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lo, one of the four Galilean moons of Jupiter is remarkable for its extensive volcanism and extreme inte-
rior tidal heating. The tidal heating likely yields a very low viscosity asthenosphere and consequently a
very high Rayleigh number of 0(10'2) for convection in the interior. In a state of quasi-steady balance the
internally generated heat must be transported from the interior to the base of the lo lithosphere and
exhausted to space. The mechanisms whereby the convective radial heat transfer is evacuated involve
both conduction and volcanism. Despite Io’s ubiquitous volcanism, only 4% of its mountains (montes)
appear to have a volcanic origin and most of the mountainous regions seem to be related to tectonic pro-
cesses. By employing an original control volume based numerical model we investigate the style of con-
vection in the interior of lo and the correlation of the scale of convection with the Ionian surface heat flux
and topography. Our control volume results support the existence of significant asthenospheric heating
and demonstrate that short wavelength features of the surface heat flux are well correlated in scale to an
expected layered intra-lithospheric style small-scale convection. These numerical analyses suggest that
the amplitude of the short wavelength topography of Io is expected to be on the order of a few hundreds
of meters. The model results also demonstrate that the lonian highs cannot be produced by a lithospheric
flexure process above the hot upwellings and therefore other tectonic events, such as have previously
been suggested; must be responsible for the formation of the high lonian mountains that reach in excess
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of 17 km in elevation.
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1. Introduction

Among the 64 confirmed moons of Jupiter, lo is one of the four
largest of the innermost Galilean group (along with Europa, Gany-
mede, and Callisto) and is remarkable because of its intensive vol-
canic activity. The Voyager spacecraft provided the first direct
observations of this activity (Spencer and Schneider, 1996; McE-
wen et al., 1998a,b). The surface of lo is marked by signatures of
widespread volcanic resurfacing in the recent geologic past. More
specific observations in the visible and near infrared portions of
the electromagnetic spectrum have revealed the existence of vol-
canic plumes and lava flows reaching temperatures of approxi-
mately 1800 K (McEwen et al., 1998b; Lopes-Gautier et al., 1999).
The high-temperature lavas suggest a predominantly silicate char-
acter of Io volcanism (McEwen et al., 1998a,b).

Despite lo’s pervasive volcanism, only 4% of the Ionian regions
of high topographic relief are volcanic in origin. From 96 selected
Ionian mountains (out of 143) for which sufficiently high resolu-
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tion imaging exists, three seem to be volcanic, 92 appear to be edi-
fices constructed by other tectonic events (Jaeger et al., 2003) and
one is ambiguous. o is found to be a triaxial ellipsoid in shape with
major, intermediate and minor radii respectively a=1830.0 km,
b=1818.7 km, and c=1815.3 km. The Ionian surface topography
is defined in terms of deviations from the surface of this ellipsoid
that minimize the variance in elevation differences (Ross et al.,
1990). The long wavelength component of topography of lo, de-
fined in these terms, consists of four alternating high and low re-
gions near the equator, spaced roughly equidistant in longitude
(Gaskell et al., 1988). The maximum amplitude of this long wave-
length equatorial topography is approximately 1.1 km (Ross et al.,
1990). The north and south poles are moderately high (0.9 km) and
low (—0.3km) in elevation respectively (Ross et al, 1990).
Although the process by which the Ionian topographic highs have
formed is not well understood, the mountains are expected to have
been initiated tectonically, although the precise mechanism is
uncertain (Turtle et al., 2001; Jaeger et al., 2003). The tectonic fea-
tures are obscured by lava flows and sulfurous plume deposits
which rapidly (~1 cm/yr on average) resurface its lithosphere
(Johnson et al., 1979; Blaney et al., 1995; Phillips, 2000). One pos-
sibility for the initiation of mountain formation might be in
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response to the global compression caused by the high rate of glo-
bal subsidence associated with this high rate of resurfacing (Turtle
et al., 2001). The cold crust is deflected downward by the load asso-
ciated with the volcanic resurfacing, causing shortening and iso-
static compensation and uplift (Schenk and Bulmer, 1998). The
observed mountain elevations could conceivably be explained by
lithosphere thicknesses ranging from 13 km to 80 km (Jaeger
et al., 2003). Since the lithosphere is generally under compression,
the magma is expected to ascend along tectonic faults, thereby
relieving the compression (Keszthelyi et al., 2004; Jaeger et al.,
2003).

lo apparently has a differentiated iron core, the existence of
which can be inferred on the basis of the oxidized nature of volca-
nic gases, indicating the absence of metallic iron in its silicate man-
tle. Metallic iron and FeS on lo are predominantly concentrated in
the large Ionian core (Reore ~ Rsur/2) discovered by the observations
made by the Galileo spacecraft (Anderson et al., 1996). This is in
agreement with multi-layer models of the planetary structure
based on data obtained on the basis of satellite gravity surveying
(Kuskov and Kronrod, 2000). Using these gravity data Anderson
et al. (2001) developed two models for Io’s core, one involving pure
iron and the other having an Fe-FeS eutectic composition. In the
latter case, the expected average density and radius of Io’s core
are approximately 5150 kg/m® and 900 km, respectively. Similar
models were constructed by Zhang and Zhang (2001); these
authors found that J, and 3/, = J, — J5 are of the same order of mag-
nitude, suggesting lo to be strongly affected by tides and that it
may have a large core. Using the Galileo magnetometer data Kivel-
son et al. (2002) showed that lo has no significant intrinsic mag-
netic field. They interpret this as indicating that the core of Io is
either completely solid or completely liquid. It is still unclear, how-
ever, that the existence of a solid inner core is required for a dyna-
mo mechanism to operate. Since the Fe-FeS eutectic composition
has a relatively low melting temperature (<1700 K at the pressure
at lIo’s CMB), it is more likely that the core is completely liquid
(Keszthelyi et al., 2003). Owing to the significant level of volcanic
activity on Io (e.g. Spohn, 1997), the body likely has been differen-
tiated into low-density, high-silica materials, such as potassium
and sodium silicates in the crust and higher-density, lower-silica
content materials in the mantle (Keszthelyi and McEwen, 1997).

