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Diapir-induced reorientation of Saturn’'s moon

Enceladus

Francis Nimmo' & Robert T. Pappalardo®t

Enceladus is a small icy satellite of Saturn. Its south polar region
consists of young, tectonically deformed terrain and has an
anomalously high heat flux"?. This heat flux is probably due to
localized tidal dissipation within either the ice shell® or the
underlying silicate core®. The surface deformation is plausibly
due to upwelling of low-density material (diapirism®) as a result of
this tidal heating. Here we show that the current polar location of
the hotspot can be explained by reorientation of the satellite’s
rotation axis because of the presence of a low-density diapir. If the
diapir is in the ice shell, then the shell must be relatively thick and
maintain significant rigidity (elastic thickness greater than
~0.5km); if the diapir is in the silicate core, then Enceladus
cannot possess a global subsurface ocean, because the core must
be coupled to the overlying ice for reorientation to occur. The
reorientation generates large (~10 MPa) tectonic stress patterns®
that are compatible with the observed deformation of the south
polar region®. We predict that the distribution of impact craters
on the surface will not show the usual leading hemisphere-
trailing hemisphere asymmetry. A low-density diapir also yields
a potentially observable negative gravity anomaly.

Enceladus (radius 252 km) is near the 2:1 mean motion resonance
with Dione, forcing its orbital eccentricity to 0.0047. Tidal heating®’,
possibly including either resonant libration® or interactions with
the satellite Janus’, is probably sufficient to cause geological
activity; the maximum likely heat output is of the order of
10° GW (ref. 3). This tidal deformation may also lead to localized
shear heating™'® along active polar tectonic features observed by the
Cassini spacecraft.

The ~300-km-wide, tectonically deformed southern region of
Enceladus’, and other older deformed regions, show some resem-
blance to the three tectonically deformed ‘coronae’ on the similarly
small (236 km radius) uranian satellite Miranda>''. Miranda’s coro-
nae are analogously ovoidal and large (~200-300 km across), are
tectonically deformed with distinct inner and outer deformation
zones, and are located along the satellite’s larger principal axes of
inertia. They are generally inferred to be regions of tectonic defor-
mation and icy volcanism above large-scale ice diapirs™''. The
location of the coronae suggests that true polar wander occurred',
and past reorientation is consistent with spatial variations in the
distribution of fresh craters on Miranda"”. On Earth and Mars,
convective upwellings are likely to have resulted in true polar wander
in the past'*'®, while ice shell thickness variations may have caused
similar effects on Jupiter’s moon Europa'®.

Tidal heating within the silicate core of Enceladus* may produce
warm silicate upwellings there, and could also lead to diapirism in a
sufficiently thick overlying ice shell. Alternatively, localized heating
within the ice shell itself may cause a low-density diapir'’. Below, we
consider the circumstances under which a large, low-density diapir in
either the silicate or the ice portion of Enceladus could have caused

reorientation of the satellite, moving the diapiric region towards the
satellite’s spin axis.

We first consider an ice diapir, as depicted in Fig. 1. If the overlying
lithosphere has negligible rigidity, the mass deficit at depth will be
compensated by a surface mass excess, generated by upwarped
topography. Because that mass excess is closer to the surface than
the interior mass deficit, the net effect is to generate a positive
gravitational potential anomaly, which would tend to reorient the
region towards the equator. In contrast, for the case of an infinitely
rigid lithosphere, there would be no surface topography, thus
producing a net negative potential anomaly, tending to reorient the
region towards the pole. A subsurface diapir therefore can result in
either poleward or equatorward reorientation, depending on the
rigidity (or elastic thickness) of the lithosphere'®. Reorientation is
opposed by the frozen-in component of the triaxial satellite’s tidal
and rotational bulges'®'’; thus, other things being equal, a satellite
with lower rigidity will have smaller permanent bulges and is more
likely to undergo reorientation.

