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a b s t r a c t

The long-wavelength topography of Titan has an amplitude larger than that expected from tidal and rota-
tional distortions at its current distance from Saturn. This topography is associated with small gravity
anomalies, indicating a high degree of compensation. Both observations can be explained if Titan has a
floating, isostatically-compensated ice shell with a spatially-varying thickness. The spatial variations
arise because of laterally-variable tidal heating within the ice shell. Models incorporating shell thickness
variations result in an improved fit to the observations and a degree-two tidal Love number h2t consistent
with expectations, without requiring Titan to have moved away from Saturn. Our preferred models have
a mean shell thickness of �100 km in agreement with the observed gravity anomalies, and a heat flux
appropriate to a chondritic Titan. Shell thickness variations are eliminated by convection; we therefore
conclude that Titan’s ice shell is not convecting at the present day.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

The internal structure of Titan is an important but currently
poorly-understood aspect of this large icy satellite. Until recently,
the only constraints on its structure were its bulk density
(1881 kg m�3; Jacobson, 2004) and its surface composition of rela-
tively pure water ice (McCord et al., 2006). As a result, various
models of its internal structure and evolution were developed,
many of which resulted in an H2O or H2O–NH3 ocean sandwiched
between a floating ice-I shell and the denser interior (Grasset and
Sotin, 1996; Grasset et al., 2000; Sohl et al., 2003; Tobie et al.,
2005a, 2006; Grindrod et al., 2008). Circumstantial evidence sup-
porting the existence of such an ocean is available from the satel-
lite’s obliquity (Bills and Nimmo, 2008) and its apparent non-
synchronous rotation (Stiles et al., 2010). However, many other de-
tails of the body’s structure, and in particular whether its near-sur-
face ice shell is conducting or convecting, are presently unknown.

Thanks to the Cassini spacecraft, two further sets of titanian
geophysical observations are now known: its long-wavelength
gravity field (Iess et al., 2010), and its long-wavelength topography
(Zebker et al., 2009). As discussed below, these observations are
hard to reconcile if the body is simply distorted due to tidal and
rotational effects at its current orbital position. If Titan has moved
a significant distance outwards (�20%) from Saturn since its shape
was frozen in, the observations can be matched by a simple tidal/
rotational model (Zebker et al., 2009). However, on satellites such

as Europa, topography will also arise because of variations in the
conductive ice shell thickness due to spatially-variable tidal heat-
ing (e.g. Ojakangas and Stevenson, 1989; Nimmo et al., 2007).
The main aim of this paper is to show that if Titan too has a mildly
tidally-heated, conductive ice shell, then the geophysical observa-
tions can be reconciled without requiring Titan to have changed its
orbital position.

Section 2 discusses the pertinent observations, while Sections 3
and 4 describe the theory and method used to predict the topogra-
phy due to shell thickness variations. Section 5 presents the results,
the implications of which are discussed in Section 6, while Section
7 summarizes our conclusions.

2. Observations

The topography of Titan has recently been determined from a
mixture of radar altimetry and synthetic-aperture radar (SAR) pro-
files (Zebker et al., 2009; Stiles et al., 2009). Although the latter
technique in particular is subject to errors due to uncertainties in
spacecraft pointing and position, crossover analysis gives residuals
of roughly 100 m, smaller than the observed signal (Zebker et al.,
2009). The non-uniform profile coverage, and variable resolution,
required an a priori smoothness constraint to be applied in order
to obtain global topography expansions, even at long wavelengths
(Zebker et al., 2009). Fig. 1a shows the derived topography, ex-
panded to spherical harmonic degree and order l ¼ m ¼ 4. High-
er-order expansions provide an improved match to the profile
data, but are more affected by data gaps. We focused on the
l ¼ m ¼ 4 expansion of Zebker et al. (2009) because the misfit to
the topography profiles drops significantly compared with
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l ¼ m ¼ 3, but is not further reduced at l ¼ m ¼ 5 or 6 (Zebker et al.,
2009); as we discuss below, our results are not significantly chan-
ged if the l ¼ m ¼ 3 or l ¼ m ¼ 6 expansions are used instead.

The long-term tidal and rotational distortions of a synchronous
body depend on its distance from the primary and its density
structure, as parameterized by the fluid Love number h2f (e.g. Mur-
ray and Dermott, 1999). The response of the body’s surface to the
time-varying part of the tidal potential is characterized by the tidal
Love number, h2t , which is generally less than h2f because parts of
the body will respond rigidly on these short (diurnal) timescales
(e.g. Moore and Schubert, 2000).

The fluid Love numbers h2f and k2f can be derived by measuring
the degree-two gravity coefficients of the body and assuming
hydrostatic equilibrium (e.g. Zharkov et al., 1985). For a fluid body
h2f ¼ k2f þ 1, so for Titan the inferred value of h2f is 2.0 (Iess et al.,
2010). The tidal Love number h2t has not yet been measured, but
previously published models of Titan’s internal structure (Sohl
et al., 2003) suggest that h2t is in the range 1.0–1.3.

Fig. 1b shows the expected topography due to tidal and rota-
tional distortions alone for h2f ¼ 2. It is clear that Titan’s topo-
graphic relief is both more complicated and larger than that
shown in Fig. 1b. The observed topographic amplitude (RMS
roughness 300 m) is larger than that for Fig. 1b (RMS roughness
119 m), with the polar regions in particular being much lower than
expected; the RMS misfit between the observed and model topog-
raphy is 216 m in this case.

