Global resurfacing of Uranus’s moon Miranda by convection
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ABSTRACT

Miranda, an icy moon of Uranus, is one of the most visually striking and enigmatic bodies in
the solar system. Three polygonal-shaped regions of intense deformation, dubbed “coronae,”
dominate the surface of Miranda. Here we use numerical methods to show that sluggish-lid
convection in Miranda’s ice shell, powered by tidal heating, can simultaneously match the
global distribution of coronae, the concentric deformation pattern, and the estimated heat flow
during formation. The expected rheological conditions in Miranda’s ice shell lead to the devel-
opment of low-order convection that produces surface deformation patterns similar to those
observed. We find that satellite core size strongly controls convection geometry and that low-
order convection patterns are much more stable for core radii less than half the satellite radius.

INTRODUCTION

Miranda, the innermost regular satellite of
Uranus, has an average radius, R, of 235.8 km
(Thomas, 1988), and a mean density of 1.2 g
cm (Jacobson et al., 1992), suggesting a mixed
ice and rock composition. Miranda orbits Uranus
at a distance of 5.11 Uranus radii, and its current
eccentricity, e, is 0.0013. Despite its relatively
small size, Miranda appears to have experienced
an episode of intense endogenic resurfacing
(Smith et al., 1986), resulting in the formation
of at least three remarkable and unique surface
features called “coronae.” Each corona is at least
200 km across, is ovoidal or polygonal in shape
(see Fig. 1), and is surrounded by an outer belt
of concentric, sub-parallel ridges and troughs
(Smith et al., 1986). Arden corona, the largest,
has ridges and troughs with up to 2 km of relief,
whose slopes and orientations are consistent
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Figure 1. Mosaic of southern hemisphere of
Miranda, the innermost regular satellite of
Uranus, with radius of 236 km. Projection is
orthographic, centered on the south pole.
Visible from left to right are Elsinore, In-
verness, and Arden coronae. Images credit:
NASA/Jet Propulsion Laboratory/Ted Stryk.
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with tilt-block—style normal faults (Pappalardo
et al., 1997). Elsinore corona has an outer belt
that is ~80 km wide, relatively smooth, and
elevated above the surrounding terrain by ~100
m (Schenk, 1991). Inverness corona has a trap-
ezoidal shape with a large bright chevron at its
center. The northern hemisphere of Miranda was
never imaged by the Voyager 2 spacecraft, so it
is unknown whether additional coronae exist.
Many hypotheses have been put forth to pro-
pose how the coronae formed. One hypothesis
is that Miranda was catastrophically disrupted
and reassembled, and that coronae formed as
a result of silicate material sinking through an
icy mantle, causing concentric surface contrac-
tion (Janes and Melosh, 1988). In contrast, the
majority of researchers suggest that coronae
likely formed as the result of buoyant diapirs
causing surface extension (Croft and Soderb-
lom, 1991; Greenberg et al., 1991; Pappalardo
et al., 1997). Geologic interpretations suggest-
ing that the coronae are composed of exten-
sional tectonic and volcanic landforms support
the hypothesis that coronae formed in an exten-
sional environment (Schenk, 1991; Pappalardo
etal., 1997). It has also been suggested that heat
generated during tidal flexing played an impor-
tant role in corona formation (Dermott et al.,
1988; Pappalardo et al., 1997), but the way in
which internal heating leads to the observed sur-
face deformation has not been well described.
Here we simulate convection in Miranda’s
ice shell to test the hypothesis that coronae
formed by convection-driven resurfacing dur-
ing an episode of tidal heating. We show that if
the surface is weak, sluggish-lid convection can
occur, which simultaneously produces the esti-
mated heat flow, the deformation pattern within
the coronae, and the approximate number of
upwellings needed to form the coronae.

FORMATION CONDITIONS

Models of lithospheric flexure along the
flanks of Arden corona suggest an elastic thick-
ness of 2 km and a thermal gradient of 8-20
K km™ during corona formation (Pappalardo
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et al., 1997). For a thermal conductivity, k, of
5 W m! K! (Petrenko and Whitworth, 1999),
this corresponds to a heat flux of 40-100 mW
m=2. Such a high heat flow implies the past
existence of thermal anomalies beneath the
coronae, powered by a heat source other than
radiogenic heating, which is not expected to be
significant (Greenberg et al., 1991). One likely
heat source is tidal dissipation in the ice shell,
which can occur when the time-varying tidal
potential during an eccentric orbit causes a sat-
ellite to be repeatedly stretched and squeezed
(e.g., Ojakangas and Stevenson, 1989). Several
studies suggest that a past 3:1 orbital resonance
between Miranda and neighboring satellite
Umbriel can explain Miranda’s present orbital
inclination of 4.5° (Dermott et al., 1988; Tit-
temore and Wisdom, 1989; Malhotra and Der-
mott, 1990; Verheylewegen et al., 2013). Dur-
ing this resonance, Miranda’s eccentricity may
have been excited to ¢ = 0.05 (Malhotra and
Dermott, 1990). If Miranda were as dissipative
as Saturn’s satellite Enceladus, which is simi-
lar in size, composition, and orbital frequency
to Miranda, we calculate that tidal dissipa-
tion could have generated as much as 5 GW
of power (cf. Peale and Cassen, 1978), for a
Miranda with a quality factor Q = 20 and Love
number k, = 9.3 x 10~ (Item DRI in the GSA
Data Repository'). Tidal dissipation focused in
relatively warm ice at depth could have created
conditions more favorable for convection by
raising the thermal gradient across the ice shell
and lowering the viscosity of ice.