Reorientation is favoured if density anomalies persist for times
long compared to the viscous relaxation timescale'**. This condition
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Figure 1| Schematic diagram of subsurface diapirism on Enceladus. The
light shaded area approximates the shape of an inferred diapir (dotted line)
in the ice shell, and has a density contrast Ap with the surrounding ice. The
dashed region within the darker shaded area denotes an alternative diapir
location within the silicate core. For ice and silicate densities of 950 kg m
and 3,500 kg m 3, respectively, R. = 161 km using a bulk density for
Enceladus® of 1,610 kg m >, For the ice diapir we use a = 91 km; for the
silicate diapir a = 155 km, and d and T are measured from the surface of the
silicate core. In both cases, ¢ = 35° and the initial load colatitude 6 ; = 45°.
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is likely to be satisfied on Enceladus for both the ice shell'* and silicate
core'. Following the approach of Matsuyama ef al.'®, for a synchro-
nously rotating satellite, the long-term angular reorientation 6 due to
an imposed potential anomaly is given by

5=Lan! Q* sin20;
2 n— Q*cos20;

where 0 is the initial colatitude of the centre of the anomaly, # is a
parameter that depends on the longitudinal location of the anomaly
relative to the tidal bulge (see Supplementary Information), and Q* is
a parameter that describes both the size of the potential anomaly and
the non-hydrostatic component of rotational flattening, which
opposes reorientation. )

The quantity Q* is given'® by Q* = 3./5G,y/R? Qz(k’; — ky)where
G, is the second-degree potential anomaly due to the diapir, R is the
mean satellite radius, 2 is the rotation angular frequency of the
satellite, and ké and k, are the degree-two tidal Love numbers for the
satellite without and with an elastic layer, respectively'®. Smaller
values of k, result in a larger permanent bulge and less reorientation,
while larger potential anomalies result in greater reorientation. Here
we calculate k, using a multi-layered Maxwell viscoelastic model*' in
which all regions except the elastic part of the lithosphere are
assumed to be inviscid (Supplementary Information).

The second-degree potential anomaly G,, due to a partially
compensated load depends on the diapir angular half-width ¢ and
radial extent a — d (see Fig. 1), the density contrast between the
diapir and the surrounding material Ap, and the degree of compen-
sation C, and is derived in the Supplementary Information. C
depends on the ability of the cold elastic part of the ice or silicate
layer (thickness T¢; see Fig. 1) to resist deformation, and is calculated
using the method of ref. 22.

Figure 2a shows how Q*, C and k, vary as a function of litho-
spheric thickness d, where, following ref. 23, the elastic thickness
T. = 0.4d above either silicate or ice diapirs. For the ice diapir (solid
lines), the degree of compensation C decreases as d increases. At some
critical degree of compensation (~0.8 in this case) the potential
anomaly switches from positive to negative, and as a result so does
Q*. This indicates that at greater elastic thicknesses, the diapir will
reorient towards the pole. The solid lines in Fig. 2b show the angular
reorientation (equation (1)) produced by an ice diapir. Lower load
latitudes generally lead to greater reorientation, and larger density
contrasts lead to greater reorientation. Low values of d lead to
equatorward motion, while d values in excess of ~1.3km lead to
poleward reorientation.

The solid curves in Fig. 2 demonstrate that an ice diapir within a
thick shell and with a sufficiently large density contrast can lead to
significant poleward reorientation (up to 30°), if the elastic thickness
exceeds ~0.5 km. Thus, if an ice diapir has reoriented Enceladus, the
polar location of the active region suggests that the satellite has
retained some near-surface rigidity, despite the observed surface
deformation. An elastic thickness of ~0.5km is similar to results
obtained for Ganymede®, which apparently underwent an ancient
episode of tidal deformation and heating. Similarly, the elastic
thickness of Miranda in regions adjacent to the coronae was
~2km at the time of deformation’.

Figure 2 also shows that large density contrasts are required to
achieve significant reorientation, suggesting that an ice diapir must
be primarily compositional, rather than thermal, in origin. Partial
melting of a tidally heated diapir will preferentially remove low-
melting-temperature, dense components, such as salts, leading to
compositional buoyancy'”*.

The reorientation due to a diapir within the silicate core (dashed
lines in Fig. 2) is comparable to that for an ice diapir, and promotes
poleward reorientation. A co-axial combination of silicate and ice
diapirism would lead to larger angular reorientations, because the
reorientation depends on the total potential anomaly.