To minimize the misfit between the observed topography
(Fig. 1a) and the tidal/rotational topography requires h2f ¼ 4:0
(RMS misfit 178 m). Since h2f cannot exceed 2.5 unless density in-
creases outwards, this result suggests that other processes must
also be operating. Zebker et al. (2009) obtained a similar result,
and concluded that one possibility was that the shape of Titan
was determined when it was closer to Saturn, and thus more dis-
torted. As we discuss in Section 6.1, this hypothesis is not consis-
tent with current constraints on dissipation within Saturn.
Another possibility, which we will explore below, is that spa-
tially-variable tidal heating leads to shell thickness variations,
which also contribute to the long-wavelength topography.

Another striking aspect of the measured topography is that the
degree-two coefficients are not in the ratio expected for a fluid
(hydrostatic) body, although the uncertainties are quite large (Zeb-
ker et al., 2009). By contrast, the degree-two gravity coefficients
are in the expected hydrostatic ratio with much smaller uncertain-
ties (Iess et al., 2010). Because of the hydrostatic nature of the
gravity coefficients, they can be used to infer a normalized moment
of inertia (MoI) of �0:34 (Iess et al., 2010), indicating a degree of
central condensation intermediate between that of Ganymede
(Anderson et al., 1996) and Callisto (Anderson et al., 2001).

The apparent disagreement between the (hydrostatic) gravity
and the (non-hydrostatic) topography coefficients can be readily
resolved as follows. A floating, uniform thickness ice shell will fol-
low the equipotential surface set by the tidal and rotational effects.
If the shell experiences isostatically-compensated thickness varia-
tions, then additional topography will arise, but the corresponding
perturbations to the gravity field will be small. Thus, non-hydro-
static topography associated with hydrostatic gravity can be ex-
plained by an isostatically-compensated ice shell.

Uncompensated icy topography of density q will yield a gravity
anomaly per meter of topography of 2pqG or roughly 40 mGal/km,
a quantity known as the admittance (e.g. McKenzie, 1994). Lower val-
ues of admittance suggest a higher degree of compensation. Expanded
up to spherical harmonic degree 3, the range of long-wavelength
topography on Titan is roughly 1 km (Zebker et al., 2009) and the cor-
responding range in gravity anomalies is about 6 mGal (Iess et al.,
2010). In at least some regions (e.g. Xanadu) there is a positive corre-
lation between gravity and topography. These results indicate an
admittance of about 6 mGal/km and a high degree of compensation.
Although this estimate is crude (in reality, the admittance is a wave-
length-dependent quantity), it will be shown below that an admit-
tance of 6 mGal/km is consistent with our models, which yield a
floating, compensated ice shell having a mean thickness of�100 km.

3. Theory

In theory, a floating ice shell could be compensated either by
lateral variations in shell thickness (Airy isostasy) or density (Pratt

Fig. 1. (a) Titan topography, from l ¼ m ¼ 4 spherical harmonic solution of Zebker et al. (2009). Color bar and contour interval (100 m) apply to (a, b and d). Mollweide
projection, centered at 180�, longitude is measured westwards. (b) Topography due to tidal and rotational deformation alone (Eq. (5)) assuming fluid Love number h2f ¼ 2:0.
The RMS misfit to the observed topography is 216 m. (c) Square of time-averaged tidal strain rate ðe2

ijÞ calculated using thin shell formulation of OS89 and tidal Love number
h2t ¼ 1:2. (d) Model topography including tidal/rotational deformation and Airy isostasy. Here Fb ¼ 5 mW m�2; h2f ¼ 2:0; h2t ¼ 1:2 and Tb ¼ 250 K (see Table 2); mean shell
thickness is 92 km. The RMS misfit to the observed topography is 172 m.
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isostasy). If the ice shell is conductive, the shell thickness will vary
because of spatial variations in tidal heating (Ojakangas and Ste-
venson, 1989); spatial variations in surface temperature also have
an effect, but are small on Titan because of its atmosphere (e.g.
Tokano, 2005). If the ice shell is sufficiently thick and low viscosity
for convection to occur, lateral flow at the base of the ice shell will
be rapid, destroying lateral shell thickness variations (e.g. Steven-
son, 2000). However, even a convecting ice shell will give rise to
some topographic variability. The near-surface stagnant lid thick-
ness of the convecting shell will vary, because in steady state the
lid must be thinner in places where more heat is being generated.
However, as noted above the total shell thickness will be constant.
There is thus a crucial difference between these two scenarios. For
a convective shell, high heat flows result in a thin stagnant lid and
a thicker warm (lower density) convective layer beneath, resulting
in net positive topography. Dynamic topography will complicate
this picture, but for a thin shell the width of convective plumes will
be small compared to the radius, and will thus not affect the over-
all pole-to-equator topography difference (e.g. Roberts and Nim-
mo, 2008b). For a conductive shell, high heat flows result in a
thinner shell, a thicker high density layer (the ocean), and thus
negative topography.

If the bulk of tidal heating occurs in a thin ice shell, heating is
maximized at the poles (Ojakangas and Stevenson, 1989; Tobie
et al., 2005b). For a conductive shell, the variable tidal heating will
lead to a thinner shell at the pole, and thus negative topography.
For a convective shell, the (cold) lid will be thinner at the pole,
the (warm) convecting layer will be thicker, and topography will
be positive. Fig. 2 illustrates these arguments schematically.