lo is the most volcanically active body in our Solar System
(Lopes-Gautier et al., 1999) and the activation mechanism for vol-
canism is quite different from that for the Earth. For the Earth, vol-
canic activity is powered significantly by accretion-induced heat
from the early era of planet formation and radiogenic decay. How-
ever, lo is too small (less than 1/3 the radius of Earth) to be influ-
enced significantly by remaining of accretionary heat and the
radioactive sources could not provide sufficient heat to account
for the prodigious power required to support the observed volcanic
activity. Based on the infrared observations (Veeder et al., 1994)
and estimates of tidal dissipation, the average heat flux at Io’s sur-
face may be as high as 2.5 W/m?. This observed surface heat flow is
too large to be explained by thermal conduction through a conduc-
tive lithosphere, as on the Earth, if similar thermal properties to
those of the Earth’s lithosphere are assumed. The heat evacuated
by a conductive lithosphere alone requires a thermal gradient lar-
ger than 750 K/km. This in turn results in a very thin lithosphere
(~2 km) which is inconsistent with the observed topography on
Io with mountains having relief in excess of 10 km (Monnereau
and Dubuffet, 2002). O'Reilly and Davies (1981) proposed that
the heat is mainly advected by magma through isolated vents, ris-
ing from depth and spreading out at the surface, which supports
the existence of a thick and cool lonian lithosphere. Following
the subsequent subsidence of the rigid lithosphere under the
weight of evacuated flows its base is heated to the melting point.
In this model the heat is mainly evacuated by advection. Based

on this hypothesis and using spherical models of mantle convec-
tion, Monnereau and Dubuffet (2002) showed that the volcanism
would be an efficient means by which to evacuate the heat from
the interior, but at the same time allow for the maintenance of a
thick rigid lithosphere. Magma may be evacuated by eruption to
the surface (Carr, 1986) or be localized near the surface to drive
evaporating sulfur lakes (Lunine and Stevenson, 1985). The color
images provided by Voyager and the temperature estimates from
the Infrared Radiometer Interferometer and Spectrometer (IRIS)
instrument suggested the possibility of sulfur volcanism (Sinton,
1982). For some time it was generally accepted that sulfur volca-
nism was the dominant mode of eruption driven by silicate mag-
mas (Keszthelyi et al.,, 2004; Smith et al.,, 1979). Later ground-
based infrared emission observations revealed that the tempera-
tures exceed the boiling point of sulfur in some locations (Veeder
et al., 1994). Currently it is accepted that both silicate and sulfur
volcanism are expected to be observed on lo’s surface (Spencer
and Schneider, 1996).

The first generation of thermal models for lo assumed a com-
pletely molten interior (Peale et al., 1979) in which the tidal heat-
ing was associated with lithospheric flexure. However, this is in
contradiction with the observed topography (Schenk et al., 2001)
and lithospheric structure (O’Reilly and Davies, 1981). Some theo-
retical studies suggest melt fractions less than 20% to remove heat
from the mantle by melt segregation (Moore, 2001). However, the
very high temperatures and orthopyroxene-rich compositions of
Io’s lavas based on Galileo SSI and NIMS data (McEwen et al.,
1998b; Davies et al., 2001; Geissler et al., 1999) are more consis-
tent with large degrees of partial melting within the mantle (Kes-
zthelyi et al., 1999). Using numerical models and taking into
account a “heat pipe” cooling mechanism, Monnereau and Dubuf-
fet (2002) showed that the enormous tidal heat dissipated in Io’s
mantle could be evacuated efficiently by volcanism. They showed
that the mantle temperature would vary as Ra~'/? and remain be-
low the melting point of rocks in most of the mantle except for the
regions close to the core-mantle boundary and inside upwellings
which supports the existence of a thick rigid mantle consistent
with the topographic features observed on lo.

It is now commonly accepted that the volcanic activity of o
originates from tidal dissipation in its interior. The heat is gener-
ated by the stresses in the interior caused by the gravitational
attraction of Jupiter, coupled with the gravitational pull of Io’s
neighboring moons-Europa, Callisto, and Ganymede (Yoder and
Peale, 1981; Ross and Schubert, 1985,1986; Segatz and Spohn,
1988). There exists a slight eccentricity in Io’s orbit (Lieske,
1980), which is due to the orbital resonance with Europa and Gan-
ymede which is referred to as a “Laplace resonance”. This eccen-
tricity causes the tide-raising potential of Jupiter on the surface
of Io to oscillate. The tidal effects at lo’s surface could cause a rise
and fall of approximately 100 m which is more than five times in
excess of the highest ocean tides on Earth. The distribution of tidal
dissipation depends on the internal structure of lo. Based on this
internal structure, thermal evolution and tidal heating (Schubert
et al., 1981, 1986; Cassen et al., 1982; Nash et al., 1986; Ross and
Schubert, 1985, 1986; Segatz et al.,, 1988; Fischer and Spohn,
1990) two end member models have been developed (Ross and
Schubert, 1985): a deep mantle heating model with an elastic lith-
osphere and an asthenosphere heating model. In the first model,
most of the tidal dissipation occurs deep in the mantle near the
core-mantle boundary and the local partial melt in rising plumes
explains the volcanic activity. In the second model, originally pro-
posed by Schubert et al. (1981), most of the tidal heating occurs in
the asthenosphere by the tidally forced circulation in this layer
(Ross and Schubert, 1985). The viscously generated heat is then
transferred to the base of the lithosphere by convection and evac-
uated to the surface by conduction and magma migration (Ross
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and Schubert, 1985; Nash et al., 1986). In the deep mantle model
the generated heat is concentrated beneath the polar region and
decreases from pole to equator, while in the asthenosphere model
the heat is localized in the equatorial region and decreases from
equator to pole.

Using three-dimensional numerical models Tackley et al. (2001)
showed that in the pure mantle heating model, the upwellings oc-
cur at the poles of lo with downwelling at the equator. However in
this model the long wavelength nature of the alternating basins
and swells could be explained by tidal dissipation in the lonian
asthenosphere which produces a topography anomaly in the equa-
torial region consistent with the observed long wavelength heat
flow patterns. The long wavelength features of their model that de-
velop at low and high Rayleigh numbers are similar, but short
wave instabilities superimposed on long wave features only appear
in the higher Rayleigh number models. Their numerical calculation
relies on the scaling of the thermal diffusivity and the viscosity in
order to substantially reduce the Rayleigh number to make the
numerical calculation affordable while maintaining the correct
heat flux and internal temperatures. Further to this limitation,
the viscosity contrast between the mantle and asthenosphere in
their models is assumed to be only a factor of 100. In their com-
bined heating models in which the tidal heating occurs in both
mantle and asthenosphere, although the structure in the pattern
of the surface heat flux becomes small in scale as the Rayleigh
number increases, the wavelength describing the characteristic
length between the heat flux minima and maxima remains the
same and unaffected by the Rayleigh number (Cases 5-8, Fig. 7,
Tackley et al., 2001). This wavelength is larger than the character-
istic wavelength describing the spacing between the hot spot
peaks at the surface of lo (Rathbun et al., 2004).