Observations of the tectonic deformation around the south pole
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of Enceladus® support the reorientation hypothesis. The observed
orientations of polar contractional and lower-latitude extensional
structures are consistent with the stress patterns generated by
moderate true polar wander®. Strike-slip activity in subpolar lati-
tudes is also predicted, and will provide an additional observational
test of the hypothesis. If the flattening of Enceladus is close to
hydrostatic?, a 30° reorientation will give rise to stresses approaching
10 MPa (ref. 6), easily enough to generate significant deformation.
We can think of at least two additional tests. First, the distribution
of impact craters—expected to show leading—trailing hemisphere
asymmetry if the satellite orbits synchronously—will be affected by,
and could constrain, reorientation'’. Second, Fig. 2 shows that a
negative, long-wavelength gravity anomaly (with an amplitude of a
few mGal at 200 km spacecraft altitude) will be associated with the
anomalous south polar region. Regional gravity anomalies similar to
this have been detected at Ganymede by the Galileo spacecraft®.
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Figure 2 | Variation of parameters affecting reorientation, and the degree
of reorientation itself, as a function of d, the lithospheric thickness. a, Cis
the compensation factor, Q* is the reorientation factor defined in the text,
and k; is the Love number. Love numbers are calculated using a multi-layer
Maxwell viscoelastic code?' (see Supplementary Information). Other
parameters are defined in Fig. 1 legend. The elastic thickness T, = 0.4d,
the fluid Love number kg = 0.75 and the satellite rotation frequency
2=531x%x10 s ' Solid lines denote ice diapir; dashed lines denote
silicate diapir. For the ice diapir case the silicate core is assumed to behave
elastically, resulting in a reduced k. Importantly, because k, << k5 the
denominator of Q* is almost independent of k, and thus neither Q* nor the
amount of reorientation are very sensitive to the value of k, adopted. The
quantity Ag is the degree-2 gravity anomaly in mGal (right-hand scale),
which is proportional to Q* and is derived by assuming a spacecraft
altitude of 200 km (see Supplementary Information). Q* and Ag are
calculated using Ap = 100 kg m . b, Angular reorientation 6 (equation (1))
as a function of d for different density contrasts. Positive values of 6 indicate
equatorward reorientation; negative values indicate poleward reorientation.
We use 0; = 45°, ¢ = 35° n = 1. The reorientation for a silicate diapir is
much less sensitive to the elastic thickness assumed than that for an ice
diapir, because the higher rigidity of silicates compared to ices means that
the compensation factor Cis close to zero for the range of T, values that we
considered (Fig. 2a).
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We can also test whether the inferred reorientation is due to
diapirism within the ice shell, the silicate core, or indeed some
combination of the two. First, reorientation due to an ice diapir
requires an elastic thickness in excess of ~0.5 km. This requirement
can be compared with T, values inferred using local topographic
measurements™. Second, if diapirism in the silicate core is primarily
responsible for the inferred reorientation, the ice shell must be
efficiently coupled to the rocky core beneath. The effect of a global
subsurface ocean would be to decouple the shell from the underlying
material'®; thus, if a silicate diapir is responsible for reorientation,
Enceladus must lack a global subsurface ocean. Subsurface
oceans have been detected in several galilean satellites, but detecting
an internal ocean using magnetometry in the Saturn system is
significantly more challenging.

There are several additional effects that we have not included. We
have neglected both the inhibiting effect of dissipation caused by the
reorientation itself'®, and possible spatial variations in Te. Enceladus’
orbital eccentricity, and thus the amount of tidal heating, is unlikely
to have been constant through time®. This raises the possibility
that more than one diapir may have arisen, leading to successive
reorientations of the body and a complicated (but potentially
decipherable) deformation history. Similarly, the dimensions and
density contrast of each rising diapir, and the elastic thickness of the
overlying rigid layer, are likely to have changed with time, generating
more complicated and potentially non-monotonic reorientation
paths'*'>!'%2° However, our main conclusions are unlikely to be
affected by these details.

The principal requirements for reorientation to occur are the
development of sufficiently large and long-lived density contrasts of
sufficient lateral and radial extent. Unless there are large vertical
viscosity gradients®’, vigorous convection is unlikely to generate such
contrasts, because both the characteristic length scales and timescales
of convective features tend to be small at high Rayleigh numbers'.
Conversely, the initiation of either convection or a Rayleigh—Taylor
upwelling will occur on a length scale that is usually comparable to
the fluid layer depth®®. Thus, bodies which are, or once were, active
enough to generate density contrasts, but not to convect vigorously,
are most likely to have undergone reorientation. The mid-sized icy
satellites, including those of Saturn, have in many cases undergone
geological deformation in the past®’, and are expected to be close to
the onset of convection®. We therefore anticipate possible additional
examples of mid-sized satellite reorientation as more Cassini data are
returned.
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