For convection to drive surface deformation,
on either terrestrial planets or icy satellites, the
surface must behave much more weakly than
predicted by laboratory experiments (Tackley,
1993; Showman and Han, 2005). Convection
with strongly temperature-dependent viscosity
predicts that vigorous fluid motion would be
confined below a thick, undeforming stagnant
lid (Solomatov 1995). For convection to reach
the surface, convective stresses must overcome
the yield strength in the lid (e.g., Moresi and
Solomatov, 1998). Once the yield strength is
overcome, the surface deforms with strain rates
similar to those of systems in the sluggish-lid
regime (Solomatov, 1995), which have moder-

!GSA Data Repository item 2014335, detailed de-
scription of our tidal heating calculations (Item DR1),
a discussion of convective stresses (Item DR?2), and
benchmarking for our convection calculations (Item
DR3), is available online at www.geosociety.org/pubs
/ft2014.htm, or on request from editing@ geosociety
.org or Documents Secretary, GSA, P.O. Box 9140,
Boulder, CO 80301, USA.
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ately low-viscosity contrasts between the top
and bottom of the mantle.

Following scaling laws of Solomatov (2004),
we calculate that convective stresses could have
deformed the surface of Miranda if its effec-
tive surface yield stress is ~10 kPa (Item DR?2).
Similar yield-stress values have been inferred
for Enceladus, where near-surface convection
is thought to generate the observed thermal
anomaly in the geologically active South Polar
Terrain (Barr, 2008; O’Neill and Nimmo, 2010).
Additionally, the surfaces of Europa and Ence-
ladus fail in response to daily tidal stresses of
~20 kPa (Hoppa et al., 1999; Hurford et al.,
2007). Laboratory and field experiments, how-
ever, suggest that the yield stress of ice is an
order of magnitude higher, ~0.1-1 MPa (Kehle
1964), implying that the lithospheres of tidally
flexed satellites may be anomalously weak.

MODELING CONVECTION-DRIVEN
CORONA FORMATION

We simulate convection in Miranda’s ice
mantle for a wide range of initial conditions
using the three-dimensional (3-D) spherical
convection model CitcomS (Zhong et al., 2000;
Tan et al., 2006). We explore three different
sizes for Miranda’s rock core: (1) core radius to
satellite radius fraction x = 0.55, corresponding
to a core composed of low-density rock (2.5 g
cm), (2) x = 0.4, appropriate for rock density
3.5 g cm>, and (3) x = 0.25, appropriate for a
partially differentiated body with an ice mantle
containing 10% rock by volume.

We vary the Rayleigh number, which governs
the vigor of convection, as

_ p,gaATD’
KM,

where the density of ice p. = 920 kg m™>, the
acceleration due to gravity ;g =0.083 m s, the
thermal expansivity o = 1.56 x 10~ (T, / 250 K)
K-! (T, is the average internal temperature) (Kirk
and Stevenson, 1987), the temperature contrast
across the ice shell is AT =T, — T, (b is base, s
is surface), the ice shell thickness D = (1 — x) x
R the thermal diffusivity k¥ = 1.47 x 10°
(250 K/ T,* m* s (Kirk and Stevenson, 1987),
and m, is the viscosity of ice at the base. The sur-
face temperature, T, is 60 K and the temperature
at the base of the ice shell, 7;, is 220-270 K. Over
this range of 7, for a grain size d = 0.2 mm, the
viscosity of ice deforming by volume diffusion
is m, = 10"-10" Pa s (Goldsby and Kohlstedt,
2001; Barr and Pappalardo, 2005; Barr and McK-
innon, 2007), yielding Ra = 10*~10® (Item DR3).
Throughout the ice shell, viscosity varies as

Ra , (1)

n(T) =n, exp(=yD), @)
where Y= 0/AT, 6 = In(An), and An is the effec-

tive viscosity contrast across the ice shell. We
assume sluggish-lid convection, limiting An
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to 10°-10* to mimic the effect of surface ice
with a low yield stress (e.g., King et al., 1992;
Trompert and Hansen, 1998; Moresi and Solo-
matov, 1998). The surface Rayleigh number
Ra, = Ra/An. The majority of our simulations
are started with an initially conductive tempera-
ture profile with a small temperature perturba-
tion near the base and free-slip boundary con-
ditions at the top and bottom of the ice shell.
We run simulations until the surface heat flow
approaches steady state, and record the velocity
and thermal gradient at the surface.