As discussed above, the biggest mismatch between the ob-
served and predicted topography (Fig. 1a and b) is that the poles
are lower than expected. It therefore appears that a conductive
shell (Airy isostasy) is likely to match the observations much better
than a convective shell (Pratt isostasy). This conclusion will be true
irrespective of the many model details discussed below; if Titan’s
topography is isostatic and tidal heating is concentrated in the
shell, then the fact that Titan’s poles are low is strong evidence that
the ice shell is not convecting.

Even for a perfectly compensated ice shell, small gravity anom-
alies and non-zero admittance values will result because of the
finite thickness of the shell. Using the approach of Kaula (1968),
the admittance Z at spherical harmonic degree l for an Airy-com-

pensated shell in which the topography is much less than the shell
thickness may be written

ZðlÞ ¼ 4pGq
ðl� 1Þ
ð2lþ 1Þ 1� 1� D

R

 !l
2
4

3
5 ð1Þ

where D is the mean shell thickness, R is the radius of the body and
q the density at the surface. In the limit of an infinitely thin shell
Z ! 0 as required, while at short wavelengths ðl!1ÞZ approaches
the constant, uncompensated value (=2pGqÞ, as required. For l ¼ 3,
an admittance of 6 mGal/km implies D=R � 0:091, or a shell thick-
ness �230 km (cf. Iess et al., 2010). Although very crude, this esti-
mate is at least roughly consistent with previous models for Titan
shell thickness (e.g. Sohl et al., 2003), as well as the model pre-
sented below.

4. Model

For an Airy-compensated thin shell, the topography hD resulting
from a shell thickness variation DD is given by

hD ¼ DD
Dq

qþ Dq
ð2Þ

where q is the density of the ice shell and Dq is the density contrast
between the shell and underlying ocean.

The spatially-varying, steady-state ice shell thickness D de-
pends on the heat input into the base of the shell Fb, heat produc-
tion within the shell due to tidal dissipation, and conductive heat
flow out of the top of the shell. This problem was first addressed
for a thin ice shell by Ojakangas and Stevenson (1989, hereafter
OS89) and has been described more recently in Nimmo et al.
(2007, hereafter NTPM07). The method described in the latter pa-
per is the one adopted here; only the main outlines and significant
departures from NTPM07 will be described below.

The basal heat flux Fb depends on radiogenic and possibly tidal
heating beneath the ocean. In what follows Fb will be treated as a
constant, based on the assumption that convection in the ocean is
efficient at redistributing any variations in tidally-produced heat
(see Discussion). Heat production due to tidal dissipation depends
on the local tidal strain rate, the local ice shell viscosity and the ice
rigidity (assumed constant). The time-averaged tidal strain rate _eij

is calculated using the thin shell formula as described in OS89 and

Fig. 2. Sketch of ice shell properties for a conductive (left-hand) and convective (right-hand) ice shell. For a tidally-heated isostatic shell, a conductive shell will result in
topographic lows at the pole, while a convective shell will yield topographic highs (see text).
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NTPM07 and depends on the tidal Love number h2t . The different
components of the strain rate are all given by some constant factor
(�1) multiplied by en3Rh2t=g, where n is the mean motion of the
satellite, e is its orbital eccentricity and g is the surface acceleration
due to gravity.

Given Fb and a local strain rate, the local equilibrium shell thick-
ness can be calculated by solving the steady-state heat conduction
equation:

j
@2T
@z2 þ

H
qCp
¼ 0 ð3Þ

where j is the thermal diffusivity, TðzÞ is the temperature, HðzÞ is
the heating rate and Cp the specific heat capacity. The heating rate
HðzÞ varies with latitude and longitude due to the spatial variation
in strain rate, and vertically because of viscosity variations, and is
given by (NTPM07):

H ¼
2le

�_2
ij

n
nsM

1þ ðnsMÞ2

" #
ð4Þ

where l is the rigidity, the Maxwell time sM is given by gðzÞ=l and
gðzÞ is the viscosity.

The boundary conditions are fixed temperature ðTbÞ and heat
flux ðFbÞ at the base of the ice shell. The ice shell thickness is ad-
justed until the model surface temperature equals the required
(spatially variable) surface temperature Ts (see Section 4.1). Eq.
(3) has to be solved in an iterative fashion because H depends on
the local viscosity g, which in turn depends on the local tempera-
ture. A finite-difference formulation is used (NTPM07), with the
shell discretized into 30 equal intervals.

In addition to the topography due to shell thickness variations
hD, there is also topography due to tidal and rotational distortions
hT . Assuming a hydrostatic synchronous body, this topography is
given by (e.g. Murray and Dermott, 1999)

hT ¼ h2f qR
1
2

3 cos2 /þ 1
� �

1� cos2 h
� �

� 5
6

� �
ð5Þ

where h and / are colatitude and longitude, respectively, and the
static topography depends on the fluid Love number. Here q is a
measure of the distortion of the body given by ðR=aÞ3ðmp=msÞ,
where a is the satellite semi-major axis, mp and ms are the mass
of the primary and satellite, respectively.

In the absence of shell thickness variations, the floating ice shell
surface will conform to the tidally- and rotationally-imposed
topography given by Eq. (5). We will assume that the total model
topography is simply given by hT þ hD. In order to compare the
model topography with that observed (Fig. 1a), we set the means
of both to zero prior to calculating the RMS difference. The ob-
served topography is expressed as a 2� � 2� global grid derived
from individual profiles (Zebker et al., 2009) and is compared with
similar global model grids.