In the present study we investigate the correlation between
convection in the interior of Io and its surficial features using
appropriate models of the convection process. The control volume
formulation of the mantle convection process that we have devel-
oped enables us to construct models with the very large variations
of viscosity that are characteristic of Io due to the extreme tidal
heating in the interior. A viscosity contrast of order (10'?) will be
assumed in these control volume based analyses, and the circula-
tion characteristic of this high contrast regime will allow us to
make closer lo surface observations than has previously been
possible.

2. Numerical formulation of the problem

We model infinite Prandtl number convection in a cylindrical
shell with a rigid boundary condition at the surface. The litho-
sphere of the jovian moon is approximated by a layer of high vis-
cosity as described in the next section. The original convection
model to be employed is based upon application of the control vol-
ume method (Patankar, 1980) to solve the basic hydrodynamic
equations in cylindrical geometry. This method, originally devel-
oped by Spalding and his students (e.g., Patankar and Spalding,
1972; Patankar, 1980) for applications in engineering, has come
to attract some attention in the area of planetary physics (e.g., Oga-
wa et al., 1991; Tackley, 1994, 1998; Ratcliff et al., 1996; Harder
and Hansen, 2005; Stemmer et al., 2006; Tackley, 2008; Shahnas
and Peltier, 2010) where applications have been presented in both
Cartesian and spherical geometries.

The radial viscosity profile in our numerical models ranges from
10'2 to 10%* Pa s. Owing to the very low viscosity of the astheno-
sphere and sharp viscosity gradients at the transition zones be-
tween  asthenosphere and lithosphere and  between
asthenosphere and mantle a simple finite difference method can-
not be applied. For the same reason the applicability of 3D numer-

ical codes is also prohibitive. To overcome this problem a section of
a cylindrical shell has been employed as the calculation domain in
our numerical model of convection in lo. Cylindrical geometry is
not afflicted by the same convergence problems as encountered
in spherical geometry at the poles. Due to the small size of Io,
the effect of compressibility is expected to be negligible. In the
Boussinesq approximation the continuity equation, the expression
for conservation of momentum in the infinite Prandtl number
approximation in which the inertial terms compared to the viscous
forces in the momentum equation are ignored, and the partial dif-
ferential equation describing the conservation of internal energy
are given respectively by:

vV.V=o0, (1)
~VP+V.-G-pgr=0, 2)
DT

Copo g = V - (KIT) + &p — 3)
where

p = poll — (T =Ty, @
and

G=yVVHVV) ()

In these equations V, T, T, P, p, po, & 7, t, k, o denote the velocity,
temperature, reference temperature, pressure, density, reference
density, gravitational acceleration, dynamic viscosity, time, thermal
conductivity and thermal expansivity. ¢ is the simplified stress ten-
sor for an incompressible fluid and (VV) in the last equation repre-
sents the transpose of the velocity gradient. In Eq. (3) & and &y are
the tidal heating rate and the rate of heat transferred to the surface
by volcanism. We employ the following scheme to non-dimension-
alize the governing field equations:

r=rAr, T=TAT, n=un, k=~kk, p=pp, Cr
2
:C;ch g:glgov OCZM'OCO, K:KIKIH t:t/i_7 P
(]
s Ko , NKo
Sl SR (6)

in which zero subscripted quantities denote a reference value of the
parameter and x is the thermal diffusivity. As characteristic length
and temperature scales we employ, respectively, Ar= Ry, — Revs
and AT = Tcvs — Tsurf-

The non-dimensional momentum equation is then given by:

~VP +V' .6 —Rpg =0, (7)
where the Rayleigh number of the system is:
3
R, = Lod (8)
’70’%

Dropping the primes in order to simplify the notation then re-
duces Eq. (7) to:

~VP+V -6 —Ropgr =0. 9)

In cylindrical coordinates the two components of the momen-
tum equation are simply given by:

_ oP 10 10T Teo _
Frf—E-FFE(rTrr)'F?W—T_ROPg*Q (10)

_1oP 10 , 10t
F(;—*F%‘Frfza(rrr())‘FFW_ov (11)
where
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oV,

Ty =21 o (12)
V., 109V
Too = 27]<7r+F0760>7 (13)
o[V 10V,
Tr():T()r:r[<r§ (%) +? 60)- (14)

In the control volume formulation, the cylindrical momentum
Eqgs. (10) and (11) are integrated over the cylindrical volumes,

1
5
where the subscripts n, s, b, and t denote the quantity at the north,
south, bottom and top volume boundaries respectively.

The orbital period of lo is approximately 42 h, implying that the
tidal dissipation is occurring at high temporal frequency. Further-
more, the viscosity in both the asthenosphere and the mantle of
Io is held fixed in a statistically steady state to a distribution deter-
mined by that of the internal heating and the heat loss due to vol-
canic activity. On the very longest time scales it is therefore
reasonable to assume that the tidal heating and the heat evacua-
tion by volcanism are in balance (@1 — @y = 0). This assumption
is further supported by the fact that heat transported to the surface
by volcanism is generally in excess of the heat transferred to the
surface by conduction. The energy equation in the analyses to be
discussed in what follows is solved by integration over cylindrical
control volume elements and in time. In compact form we may
then write:

tHAL AT t+At
/ / 9 dtdv — / / G(T)dtdo, (16)
AV Jt at AV Jt

where the function G includes all terms of Eq. (3) except for the par-
tial time derivative of temperature. Integrating over volume and
time, for each volume element we may write,

(Tp = Tp)AV = [0G(Tp, Ty, T5, Ty Tr) + (1
- OC)G(Tgv T[?I Tgv Tgv Tg)]AtAV 0
<a<l. (17)

AV == (12 = 13) (0 — 05), (15)

The subscript P denotes the grid point at the center of the volume
and N, S, B, and T stand for north, south, bottom, and top neighbor
grid points. The superscripts 0 and 1 refer to the old value (known)
and new value (unknown) of the temperature at time t and t + At
respectively. Here the weighting factor « (e.g. Patankar, 1980) en-
ables us to have explicit solutions (o = 0), fully implicit solutions
(ec=1) or semi-implicit solutions such as provided by the Crank-
Nicolson scheme (o =0.5) or an arbitrary semi-implicit scheme.
However in the present study we have solely employed the explicit
scheme.