We are interested in whether convection in
Miranda’s ice shell leads to surface deformation
patterns that resemble the distribution of the
coronae, but the number of convective plumes
and their arrangement has been shown to be
affected by core size (Deschamps et al., 2010),
viscosity structure, Rayleigh number (Schubert
et al., 2001), and the distribution of tidal heat-
ing (Han and Showman, 2010). It is difficult to
determine which of these variables has the larg-
est influence on convection geometry.

In order to independently address each of
these effects, we use three different approaches.
First we use a simplified approach where we
apply an initial temperature perturbation (of
spherical harmonic order / = 3, m = 2) that
pushes the system toward low-order tetrahedral
convection (e.g., Ratcliff et al., 1996). We then
vary Ra, An, and x to determine the param-
eter space over which low-order convection can
remain stable. In this suite of simulations, the
temperature at the base of the ice shell is held
constant, representing tidal energy focused on
warm low-viscosity ice at depth. Our second
approach is designed to assess the influence of
the initial temperature condition. We re-run sim-
ulations that led to low-order convection in the
first suite of simulations using a random initial
temperature perturbation.

Finally, we explore how the distribution of
tidal heating might affect convection geom-
etry. For a satellite with a subsurface ocean, a
degree-2 pattern is expected to dominate, where
heating concentrates near the poles (Tobie et
al., 2005). Without an ocean, tidal strain near
the base of the ice shell may concentrate near
the equator in a cubic-type pattern (see Tobie et
al., 2005; Beuthe, 2013). By assuming that tidal
heating heterogeneously warmed the ice shell to
generate the initial temperature condition, we
represent these patterns as the sum of spherical
harmonic temperature perturbations, following
the equations given by Beuthe (2013).

RESULTS

We find that rheological conditions in Miran-
da’s ice shell favor the development of low-order
convection patterns. Core size strongly controls
convection geometry. Models of Miranda with a
core radius fraction x = 0.55 generally develop
higher-order convective patterns, whereas

Miranda with a core radius fraction x = 0.25 can
sustain tetrahedral convection over the broad-
est range of rheological constraints (Fig. 2A),
probably because longer-wavelength plumes
are preferred as core radius fraction decreases
(Schubert et al., 2001; Deschamps et al., 2010).
For simulations with low-order convection and
with surface Rayleigh numbers between 10* and
10%3, the average thermal gradient in regions of
surface extension is remarkably consistent with
estimates suggested from lithospheric flexure
(Fig. 2B). This shows that sluggish-lid convec-
tion can simultaneously match the estimated
thermal gradient and the approximate number
of upwellings necessary to form the coronae.
We consider the successful range in plume num-
ber to be 4-6, because there are three coronae
visible in the southern hemisphere of Miranda.
Simulations with random initial temperature
perturbations and a fractional core radius of x =
0.25 also develop low-order convection patterns
(Fig. 3). This shows that low-order convection
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Figure 2. A: Convection models from our
first set of simulations as a function of basal
Rayleigh number and viscosity contrast.
Symbol color indicates number of plumes
present after convection approaches steady
state. Symbol size scales with fractional size
of the rocky core, x = 0.25, 0.4, and 0.55. B:
Surface Rayleigh number versus thermal
gradient for simulations with stable low-
order convection. Red points show ther-
mal gradient in regions of extension; black
points show global average. Red dashed
lines indicate extensional thermal gradient
implied by models of lithospheric flexure
(Pappalardo et al., 1997). Black dashed line
indicates that total surface power of 10 GW
is necessary to provide global thermal gradi-
ent of ~3 K km~, given a thermal conductiv-
ity of 5 W m-' K-'.
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Figure 3. Time evolution of convection in Uranus’ moon Miranda’s ice shell started with
random initial temperature perturbations throughout the base of the ice shell, with Rayleigh
number Ra = 10°%5, An = 10 (effective viscosity contrast across the ice shell), fractional core
size x = 0.25, and basal heating. Colors represent temperature isosurfaces, with green and
yellow corresponding to 120 K and 170 K, respectively. The convective upwellings merge
until reaching a low-order convection pattern with ~5 plumes.

easily develops in systems with low Rayleigh
numbers, low effective-viscosity contrasts, and
small core sizes, regardless of the initial temper-
ature condition. Simulations run with a zero-slip
condition at the base of the ice shell had slightly
lower Nusselt numbers than those with a free-
slip condition, but the convection geometry was
unaffected.