The fluid Love number has been measured ðh2f ¼ 2:0; Section 2)
and below we generally fix it to this measured value. Thus, for a gi-
ven set of material properties, there are two key parameters: the
basal heat flux Fb and the tidal Love number h2t . In reality, these
are not fully independent: a dissipative interior (high Fb) will tend
to result in a larger h2t . However, here we treat them as indepen-
dent free parameters, and vary both in order to find the best-fit
model topography. We also carry out an a posteriori consistency
check to verify that the resulting values of Fb and h2t are reasonable
(see below).

4.1. Parameters adopted

Except as noted below, we adopt the same material properties for
ice as NTPM07 and astronomical properties as used by Sohl et al.
(2003); parameters defined in the text are summarized in Table 1.

A significant difference to NTPM07 is that Titan’s surface tem-
perature is almost constant, owing to the ability of the atmosphere
to redistribute heat. Following Tokano (2005), we will assume a
sinusoidal variation from 90 K at the poles to 94 K at the equator.

Eq. (2) shows that the assumed density of the ice shell and
ocean can have a large effect on the resulting topography. Sohl
et al. (2003) assumed ice shell and ocean densities of 920 kg m�3

and 950 kg m�3, respectively, and we shall adopt the same values
here. As discussed below, increasing the density contrast will re-
sult in a smaller value of h2t to fit the observations.

The temperature of the ocean depends on the amount of dis-
solved NH3 and controls the temperature at the base of the ice
shell, Tb (Sohl et al., 2003). For instance, at 1 bar pressure, 20
wt.% NH3 reduces Tb to 235 K (Kargel, 1998, Fig. 6). The value of
Tb affects the viscosity structure of the ice shell, which in turn af-
fects the tidal heating. Unfortunately, the viscosity also depends on
the ice grain size, which is unknown. Here we will adopt a nominal
ice grain size of 0.15 mm and assume that it is deforming in the dif-
fusion creep regime of Goldsby and Kohlstedt (2001), with an acti-
vation energy of 59 kJ/mol. These assumptions result in a
Newtonian viscosity of 1:6� 1015; 1:5� 1014 and 1:9� 1013 Pa s
at 230 K, 250 K and 270 K, respectively. We emphasize that it is
the actual viscosity which is most important for our model; neither
Tb nor the grain size is well known, and the two parameters trade
off against each other. As with other parameters (see below), there
are many different combinations of Tb and grain size which would
result in models satisfying the observations.

We also wish to calculate the likely h2t for Titan as an a posteri-
ori consistency check. To do so, the density, rigidity and viscosity
structure of the interior need to be specified, very few of which
are well-constrained. A previous study by Sohl et al. (2003) ob-
tained tidal Love numbers in the range 1.0–1.3, but generally ob-
tained normalized polar moments of inertia smaller than that
actually measured. Here we will adopt a simple three-layer struc-
ture similar to the models of Sohl et al. (2003), but note that the
details are not very important: any model for Titan which is rea-
sonably centrally-condensed with a high rigidity core will result
in similar values. Our three-layer structure consists of an outer
ice shell, an ocean, and an undifferentiated core with outer radii
of 2575 km, 2575 � D km (where D is the shell thickness) and
2162 km, respectively, and densities of 920 kg m�3, 950 kg m�3

and 2528 kg m�3. These values satisfy the observed bulk density
and moment of inertia constraints for D � 100 km. We take the
ice and core rigidities to be 3 GPa and 100 GPa, respectively; the
ice shell viscosity structure is that determined by the steady-state
thermal model described above, and that of the core is set at
1021 Pa s. Unless it is less than 1015 Pa s (which would suggest an
Io-like mantle), the resulting model value of h2t is independent of
core viscosity.

Table 1
Parameter values. Qty. and Eq. stand for quantity and equation, respectively.

Qty. Value Units Eq. Qty. Value Units Eq.

Dq 30 kg m�3 (2) q 920 kg m�3 (2)
j 10�6 m2 s�1 (3) Cp 3588 J kg�1 K�1 (3)

q 3:96� 10�5 – (5) R 2575 km (1)

a 1:6� 10�4 K�1 (7) g 1.35 m s�2 (7)

a 1:22� 106 km (5) l 3 GPa (4)

mp 5:68� 1026 kg (5) ms 1:34� 1023 kg (5)

Rp 6:03� 104 km (6) n 4:56� 10�6 s�1 (4)

F. Nimmo, B.G. Bills / Icarus 208 (2010) 896–904 899
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5. Results

Fig. 1c shows the square of the time-averaged tidal strain rate
for h2t ¼ 1:2, demonstrating that, other things being equal, tidal
heating is maximized near the poles. As a consequence, the Airy-
compensated topography is expected to develop a minimum at
the poles. Note that, while the tidal and rotational distortions
(Fig. 1b) are pure spherical harmonic degree two, the tidal strain
rate has contributions from degrees zero, two and four. Fig. 1d
shows the total model topography ðhT þ hDÞ for h2t ¼ 1:2 and
Fb ¼ 5 mW m�2. Compared with Fig. 1b, there is a significant
improvement in the fit to Fig. 1a: the topographic range is larger,
and the poles in particular are more negative. The RMS misfit to
the observations for the model shown in Fig. 1d is 172 m; this com-
pares favourably to RMS misfit for the tidal/rotational model alone
(Fig. 1b), which is 216 m for h2f ¼ 2:0.