The energy equation at each grid point in the control volume
formulation may then be rewritten in the form:

apTp = ayTy + asTs + agTg + arTr + b, (18)

where ap, ay, as, ag, and ar are the coefficients of the temperatures at
the center of volume, north, south, bottom and top neighbor grid
points and b is the source term. The system of Eq. (18) is then solved
using a power law scheme (Patankar, 1980) which suppresses
unphysical variations in the temperature solution. In this formula-
tion we have:

ay = DLA(P) + [y O] (192)
as = DsA(|Ps|) + [[-Fs, 0], (19b)
ag = DyA(|Py|) + [[F», O], (19¢)

ar = DeA(|P[) + [[-F¢, O, (19d)
where we have used the notation [[A, B]] = Max(A4, B), and

= pvd (Peclet number), (20a)
F=pV (Mass flux), (20b)
D= % (Diffusive conductance), (20c)
A(IP)) = [[0,(1 = 0.1|P))*]] (Power—law). (20d)

The lower case subscripts n, s, b, and t denote the quantity at the
north, south, bottom and top volume boundaries respectively. Note
that the A(|P|)=1 limit represents the upwind advection scheme.
The solution of the discretized equations is obtained using the Tri-
Diagonal-Matrix Algorithm (TDMA) as described in Patankar
(1980). The iterations are performed by sweeping the grid points
in the radial and lateral directions alternatively. In order to take
the effect of both boundary conditions into account (in each co-
ordinate direction) on the discretized solutions, the grid points
are swept back and forth in each iteration.

3. Design of the numerical experiments and model results

We have simulated the convection in the interior of Io in a
cylindrical shell as noted above. Our focus here will be on simula-
tions of the convection process in which an isothermal boundary
condition is specified at the outer boundary. The corresponding
condition at the inner boundary may be one of either constant
temperature or zero heat flow.

Our model configuration is shown in Fig. 1. The geometry has
been limited to encompass an azimuthal angle of 7/4 in order to
lower the computation time for the results to be presented herein.
The numerical formulation includes depth dependent viscosity as
illustrated in Fig. 2. The radial viscosity profiles in our numerical
models are chosen so as to ensure the same thickness of astheno-
sphere in all three models with the prescribed smooth transition
from low viscosity in the asthenosphere to the high viscosity in
the lithosphere/crust. The viscosity in our model asthenosphere
and mantle extend to 10’2 Pa s and 10'6 Pa s respectively. The par-
ticular form of the transition in viscosity from the asthenosphere to
the mantle is chosen so as to ensure numerical stability. Since the

T=100 K

T
LOng tude

Lower Mantle

T=const or F=0

Liquid Core

45

Fig. 1. Model setup - the dashed curves bracket the lowest viscosity region of the
asthenosphere (10'2 Pa s). The crust viscosities are 10>! Pa's, 10> Pa s, and 10> Pa s
in our three models but the legend indicates the model with the crust viscosity of
10?! Pa s. The viscosity in the lower mantle is 10'® Pa s.
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Fig. 2. Radial viscosity profiles used in our numerical models discussed in the text.

asthenospheric viscosity of lo is extremely low, there is a large con-
trast in the flow velocities between regions in the asthenosphere
and those of the lithosphere/crust and upper mantle. This poses a
challenging computational problem of time stepping which re-
quires months of wall clock time for model runs of a few million
years on a single processor even at lower grid resolutions. The
numerical calculation at higher grid resolution required for this
challenging problem is not computationally affordable at this time
and the lower resolution grid calculations suffer somewhat from
the influence of numerical diffusion. However, the horizontal scale
of the cellular flow in the asthenosphere and therefore the horizon-
tal scale of the surface features that this flow supports are deter-
mined by the thickness of this internal low viscosity region. The
features of this length scale (~130 km) are adequately represented
at first order by the grid resolutions we have employed in the
framework of control volume formulation.

The calculation is initially performed on a 201 x 201 cylindrical
grid with a radial resolution of ~4.4 km and lateral angular domain
of width 7/4 (Fig. 1). This resolution has been chosen to reduce the
numerical calculation time and make the numerical calculations
affordable with the present computational resources. However,
the models were interpolated onto a higher resolution 401 x 401
grid once they reached to statistical equilibrium at lower spatial
resolution. They were then further integrated for many millions
of additional time steps, the additional evolution times extending
a further 30,000 yr (for the models for which the tidal heating
was not removed) or to 500,000 yr (for the models with 96% of
the tidal dissipation removed). In none of the models was the var-
iation in the surface heat flux or volumetric mean temperature
found to be more than 1.2%. As it will be discussed in what follows
the radial mass flux profiles demonstrate that the mass conserva-
tion constraint in our models is precisely satisfied.

The surface boundary condition is assumed to be rigid so as to
resemble that which would be appropriate for a single plate planet
and the side boundaries are free. The models include a crust/litho-
sphere of thickness 140 km, an asthenosphere of thickness 130 km,
and a lower mantle of thickness of 610 km. The three models to be
discussed in the first sequence upon which we will focus below dif-
fer in the thickness and the viscosity of the crust/lithospheric layer.
The crustal thicknesses are assumed to be 20 km, 40 km, and
50 km in these three models in which the assumed viscosities
are 10?4 Pa's, 10?2 Pa s, and 102! Pa s respectively. While the crust
viscosity in each model remains constant the viscosity of the

lithosphere is assumed to linearly decrease with depth (Fig. 2).
The temperature at the surface of o is kept fixed to 100 K. The
model parameters for the models discussed below are given in
Table 1.

Starting from a sinusoidal temperature perturbation superim-
posed on a conduction solution, the model is run until the temporal
averages of the mean temperature and boundary heat fluxes no
longer show any significant long-term heating or cooling trends
as well as no significant variation in the surface topography repre-
senting the statistical equilibrium of the model. Furthermore hor-
izontal and vertical mass fluxes are monitored to ensure mass
conservation is satisfied at each time step.

