and Nimmo, 2007).

The presence of a global liquid ocean may decouple the outer shell from the
interior in such a way that it complicates the rotational dynamics. This is likely
to be occurring at Mercury (Margot et al., 2007) and Titan (Bills and Nimmo,
2011b). However, a global subsurface ocean may not be present in Enceladus (Rob-
erts and Nimmo, 2008). A consequence of a subsurface ocean is that the gravita-
tional torques may not act on the entire body, but instead on the decoupled ice
layer. The effective polar moment would then be higher than c = 0.3–0.4 and could
reach a maximum of 0.67 for a thin shell (Bills and Nimmo, 2008). However, even
for higher polar moments, the obliquity should still be reflective of Cassini state
1, and in the thin shell limit the obliquity should remain less than 0.0027�. For com-
parison, Titan’s obliquity as measured by the Cassini spacecraft (Stiles et al., 2010) is
approximately three times the predicted solid-body value based on its gravity mo-
ments, but within the thin shell limit (Bills and Nimmo, 2011b). A decoupled ice
shell may also have a free obliquity if there are unaccounted forcing terms, which
are rapid compared to the obliquity damping timescale of �104 years (e.g. atmo-
spheric torques on Titan (Tokano, 2010; Bills and Nimmo, 2011b)). The Moon has
free librations, likely due to turbulence in the fluid core; however, their amplitudes
are small (�0.0025�) (Yoder, 1981).
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Throughout this analysis, we have adopted values for the degree-2 gravity coef-
ficient C2,2 between 1.0 � 10�3 and 2.5 � 10�3. These values allow us to constrain
the obliquity because they imply that Enceladus lies solidly within Cassini state
1. For much lower values of C2,2 (i.e. �10�6), Enceladus would lie in Cassini state
2 where the obliquity would be equal to the inclination (0.009�). There is a transi-
tion range where obliquities could be higher than the inclination; for this to be the
case, C2,2 would need to be at least an order of magnitude smaller than our esti-
mates (i.e. less than 1.0 � 10�4). This is highly unlikely. For example, Rhea is ex-
pected to be much less tidally-distorted than Enceladus, yet it still has a value of
C2,2 of at least 2.3 � 10�4 (Mackenzie et al., 2008).

The obliquity tide can drive large amplitude flow in a global (or hemispheric)
ocean, due to resonance with a Rossby mode (Tyler, 2009, 2011). In the inviscid lim-
it, the amplitude of the resonant flow velocity scales linearly with the obliquity
(Tyler, 2009). Thus, the total kinetic energy of the flow scales quadratically with
the obliquity. The tidal dissipation should scale with the kinetic energy, depending
on the dissipation mechanism. For Enceladus to exhibit an average heat flux of
�7 mW m�2, the obliquity would have to be 0.1� (Tyler, 2011). Since we find that
Enceladus’ obliquity is unlikely to exceed 0.0015�, the heating rate is likely a factor
of 104 smaller than proposed by Tyler (2011) and thus should be negligible.

4. Conclusions

If Enceladus is in a damped Cassini state, Enceladus should occupy Cassini state
1 and the obliquity of Enceladus should be less than 0.0015� for values of the de-
gree-2 gravity coefficient C2,2 between 1.0 � 10�3 and 2.5 � 10�3. If the ice shell
is decoupled due to a global subsurface ocean, the effective polar moment may in-
crease; the upper limit on the predicted obliquity is 0.0027�.

Unless there is a significant free obliquity or the gravity coefficient C2,2 has been
significantly overestimated, the obliquity of Enceladus will be much less than the
0.1� proposed by Tyler (2009, 2011). Therefore, the heat flux emanating from the
south polar terrain on Enceladus is unlikely to reflect dissipation in an obliquity-
driven ocean.
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