A tidal/rotational model having a minimum misfit (178 m) com-
parable to that of the model shown in Fig. 1d requires a physically
unrealistic value of h2f ¼ 4:0. Alternatively, Eq. (5) shows that a ti-
dal/rotational model with h2f ¼ 2:0 would fit the observations
equally well if the shape were frozen in when Titan was 20% closer
to Saturn (cf. Zebker et al., 2009). However, as we discuss in Section
6.1 below, we consider this alternative unlikely.

For a given basal heat flux, the misfit between theory and obser-
vations will vary with h2t . Fig. 3a shows how the misfit varies as a
function of h2t for two different density contrasts Dq. Increasing h2t

increases the strain rate and thus the tidal heating H (Eq. 4). Be-
cause the tidal heating is relatively small compared to Fb, the main
effect of increasing H is to increase the lateral shell thickness vari-
ations and thus the topography. Increasing the density contrast Dq
also increases the total topography. There is thus a tradeoff be-
tween Dq and h2t . Fig. 3a shows that the minimum misfit is the
same in either case, but a larger Dq requires a correspondingly
smaller h2t . Fig. 3a also shows the misfit for the tidal/rotational dis-
tortions alone, where now h2f is being varied (Eq. (5)). As noted
above, at Titan’s current distance from Saturn an implausibly large
h2f is required to match the observations in the absence of shell
thickness variations.

The fact that the tidal distortion (Fig. 1b) and tidal heating
(Fig. 1c) have rather similar patterns suggest that there ought also
to be a tradeoff between h2t and Fb. Increasing Fb will result in
smaller shell thickness variations and isostatic topography, while
increasing h2t will result in larger relative shell thickness varia-
tions. Fig. 3b plots how the best-fit values of h2t and Fb trade off
against each other for different values of basal ice viscosity. As ex-
pected, an increase in Fb results in a corresponding increase in h2t

for the best-fit model.
Fig. 3b shows three different curves, with different basal tem-

peratures Tb and thus basal viscosities. The basal viscosity controls
the amount of tidal heating within the ice shell. For Tb = 270 K and
250 K (1.9 � 1013 Pa s and 1.5 � 1014 Pa s, respectively, for the
nominal grain size), the tidal heating is about the same, while for
Tb ¼ 230 K ð1:6� 1015 Pa sÞ the ice shell is sufficiently viscous that
tidal heating is reduced, shell thickness variations are smaller and
the value of h2t required to match the observations is increased.
Since h2t is expected to be in the range 1.0–1.3, Fig. 3b shows that
basal heat fluxes in the range 4.5–6 mW m�2 are preferred. How-
ever, Fig. 3b should not be used to determine Tb. As noted above,
the important variable is the basal viscosity. Because the grain size
is unknown, little importance can be attached to specific values for
Tb, although the values obtained are certainly reasonable for an
ammonia-rich ocean (cf. Sohl et al., 2003).

Table 2 compares the results of some selected models with the
observations. As noted above, tidal/rotational deformation alone
only matches the observations if h2f is unrealistically large. Due
to the tradeoffs between h2t; Fb and Tb, a variety of different mod-
els result in similar topography and misfits. The columns labeled
t20 and t22 give the two degree-2 spherical harmonic coefficients
which are non-zero for purely tidal/rotational deformation. As
noted above, the observed coefficients are not in the expected
hydrostatic ratio t20=t22 ¼ �10=3; the observed coefficients do,
however, resemble those of the models which incorporate shell
thickness variations.

The main point of Fig. 3 and Table 2 is that, given the measured
value of h2f , a variety of models can fit the observations signifi-
cantly better than models which only include tidal/rotational

Fig. 3. (a) RMS misfit between model and observed topography as a function of h2t (solid and dashed lines) and h2f (dotted line). Solid and dashed lines are for Airy
isostasy + tidal/rotational distortion; dotted line is for tidal/rotational distortion alone. Solid line and dashed line have Dq ¼ 30 kg m�3 and 50 kg m�3, respectively; both
assume h2f ¼ 2:0, Fb ¼ 5 mW m�2 and Tb ¼ 250 K. Shaded region denotes likely values of h2t for Titan. Circle denotes measured value of h2f (see text). (b) Minimum misfit Fb

as a function of h2t for three different basal temperatures Tb . Basal ice viscosity is 1:6� 1015 ; 1:5� 1014 and 1:9� 1013 Pa s at Tb ¼ 230 K, 250 K and 270 K, respectively, for
our nominal ice grain size of 0.15 mm (see text). Colors denote mean shell thickness D.
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deformation (Fig. 1b). Given the uncertainties in other material
parameters (e.g. grain size), discriminating between these different
models is both difficult, and unnecessary for the main conclusions
of this paper. However, there are two potential constraints which
allow us to identify a nominal preferred model (bold in Table 2).
First, unless the interior of Titan is significantly tidally-heated,
the value of Fb will be �4 mW m�2, assuming that Titan is chon-
dritic (Sohl et al., 2003). Second, because of its rigidity, h2t of Titan
will be less than the measured fluid value of 2.0.

The value of h2t will depend both on the rigidity and viscosity
structure of the ice shell, and that of the interior. We calculate
the h2t of our best-fit models a posteriori adopting the simple inte-
rior parameters described above and using the method described
in Roberts and Nimmo (2008a). The preferred model shown in
Fig. 1d has a calculated h2t of 1.28, close to the imposed value of
1.2 and consistent with previous calculations (Sohl et al., 2003).
This model is thus self-consistent, and also assumes a basal heat
flux similar to that expected from a chondritic Titan. The mean
shell thickness of this model is 92 km, close to that expected based
on Eq. (1) (see above) and also similar to previous model results
(e.g. Sohl et al., 2003).