We also find that convection in Miranda’s
ice shell produces the concentric deformation
pattern within the coronae. Figure 4 shows the
surface velocity field and near-surface thermal
gradient resulting from two different convection
simulations. Above convective upwellings, the
thermal gradient is elevated to values predicted
from flexure, and the surface extends concentri-
cally away from the center, similar to the pre-
dicted formation environment of the coronae
(Greenberg et al., 1991). Surface deformation
patterns resulting from tetrahedral convection
(e.g., Ratcliff et al., 1996), shown in Figure 4B,
can match the locations of two of the coronae,
but a third upwelling occurs where no surface
deformation is observed.

To match the exact locations of all of the
coronae, we must invoke a tidal heating pat-
tern predicted for an icy satellite with no ocean
(Tobie et al., 2005; Beuthe, 2013). In this case,
four plumes are generated near the equator,
each separated by ~90°. Inverness corona is
located near the south pole, so in order for this
convection pattern to be consistent with the cur-
rent locations of the coronae, a reorientation is
required. Figure 4C shows surface deformation
patterns produced by this style of convection
after a 60° rotation from the sub-Uranian point
at the equator toward the south pole. Convec-
tive upwellings occur almost precisely beneath
the locations of Arden, Inverness, and Elsinore
coronae, and the size of extensional regions
above the upwellings are in good agreement
with the sizes of the coronae. Similar reorien-
tations of Miranda have been suggested on the
basis of the skewed impact-crater distribution
(Plescia, 1988) and the orientation of scarps that
might have been influenced by stresses from
reorientation (Pappalardo, 1994). The reorienta-
tion of a convective upwelling toward the poles
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is also suggested to have occurred on Enceladus
(e.g., Nimmo and Pappalardo, 2006).

DISCUSSION

We find that convection in Miranda’s ice shell
powered by tidal heating can generate the global
distribution of coronae, the concentric orienta-
tion of sub-parallel ridges and troughs, and the
thermal gradient implied by flexure. Models that
account for the possible distribution of tidal heat-
ing can even match the precise locations of the
coronae, after a reorientation of 60°. Two aspects
of corona morphology that do not arise naturally
in our model are the angular shapes of the coro-
nae and their differences in morphology. Pappa-
lardo (1994) suggested that the angular appear-
ance may have resulted from radial stresses that
interacted with preexisting fractures. We suggest
that differences in corona morphology might
be partly explained by variations in extensional
strain rates, because spreading rate can control
the tectonic expression of mid-ocean ridges on
Earth (Phipps Morgan and Chen, 1993).

Simulations that match the thermal gradient
from flexure have total power outputs of close
to 10 GW (Fig. 2B), somewhat larger than the
total power we predict could be generated dur-
ing orbital resonance. One explanation for this
discrepancy is that the thermal gradient inferred
at Arden corona may not apply to Inverness
or Elsinore coronae, so convection need not
produce the inferred thermal gradient at each
upwelling at the same time. Alternatively, it
is possible that convection may have episodi-
cally deformed the surface, leading to tempo-
rary, dramatic increases in surface heat flux
(e.g., Moresi and Solomatov, 1998; O’Neill and
Nimmo, 2010). In any case, Miranda must be at
least as dissipative as Enceladus for tidal heat-
ing to power convection, and may be required
to have entered orbital resonance already warm
and dissipative, because tidal heating models
predict that it is difficult to warm up Miranda
from an initially cool state (E. Verheylewegen,
2014, personal commun.). Further studies that
incorporate a finite yield stress, and incorporate
more complex treatments of tidal heating into
spherical convection models, could explore the

dT/dz (K/km)

Figure 4. A: Mosaic of Uranus’ moon Mi-
randa’s southern hemisphere with coronae
outlined in yellow. Projection is orthographic
centered on the south pole. Dashed white
line approximates the equator. B, C: Surface
conditions of convection simulations, plot-
ted within same projection as A, with near-
surface thermal gradient indicated by color,
and arrows denoting surface velocity. Above
convective upwellings, the thermal gradient is
consistent with values predicted from flexure,
and the surface is undergoing concentric sur-
face extension. Steady-state tetrahedral con-
vection is shown in B, with Rayleigh number
Ra = 10575, An = 103° (effective viscosity con-
trast across the ice shell), and fractional core
size x = 0.4. Convection in C results from con-
centrated tidal heating near the equator, pre-
dicted for a satellite with no ocean (Beuthe,
2013), after a 60° rotation from the sub-Ura-
nian point toward the south pole. .

possible time-dependent behavior of corona for-
mation and the feedback between tidal heating
and thermal plumes.
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