In the first sequence of models with the above specified crustal
thicknesses, under the assumption that the tidal heating rate and
the rate of heat transferred to the surface by volcanism are in bal-
ance, we also assume that they cancel each other locally
(@1(X) — Dy (x) ~ 0). A constant CMB temperature of 1500 K is as-
sumed for this sequence of the models. The first model of this se-
quence has a crustal thickness of 50 km and viscosity of 10?! Pa's.
The surface topography may be obtained by the balance between
the normal stress at the surface and the gravitational force as:

_Im
pg
In the earliest stages of evolution of this model, transient high
and low topographies developed at the left and right boundaries.
Subsequently but quite quickly after this long wavelength topogra-
phy appeared, a short wavelength pattern developed that was
superimposed upon this long wavelength pattern. The transient
long wavelength topography disappeared rather quickly and the
short wavelength features of the topography continued to develop.
The model was then run continuously for a long wall clock time
up to its statistically steady state. Restarting from this statistical
equilibrium model we ran two other models: one with a crust
thickness of 40 km and the crustal viscosity of 10?2 Pas, and an-
other with a crust of thickness 20 km and crustal viscosity of
10%4 Pa s with the radial viscosity profiles displayed in Fig. 2. These
models were integrated for 4 Myr of simulated time. No significant
change in the amplitude of the surface topography in any of the
models was observed following the first 2 Myr of model evolution.
In all three models a layered state of small scale intra-lithospheric
convection developed. A snapshot of the temperature field from
the first model (having a 50 km thick crust), with the velocity ar-
rows superimposed on the temperature field is shown in Fig. 3a.
Compared to the depth of the asthenosphere the horizontal scale
of the convection cells in the mantle is very large. As demonstrated
in this figure, the asthenosphere of lo is dominated by vigorous
short wavelength convection, but from time to time the small

h = (21)

Table 1

Physical properties of lo. The mean tidal heat dissipations are given for the models in
which the heat is not removed. The values for the models in which the major part of
the dissipation heat is removed are 4% of these values.

Radius Ts 1821 km
Core radius Te 941 km
Surface temperature Ts 100 K
Density p 3270 kg/m>
Gravitational acc. g 1.8 m/s?
Heat capacity G 1200 J/kg/K
Thermal diffusivity K 1x10°° m?/s
Thermal expansivity o 3x10°° 1/K
Ave tidal disp. (A)? (®r) 478 x 107° W/kg
Ave tidal dip. (M)° (@r) 8.40 x 10°1° W/kg

2 Asthenosphere.
> Mantle.



20 M.H. Shahnas et al./Icarus 225 (2013) 15-27

T(K)

1500

1451
1329
1124
920
II 715
510
305

. 100

Trr (Pa)
5.1E+05
3.8E+05
2.4E+05

. 1.1E+05
! 8.4E+02

-6.1E+03

I -1.3E+05
-2.6E+05

Fig. 3. (a) Snapshot of the temperature field (K) with superimposed velocity arrows
at its statistically steady state, (b) the logarithm of the magnitude of the radial
velocity field (m/yr) with the superimposed velocity arrows, and (c) normal stress
field (Eq. (12)) in Pa for the snapshot shown in (a) with the superimposed velocities
near the surface (different in scale).

convection cells merge to form a horizontally extended large as-
pect ratio convection cell within the asthenosphere. The magni-
tude of the velocity field with the superimposed velocity arrows
is displayed in Fig. 3b. The velocity in the asthenosphere achieves
a magnitude in excess of 250 m/yr while in the layered intra-litho-
spheric region it drops to a magnitude of order ~mm/yr or less.
This can be verified by inspection of Fig. 3b which depicts the log-
arithm of the magnitude of the radial velocity field and demon-
strates a large velocity contrast in the calculation domain due to
the large viscosity variation throughout the lower mantle, astheno-
sphere and crust/lithosphere.

Because of the large viscosity contrast in the model domain the
magnitude of the velocity near the surface is quite low (smaller by
a factor of ~10® compared to that in the asthenosphere). The veloc-

ity arrows near the surface superimposed on the normal stress
field (Eq. (12)) for this model are shown in Fig. 3c and clearly reveal
the locations of the regions of uplift and subsidence. As can be in-
ferred from the figure, despite high velocities in the planet’s
asthenosphere, there are no significant normal stresses acting on
the lithosphere due to the fact that the viscosity at the base of lith-
osphere is relatively low. The only region characterized by rela-
tively higher stress is the upper region of the lithosphere and
crust where the viscosity is sufficiently high and where the short
wavelength oscillations occur which translate into short wave-
length surface topographic features. However the magnitude of
the normal stress field near the surface is not sufficiently high to
produce significant topography.

The influence of the increase in the viscosity of the crust on the
magnitude of surface topography is shown in Fig. 4a. The surface
topography in the model with a crust viscosity 10 times higher
than our original model (10?! Pa s) has been diminished by about
20% while the other model with a crust viscosity 1000 times higher
has a 50% reduction in the amplitude of the topography. The sur-
face heat flux shown in this figure is that for the original model
(50 km crust) displayed in Fig. 3 and is highly correlated to the
developed short wavelength topography. Based on our model re-
sults the average heat flux at the surface of Io is about 45 mW/
m?, which is significantly below the observed lonian surface heat
flux. This is explained by the fact that the main cooling mechanism
of Io is by volcanism (imposed by the condition &r(X) — &y (X) ~ 0)
in the model) and the power radiated by the hot spots is essentially
the total heat flow (Monnereau and Dubuffet, 2002).

In the second sequence of models a vertically nonuniform tidal
dissipation in the interior of lo has been considered explicitly. Dif-
ferent regimes (Ross and Schubert, 1985; Ross et al., 1990) have
been proposed for the tidal dissipation in the interior of lo. In
our numerical models a heating mode in which a large amount
of the heat is deposited in the asthenosphere of lo and which is
mainly focused at the upper and the lower boundaries of astheno-
sphere, is assumed. We employ a depth dependent functional form
(Tackley et al., 2001) with 2/3 and 1/3 dissipation rates in the
asthenosphere and the mantle respectively as:

H(r) ~ (%4, I < Tash, (22a)
H(r) ~ TP(_G){GXP(—GZ) +exp[-6(1-2)}, Taw
<< ot (22b)
_ Tat =T , (22¢)
Tast — Tash

where 14 and 1, are the radii at the base and top of the astheno-
sphere respectively. In this sequence of models the lateral variation
in tidal heating is ignored. A tidal heating rate of 100 TW (Veeder
et al,, 1994) has been assumed and has been normalized to the pre-
scribed cylindrical geometry as displayed in Fig. 1. The models in
this sequence have a crustal thickness of 50 km and viscosity of
10?' Pa s and only differ from one another in terms of the heat re-
moval mechanism. Due to the small size and the high rate of tidal
heating in the interior of lo, the core and mantle of lo are assumed
to be in thermal equilibrium. In this and the following sequence of
models zero heat flux at the core-mantle boundary is assumed. The
dominant fraction of the heat generated by the tidal dissipation is
transferred to the surface by volcanism which is extracted from
the base of lithosphere and transferred to the surface by volcanic
vents and conduits.