6. Caveats and implications

The preceding section may be summarized as follows. Shell
thickness variations of a conductive ice shell reduce the misfit be-
tween model topography and observations, and can be satisfied
with basal heat fluxes ðFb � 5 mW m�2Þ, shell thicknesses
ðD � 100 kmÞ and tidal Love numbers ðh2t � 1:2Þ consistent with
theoretical expectations. Below we address the question of
whether Titan’s semi-major axis is likely to have changed apprecia-
bly, discuss some caveats in our model, and then look at its poten-
tial implications.

6.1. Moving Titan

As discussed in Section 5 and Zebker et al. (2009), one possible
explanation for the mismatch between the observed topography
and that due to tidal/rotational deformation alone is that the
shape could have been frozen in when Titan was 20% closer to
Saturn.

Titan could potentially have moved outwards by scattering (e.g.
Tsui, 1999), interaction with a gas disk (e.g. Kley and Crida, 2008),
or by tidal dissipation within Saturn. The first is unlikely given Ti-
tan’s large mass, while the second could only have happened with-
in the first few Myr of Solar System history. Dissipation within
Saturn leads to torques that drive satellites beyond the synchro-
nous point outwards with time (e.g. Peale et al., 1980). Neglecting
dissipation in the satellite (which would reduce the outwards
motion), the semi-major axis evolution is given by (Murray and
Dermott, 1999)

aðtÞ ¼ a0 1þ 39
2

k2p

Q p

G1=2ms

m1=2
p

R5
p

a13=2
0

t

 !2=13

¼ a0 1þ 7:49� 10�2 18;000
Q p

� �� �2=13

ð6Þ

where Rp; k2p; Qp are the radius, tidal Love number and dissipation
factor of Saturn and a0 is the semi-major axis at time t ¼ 0. The sec-
ond equality is obtained by using the values given in Table 1 and by
setting t = 4.5 Gyr, a0 ¼ 0:794a ¼ 9:68� 105 km and k2p ¼ 0:341
(Gavrilov and Zharkov, 1977). Based on the orbital expansion of Mi-
mas, Qp cannot be less than 18,000 (Peale et al., 1980). Application
of Eq. (6) implies that Titan’s orbit can only have expanded by 1.1%
over 4.5 Gyr. To obtain an expansion of 20% would require
Qp ¼ 600, completely unrealistic for a gas giant planet. We there-
fore conclude that orbital expansion of Titan driven by tides within
Saturn is not plausible; below we explore caveats and consequences
of our model of shell thickness variations.

6.2. Caveats

Our model makes the important assumption that the heat flux
from the layers beneath the ocean does not vary with position. This
is a reasonable assumption for radiogenic decay, but tidal heating
(if present) shows strong spatial variations. Deep-seated dissipa-
tion, for instance in a silicate interior, results in minimum heating
at the poles (Segatz et al., 1988). If this pattern were not smoothed
out by convection in the overlying ocean, it would tend to lead to
topographic maxima at the poles, which are not observed (Fig. 1a).
We therefore conclude that either ocean convection is efficiently
smoothing out spatial variations in tidal heating, as NTPM07 con-
cluded was likely for Europa, or that tidal heating in the deep inte-
rior is negligible (or both).

Pure ice I melts at lower temperatures as pressures increase.
If the ocean is isothermal, thick portions of the ice shell (higher
pressure) will thus tend to melt and thin portions to freeze. This
effect will compete against the tidal heating which produces the
shell thickness contrasts. However, this analysis only applies to
pure H2O systems, which are likely to behave in fundamentally
different ways to Titan’s putative ammonia-rich ocean. For
instance, pure H2O (but not ammonia-rich fluids) possesses a
local density maximum at 277 K, which can result in stable
stratification of part of the water column (see e.g. Melosh
et al., 2004).

A minor caveat with our calculation of the tidal heating H (Eq.
(4)) is that it assumes a thin shell. Since the values of D we have
obtained are at most a few percent of the radius of the satellite, this
is an acceptable simplification. We also checked that the more
computationally-intensive full tidal heating calculations (Tobie
et al., 2005b, as implemented by Roberts and Nimmo (2008a)) re-
sulted in very similar results. Given the other uncertainties, the use
of the thin shell assumption seems reasonable.

Table 2
Model parameters and comparison with observations. T/R stands for tidal/rotational. Tb is set to 250 K, except for the last row when Tb ¼ 230 K. Our preferred model is in bold.
Note that t22 and t20 for the observations were derived from a 2 � 2� gridded expansion of the l ¼ m ¼ 4 topography of Zebker et al. (2009) using real spherical harmonic basis
functions and non-normalized Legendre polynomials (e.g. Blakely, 1996); the values for t22 and t20 quoted in Zebker et al. (2009) differ because they use basis functions weighted
by the location of the data.

h2f h2t Fb ðmW m�2Þ RMS roughness (m) RMS misfit (m) t20 (m) t22 (m) Notes

Observations 2.0 – – 300 – �358 63 l ¼ m ¼ 4 expansion
T/R only 4.0 – – 239 178 �340 102 Best-fit h2f for T/R alone
T/R only 2.0 – – 119 216 �170 51 Using observed value of h2f