Two end member models have been considered. In the first
model the generated heat is not removed and the planet radiates
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Fig. 4. (a) Surface topography for the first sequence of models with crust viscosities
of 10%! Pa's, 10?2 Pa s, and 10%* Pa s, and heat flux for the original model with 50 km
crustal thickness (17 = 10%! Pa s), at their statistically steady state. The topography
has an average 280 km wavelength and is highly correlated with the surface heat
flux. (b) The surface topography of the first model from the first sequence of models
(NO TH) is compared with the surface topography of the models from the second
sequence of models with tidal heating. NO TH, TH + HR and TH refer to no tidal
heating, tidal heating with 96% of the heat removed and tidal heating with no heat
removal respectively.

the heat from the surface only by conduction. In the second model
we assume a heat removal functional form which is proportional to
the tidal heat generation rate. In the latter case the amount of heat
removed from the mantle and asthenosphere is 96% of the heat
generated by tidal heating. The remaining heat is therefore trans-
ferred to the upper levels by convection and radiates from the sur-
face by conduction. This case resembles a model in which the heat
is assumed to be transferred to the base of lithosphere by melt
migration in the asthenosphere and then be transported to the sur-
face by heat pipes (Moore, 2001, 2003). Our numerical models re-
veal that the small scale circulation persists in both of these
models. Fig. 5a and c display snapshots of these two models. How-
ever, compared to the model with the crustal thickness of 50 km in
the first sequence of models the topography has increased/dimin-
ished by a factor of ~11/1.4 in the first and second models of this

sequence, respectively (Fig. 4b). The average and maximum veloc-
ity profiles of these models are compared with the main model
(50 km crust) in the first sequence of models in Fig. 6. These model
results demonstrate that either in the absence or presence of expli-
cit tidal heating small scale convection cells develop in the
asthenosphere of lo which is reflected in the surficial features.
From Fig. 6 it could be conjectured that compared to the main
model of the first sequence the maximum velocity has increased/
diminished by a factor of ~8/1.4 in the first and second models
of this sequence respectively. From Fig. 6 it can also be verified that
the average velocities in the case of the model with 96% tidal heat-
ing removed and the case with full tidal heating reach approxi-
mately 50 m/yr and 250 m/yr respectively. These models are
different in Rayleigh number by a factor of about 25 due to the dif-
ference in the rate of tidal heating. The change in the velocities is
consistent with the theoretical prediction V ~ Raj’ (Turcotte and
Schubert, 1982) which demonstrates the sensitivity of our model
results to the Rayleigh number in spite of the relatively low grid
resolution which we are restricted to employ. Furthermore the
magnitudes of the velocities are also consistent with previous
numerical predictions based upon the application of a scaling argu-
ment (Tackley, 2001; Tackley et al., 2001). As a resolution test the
model in which 96% of the tidal heating is removed is tested on
101 x 101, 201 x 201, 401 x 401 and 601 x 601 grid resolutions.
The mass nonconservation at these grid resolutions are about 8%,
3%, 0.5% and 0.2% respectively. Except for the first grid resolution
the difference in mean temperatures in the last three grid resolu-
tions are less than one percent.

In our third sequence of models we also consider lateral varia-
tions in tidal dissipation in the asthenosphere in addition to the ra-
dial variations introduced in the previous sequence. The two
models of this sequence are similar to the models in the second se-
quence except for the additional lateral variations in tidal heating.
A lateral variation in heat dissipation of the form:

H(0) =1 + Cos < 0’;0> (23)

is assumed and which has its maximum at the left boundary. Snap-
shots of the temperature fields of these models are displayed in
Fig. 5b and d. Starting from the previous models of the second se-
quence (with radial variations in heat dissipation but no lateral
variations) in their statistically steady state and imposing lateral
variations in tidal dissipation a transient increase in core-mantle
topography by a maximum of approximately 12% develops. How-
ever, following a very brief period of temporal evolution the differ-
ence in core-mantle boundary topography between these model
variants (with and without lateral variations in tidal heating) was
found to be insignificant. Compared to the previous models we also
observed no significant change in the surface topography. This is
understandable by virtue of the fact that the impact of the large
scale lateral variations in tidal dissipation in the asthenosphere of
o on mean heat flux decreases as the Rayleigh number increases.
As illustrated in Fig. 3 of Tackley (2001) whereas at Ra =10’ the
mean heat flux at the left boundary is more than three times that
at the right boundary, this difference is reduced to 20% at
Ra=10"° and is expected to entirely negligible at Ra = 10'? due to
the increased efficiency of mixing in the asthenosphere at higher
Rayleigh numbers. Similarly in Fig. 7 of Tackley et al. (2001) while
there is a significant contrast between the extrema in the surface,
base-of-lithosphere and CMB heat fluxes at Ra = 10%, the contrast
is significantly diminished at Ra = 107 and is expected to be insignif-
icant at Ra =102,

In order to examine the impact of the asthenosphere viscosity
on mixing in the asthenosphere and consequently on the long
wavelength characteristics of the surface topography which
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Fig. 5. Snapshots of the temperature fields with superimposed velocity arrows at their statistically steady state for the model (a) with 10'# TW radial tidal heating in mantle
and asthenosphere, (b) similar to (a) but the lateral variations in tidal dissipation is also considered, (c) similar to (a) but the tidal dissipation is reduced by 96%, and (d) similar

to (b) but the tidal dissipation is reduced by 96%.
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Fig. 6. The laterally averaged and maximum velocity profiles for the main model
from the first sequence and the models from the second sequence of models. NO TH,
TH + HR and TH refer to no tidal heating, tidal heating with 96% of the heat removed
and tidal heating with no heat removal respectively.

originates from the lateral variations in tidal heating dissipation,
we set three more models with higher asthenosphere viscosity.
We increased the viscosity in the asthenosphere in the reference
model with tidal heating removed by 96% (third sequence) by a
factor of 10, 100 and 1000 in the three models of this sequence.
Compared to the reference model we did not observe a significant
change in the surface topography in the model with higher viscos-
ity in the asthenosphere by a factor of 10 after 1.5 Myr of evolution.
In the second model with higher asthenosphere viscosity by a fac-
tor of 100 we observed 4% asymmetry (defined as the variation in
surface topography between the left and right boundaries with re-
spect to the peak to peak magnitude of the topography) in surface
topography between the right and left boundary after 7 Myr evolu-
tion time. In the last model with a more viscous asthenosphere
(1000 times higher compared to the reference model) the asymme-
try in surface topography between the right and left boundary was
found to be about 47% after 23 Myr of evolution. These topogra-
phies are compared with the topography of the reference model
in Fig. 7.

Finally we show that not only is the energy conservation con-
straint well satisfied by our models (which requires a balance be-
tween the tidal dissipation heating and the surface heat flux) but
also the mass conservation constraint. To demonstrate the latter
we have compared the cumulative radial mass flux profiles
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Fig. 7. Surface topographies in the models with higher viscosity asthenosphere are
compared with the surface topography of the reference model (third sequence). In
all models 96% of the tidal heating is removed and the tidal dissipation varies
laterally.

(laterally averaged upward and downward fluxes through each
control volume) and the absolute radial mass flux profiles in
Fig. 8 for the models discussed in the third sequence. The figure re-
veals that the maximum mass-nonconservation which occurs at
the boundaries of the asthenosphere, in the worst case is less than
1% which is remarkable for the extremely variable viscosity profile
we employ together with the spatial resolution.

4. Discussion and conclusions

The enhanced tidal heating associated with Io’s orbital eccen-
tricity makes Io one of the most volcanically active planets in our
Solar System with hundreds of volcanic centers of activity. The
high rate of resurfacing of lo by lava flows and sulfurous plume
deposits obscures the tectonic features and the mechanism respon-
sible for the formation of high mountains on lo is not yet well
understood. Nevertheless, three more distinct type of topography
may be identified: elevations of the north and south poles which
are moderately high and low respectively; topography in the equa-
torial region which consists of four alternating long wavelength
high and low regions; and distributed short wavelength topogra-
phy that is well correlated with the observed surface heat flux.

Based on the observations of the near-infrared mapping spec-
trometer (NIMS), results from the Solid State Imaging System
(SSI) and from ground based observations; Lopes-Gautier et al.
(1999) identified 61 active volcanic centers. Their detection meth-
odology for 41 hot spots was based on NIMS and/or SSI, while the
remainder of the hot spots was detected mainly on the basis sur-
face changes. Their analysis shows that the distribution of the per-
sistently active hot spot centers (with the activity period ranging
from months to years) does not reveal any clear correlation with
latitude or longitude, Voyager-derived planetary topography
(Fig. 94, reconstructed from Ross et al., 1990), or heat flow patterns
from the asthenosphere and deep mantle tidal dissipation model
predictions. The persistent hot spot and active plume distribution
(concentrated toward lower latitudes), however, is somewhat con-
sistent with the asthenosphere rather than the deep mantle dissi-
pation model but the agreement is poor. Fig. 9b and c presents a
reproduction, of the panels of Fig. 5 of Lopes-Gautier et al. (1999)
in which the active volcanic centers are superimposed over the
heat flow patterns predicted by Ross et al. (1990). In Fig. 9b the

identified hot spots (plus signs) are superimposed on the heat flow
patterns derived from deep mantle tidal dissipation models,
whereas in Fig. 9c the heat flow pattern is based on the astheno-
sphere tidal dissipation model of Ross et al. (1990). As can be in-
ferred from the second and third panels of this figure, the
observed hot spots are not well correlated with the heat flow map.

A more recent spectral analysis based on spherical harmonics
(Kirchoff et al., 2011) reveals a strong degree-2 component in the
distribution of volcanic centers consistent with asthenospheric or
predominantly asthenospheric tidal heating in which the maxi-
mum heating is generated at two regions longitudinally separated
by 180° (Fig. 9¢) near the equatorial region. This degree 2 spatial
distribution in volcanic centers is shown by red zones in Fig. 10b
(Kirchoff et al., 2011). The analysis reveals that at higher degrees
the spectrum is white, indicating the randomness of the distribu-
tion. Their study also shows that, based on the volcanic and high
topography features identified by Schenk et al. (2001), at low de-
grees the volcanic and mountainous distributions are anti-corre-
lated (Fig. 10). Fig. 11 is a reproduction of Fig. 3 of Rathbun et al.
(2004) and displays the high resolution composite temperature
map for lo, derived from different observations (the night-time
effective temperature photopolarimeter-radiometer (PPR) open
filter, superimposed on a solid state image (SSI) map). Due to Gali-
leo viewing limitations (Jupiter-facing hemisphere at night), only
the longitude range 150-360° is shown. The average wavelength
of the hot spots displayed in this map is consistent with the topog-
raphy and heat flow spatial scale predicted by our layered model
results shown in Figs. 3-5, and 7 (~9°). Small scale convection in
the asthenosphere may therefore account for the short wavelength
surficial features of lo.

Previous numerical studies that rely on isostatic adjustment and
the assumption of isostatic compensation of the long-wavelength
topography and ignore the impact of convection on surface topog-
raphy (Ross et al., 1990) have suggested the applicability of two dif-
ferent models: the thermal swell model and the differentiated
lithosphere model. Their calculations are based on heat flow calcu-
lations with assumed rates of tidal dissipation in a viscous astheno-
sphere and deep mantle (which are assumed to account for 2/3 and
1/3 of the heating respectively). In the thermal swell model, the
composition of the lithosphere and the asthenosphere is assumed
to be the same and the lithosphere is thermally higher in density
by 1.6% (Gaskell et al., 1988). In the differentiated lithosphere mod-
el the lithosphere is assumed to be lower in density by 7%. The ther-
mal swell model results in a positive correlation between the heat
flow and topographic elevation, while in the differentiated litho-
sphere model the heat flow and topography are anti-correlated.
These two model topographies can show positive correlation with
the observed long wavelength topography of lo (Fig. 9a) if they
are rotated longitudinally by 25° (greater longitudes) and —25°
(smaller longitudes) in the case of the differentiated lithosphere
model topography (Fig. 3b of Ross et al., 1990) and the thermal
swell lithosphere model topography (Fig. 4b of Ross et al., 1990),
respectively. However, the preferred model of these authors is the
differentiated lithosphere model suggesting a zonal rotation to-
ward the smaller longitudes. Such a zonal rotation could conceiv-
ably occur due to an exchange of spin angular momentum
between the lithosphere and asthenosphere. Despite the partial
successes of these models in predicting the general features of the
long wavelength topography of o neither has been able to explain
the short wavelength characteristics of the surface heat flow.