T/R + Airy 2.0 1.2 5.0 247 172 �361 82 Ftid ¼ 0:72 mW m�2; D ¼ 92 km
T/R + Airy 2.0 0.8 4.0 236 172 �343 80 Ftid ¼ 0:41 mW m�2; D ¼ 119 km
T/R + Airy 2.0 2.5 4.0 252 172 �367 84 Ftid ¼ 0:52 mW m�2; D ¼ 101 km
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Typical density contrasts Dq between ice and ammonia–water
liquids are in the range 20–80 kg m�3 (Kargel, 1998, Fig. 11). Our
assumed value for the Dq ð30 kg m�3Þ was based on Sohl et al.
(2003). This relatively small density contrast results in subdued
isostatic topography (Eq. (2)); if the density contrast is increased,
the topography can only be matched by smaller values of h2t

(Fig. 3a) that do not agree with interior structure models. Reducing
the uncertainty in Dq would be a desirable outcome of future
research.

Similarly, the relevant thermal conductivity k is uncertain, and
leads to a tradeoff with the basal heat flux Fb : k ¼ 3:3 W m�1 K�1

and Fb ¼ 5 mW m�2 produces the same misfit as k ¼ 2:5 W m�1

K�1 and Fb ¼ 4 mW m�2. Since the only other constraint on Fb is
the assumption of a chondritic composition, we do not regard this
additional uncertainty as significant.

The results presented in Table 2 all used the l ¼ m ¼ 4 expan-
sion of Zebker et al. (2009). We also carried out similar calculations
with the l ¼ m ¼ 3 and l ¼ m ¼ 6 expansions to check that our re-
sults were robust. For tidal/rotational distortions only, the best fit
h2f values were 3.3 and 4.0, respectively, still too large to be real-
istic. When shell thickness variations were included, taking
Tb ¼ 250 K and Fb ¼ 5 mW m�2 we obtained best fit values for h2t

of 1.0 and 1.2, respectively. These values are not significantly dif-
ferent from our nominal results (Table 2), although the misfits
are actually slightly worse in both cases (206 m and 187 m,
respectively).

6.3. Implications

An important assumption of our model is the existence of a sub-
surface ocean. Although such an ocean has already been advocated
on both theoretical and observational grounds (see Section 1), our
results provide another line of evidence that such an ocean does in
fact exist. The presence of an ocean has important astrobiological
consequences (Fortes, 2000), and provides a constraint on Titan’s
long-term thermal evolution (e.g. Tobie et al., 2006).

Perhaps the most surprising conclusion of our study is that con-
vection of the ice shell is not currently occurring. Various theoret-
ical studies have found that Titan’s shell could be conductive (e.g.
Sohl et al., 2003; Mitri and Showman, 2008), or only began to con-
vect recently (Tobie et al., 2006). Whether or not convection occurs
within the ice shell depends mainly on its basal viscosity, which in
turn is a strong function of the ocean temperature and hence the
NH3 concentration. For convection in strongly temperature-depen-
dent fluids, the critical Rayleigh criterion for the onset of convec-
tion may be written

qgaðTb � TsÞD3

jgb
� 3� 108 D

100 km

 !3
1014 Pa s

gb

 !
P 4� 107 ð7Þ

where g, a, and gb are the gravity, thermal expansivity and basal vis-
cosity (see Table 1), respectively, and the right-hand side was taken
from Solomatov (1995) assuming a dimensionless rheological
parameter h ¼ 37 (see Barr and McKinnon, 2007). Our model viscos-
ities and shell thicknesses (see Table 2) suggest that convection
should be marginal to sluggish, while the observations suggest that
it is not occurring at all. One complication neglected by Eq. (7) is
that ice can behave as a non-Newtonian material (Goldsby and
Kohlstedt, 2001), in which case the onset of convection is both de-
layed and dependent on the amplitude of the initial instability
(Solomatov and Barr, 2007). A second possibility is that the ice shell
is in fact stably stratified due to compositional variations. If freezing
of the ice shell incorporated significant quantities of NH3 (or other
contaminants, such as clathrates), then a stably stratified ice shell is
a likely outcome.

Because we conclude that lateral shell thickness contrasts exist,
then lateral flow of the shell must be slower than the thermal
adjustment timescale of the shell. As with convection, the lateral
flow timescale depends mainly on the basal viscosity and shell
thickness (Stevenson, 2000), and is more sluggish if non-Newto-
nian effects are taken into account (Nimmo, 2004a). As an ice shell
thickens, convection will occur before rapid lateral flow sets in
(Nimmo et al., 2005). Because convection is apparently not occur-
ring, it is therefore not a surprise that lateral thickness contrasts
can survive. This situation is rather different to that at Europa,
where either lateral shell flow or high interior heating rates have
reduced spatial variations in shell thickness (NTPM07). One likely
explanation for the difference is simply that Titan’s ocean is more
ammonia-rich, and thus has a lower temperature and a higher ba-
sal ice shell viscosity.

Another important difference between Titan and Europa is that
the latter experiences much more significant pole-to-equator sur-
face temperature variations. For Europa, the poles are predicted to
be high, not low, because of the reduction in surface temperature
(NTPM07). For Titan, this effect raises the interesting possibility
that, as Titan’s atmosphere developed (e.g. through outgassing)
the polar topography may have changed from positive to negative,
potentially causing a redistribution in the location of surface liquid
reservoirs (cf. Hayes et al., 2009).