Other numerical convection models with tidal dissipative heat-
ing in the asthenosphere and mantle (Tackley et al., 2001) provide
similar heat flow patterns of long wavelength. Owing to the high
rate of tidal heating in the interior of lo, which requires modeling
at very high Rayleigh numbers, and due to the fact that there is
very large viscosity variation in the interior of lo, numerical
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Fig. 8. (a) Absolute radial mass flux profiles at few evolution times for the model with no heat removed, (b) cumulative radial mass profile at a single snapshot for the model
with no heat removed, (c) similar to (a) but for the model with 96% heat removed, and (d) similar to (b) but for the model with 96% heat removed.

modeling of the dynamics is a challenging problem. The previous
work on Io convection relies upon application of a scaling scheme,
the goal of which is to reduce the Rayleigh number. In this study
we have employed a control volume formulation of the convection
problem which enables us to treat large viscosity contrasts at high
Rayleigh number explicitly. Using it we have investigated the style
of convection in the interior of Io and its impact on surficial
features.

Our modeling results demonstrate that the short wavelength
that is characteristic of Ionian surface heat flux is expected to be
well correlated with the layered intra-lithospheric small-scale con-
vection (LILSSC) in lo. Four sequences of models were designed to
understand the style of convection in the interior of Io with large
variations of viscosity and a very low viscosity asthenosphere. In
the first sequence of models the internal heating was ignored
and the model results revealed that small-scale convection devel-
oped in the asthenosphere of the planet which directly impacts
the surface heat flow distribution. Small scale convection in the
asthenosphere of lo persisted in the second sequence of models
where a tidal heating rate with the proportionality of 2/3 and 1/3
was included in the asthenosphere and lower mantle respectively.
Compared to the model in which the tidal heating is present but is
not removed from the interior of lo, the maximum velocity in the

asthenosphere and surface topography for the model in which
the majority of the tidal heating (96%) was removed from the inte-
rior of planet are low by a factor of 10 and 15, respectively (Figs. 6
and 4b). Based on a scaling method extrapolating from low Ray-
leigh numbers to high Rayleigh numbers, the Cartesian models of
Tackley et al. (2001) predict mean flow velocities of 50-5600 m/yr.

Our model results suggest that the short wavelength topogra-
phy of lo that is correlated to the observed heat flow cannot exceed
a few hundreds of meters in height which is within the error esti-
mates of the observations. The expected short wavelength portion
of the surface topography may be explained by small-scale convec-
tion cells in the satellite’s asthenosphere which are triggered by
the thermal instabilities that develop at its upper boundary. These
instabilities are therefore transferred by small scale convection to
the base of the asthenosphere, and are in turn responsible for trig-
gering long wavelength convection in the lonian mantle (due to the
viscosity contrast between the Ionian asthenosphere and mantle).
The large scale features of the lonian topography, however, may be
accounted for either by a model involving isostatic compensation
or by the large scale convection originating from the astheno-
sphere or mantle which modulates the small scale features gener-
ated by the small scale convection cells. In the preferred model of
Tackley et al. (2001) designed on the basis of that of Ross et al.
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Fig. 9. (a) Contour map of the elevation (in km) of Io’s surface with respect to the reference triaxial ellipsoid based on a spherical harmonic representation up to degree 4
(reconstructed from Ross et al. (1990)), (b) deep-mantle tidal dissipation model, and (c) asthenosphere tidal dissipation model (heat flow contours in watts per meter
squared). Active volcanic centers (reconstructed form Lopes-Gautier et al. (1999)) are superimposed over the heat flow patterns predicted by Ross et al. (1990).

(1990), with 1/3 mantle and 2/3 asthenosphere heating distribu-
tion, the wavelength describing the characteristic length between
the heat flux minima and maxima is larger than the characteristic
wavelength describing the spacing between the hot spot peaks at
the surface of lo (Rathbun et al., 2004); their model results never-
theless appear to produce a reasonable fit to the general features of
the long wavelength topography.

Our model results reveal that the long wavelength of the surface
topography of Io may be correlated to the lateral variations of the
tidal dissipation in the asthenosphere (Tackley, 2001; Tackley

et al., 2001). This depends on the viscosity in the asthenosphere re-
gion being at least two orders of magnitude higher than the previ-
ous estimations. Lower values of the viscosity in the asthenosphere
of Io enhance mixing in the asthenosphere which diminishes the
impact of lateral variation in tidal heating on the surface long
wavelength topography. An alternative possibility is that the long
wavelength surface topography originates from the mantle, how-
ever, since a very low viscous asthenosphere can buffer mantle
from the lithosphere a higher viscosity asthenosphere is more
plausible.
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Fig. 10. (a) Hammer equal area projection of the spherical harmonic representation of the equally weighted mountain distributions truncated at | = 4. (b) Hammer equal area
projection of the spherical harmonic representation of the total volcanic center distribution truncated at [ = 6. Red colors indicate more dense concentrations and blue colors

indicate relatively less dense concentrations. Black dots represent the actual positions of the mountains (a) or volcanic centers and paterae (b). Reproduced from Kirchoff et al.
(2011).
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Fig. 11. Map of night-time effective temperature in PPR open filter, superimposed on an SSI map of lo. Hot spots observed near lo’s limb are elongated perpendicular to the

limb when projected onto the map. Contour interval is 2.5 K, and contours above 130 K are omitted to avoid hiding the sources of the brightest hot spots. The figure is taken
from Rathbun et al. (2004). For the labels of hot spots and other details refer to this reference.
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Further analyses will be necessary to more fully understand the
nature of the coupling between the small scale and large scale
dynamics and the relation to surface features. Our control volume
models also suggest that the Ionian high mountains cannot be pro-
duced by the mantle or intra-lithospheric upwelling plumes alone.
Other mechanisms, most likely including distinct tectonic events
must be responsible for the highest surficial features on lo. Among
a number of tectonic mechanisms yet to be studied, the scenario of
a faulted crust which is under compression due to the subsidence
caused by the uniform global volcanic resurfacing appears to be the
more plausible (Turtle et al., 2001).
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