Although our model (Fig. 1d) provides an improved fit com-
pared to tidal/rotational distortions alone (Fig. 1b), a significant
misfit remains. Local tectonic processes are likely responsible for
some of this misfit. However, Fig. 1a suggests that an improved
fit to the models might also be obtained by rotating the topography
so that the most pronounced topographic high was at the equator.
Such reorientation is thought to have taken place on other bodies,
such as Enceladus (Nimmo and Pappalardo, 2006). The rotational
stability of Titan is thus of interest.

Lateral shell thickness variations will influence the moments of
inertia of Titan, which in turn will affect the tidal and rotational
torques acting on it. The perturbation to the moments of inertia
(A, B and C, where A < B < C) imposed by the shell thickness vari-
ations are controlled by t20 and t22 and are given in OS89. As
pointed out by OS89 for Europa, the resulting torques can have
at least two effects. First, they may counteract the tendency for sat-
ellites in eccentric orbits to undergo non-synchronous rotation
(NSR). Greenberg and Weidenschilling (1984) determined that
for Titan ðB� AÞ=C must exceed �10�7—10�8 in order for synchro-
nous rotation to occur, depending on the tidal model adopted. In
the absence of other effects, our preferred model (Table 2) yields
a value of ðB� AÞ=C � 7� 10�8, suggesting that NSR is only mar-
ginally likely at best. The second effect of the torques is that they
can potentially result in a rotationally unstable satellite, driving
true polar wander. However, here the case of Titan is quite differ-
ent to that of Europa. Titan’s almost constant surface temperature
results in a polar topographic low, while models for Europa predict
a polar high (OS89, NTPM07). Topographic lows (negative gravity
anomalies) are stable at the poles. One would thus expect Titan
to be rotationally stable in its current orientation, and the negative
value of t20 þ 2t22 suggests that this is indeed the case (cf. Iess
et al., 2010). We have therefore not attempted to improve our
model fit by positing an episode of reorientation.

The tidal dissipation occurring within the shell yields a surface
heat flux of �0:5 mW m�2 (Table 2), relatively modest compared to
the likely dissipation within Europa’s shell. This dissipation is still
sufficient to cause shell thickness variations on Titan, however,
simply because the background shell thickness is large, and the
conductive heat flow across the shell (�5 mW m�2Þ therefore rela-
tively small.

Dissipation in the ice shell and/or silicate interior will cause Ti-
tan’s orbit to circularize over time (Murray and Dermott, 1999).
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The high present day eccentricity (e = 0.0288) has thus been some-
thing of a puzzle, either requiring a time-averaged Titan which is
not very dissipative (Tobie et al., 2006) or a mechanism for exciting
the eccentricity relatively recently (Bills and Nimmo, 2004). For Ti-
tan’s current orbital characteristics, the e-folding timescale for
eccentricity damping is given by (e.g. Murray and Dermott, 1999)

se ¼ 1:3 Gyr
1 mW m�2

Ftid

� �
ð8Þ

where Ftid is the surface heat flux due to tidal dissipation and the
usual e2 dependence of tidal heating has been assumed. Eccentricity
damping occurs more rapidly if tidal dissipation is larger. With our
assumed internal structure (Section 4.1), dissipation effectively only
occurs within the ice shell. Table 2 lists example values of Ftid, dem-
onstrating that se is probably in the range 1–3 Gyr. Our preferred
model would result in e = 0.35 at 4.5 Gyr B.P., which is unrealisti-
cally large. However, other models result in larger se and smaller
amounts of eccentricity damping. Furthermore, in reality the shell
thickness, and thus the eccentricity damping rate, is likely to have
varied with time.

Over time, eccentricity damping will result in a reduction in ti-
dal heating and thus ice shell thickening. The current conductive
timescale for such thickening is a few hundred Myr, implying that
Titan’s ice shell could have been much thinner in the relatively re-
cent geological past. This possibility is important because of the
measured concentrations of CH4 and 40Ar in Titan’s atmosphere,
thought to be indicative of outgassing from the interior (Tobie
et al., 2006). A thick, conductive ice shell is likely to form a barrier
to such transport. Tobie et al. (2006) suggested that an episode of
ice shell convection within the last 1 Gyr could transport sufficient
CH4 and 40Ar to account for today’s values. Since convection still
implies the presence of a stagnant lid we suggest that, alterna-
tively, transport may have occurred when Titan’s ice shell was con-
ductive, but thinner than the present day. Shell thickening can
result in the development of large extensional stresses and frac-
tures (e.g. Nimmo, 2004b); in a cold, high viscosity ice shell frac-
tures may penetrate to significant depths and form pathways for
volatile migration (as appears to happen at Enceladus; Postberg
et al., 2009). Investigating the full behavior of a coupled thermal-
orbital model is a complicated task (Hussmann and Spohn, 2004;
Tobie et al., 2005a) and will not be further pursued here.

7. Conclusions

Models for Titan’s topography including the effect of spatial
variations in shell thickness provide a good match to the observa-
tions, without requiring Titan to have either moved outwards from
Saturn or to have an impossibly large fluid Love number. This
mechanism requires the presence of a subsurface ocean. Our pre-
ferred model (Table 2) has a roughly chondritic basal heat flux
ðFb � 5 mW m�2Þ, a shell thickness ðD � 100 kmÞ consistent with
the gravity observations, and a tidal Love number ðh2t � 1:2Þ con-
sistent with theoretical expectations. These results strongly sug-
gest that Titan’s ice shell is conductive today, significantly
limiting the amount of present-day geological activity expected.
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