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The Solar System Exploration Decadal Survey was

made public in draft form in June 2002. It lists 12 key
scientific questions, of which 4 are most relevant to the
planet Jupiter: 1. Over what period did the gas giants
form, and how did the birth of the ice giants (Uranus,
Neptune) differ from that of Jupiter and its gas-giant
sibling, Saturn? 2. What is the history of volatile
compounds, especially water, across our solar system?
3. How do the processes that shape the contemporary
character of planetary bodies operate and interact? 4.
What does our solar system tell us about the devel-
opment and evolution of extrasolar planetary systems,
and vice versa? The Decadal Survey, which was asked
to provide a prioritized list of the most promising av-
enues for flight investigations, recommended a Jupiter
Orbiter with Probes (JPOP) as the highest priority gi-
ant planets mission in the New Frontiers line. The goals
of that mission are: 1. Determine if Jupiter has a cen-
tral core to constrain ideas of its formation 2. Deter-
mine the planetary water abundance 3. Determine if
the winds persist into Jupiter’s interior or are confined
to the weather layer 4. Assess the structure of Jupiter’s
magnetic field to learn how the internal dynamo works
5. Measure the polar magnetosphere to understand its
rotation and relation to the aurora JPOP was proposed
as a high inclination orbiter whose low equatorial per-
ijove enabled it to make detailed measurements of the
gravitational and magnetic fields as well as the polar
magnetosphere. The probes mainly addressed the wa-
ter abundance and deep winds. The gravitational field
measurement also addressed the deep winds as well as
the central core. The JIMO opportunity arose after
the Decadal Survey report was written, and is different
from the opportunity afforded by a New Frontiers mis-
sion. JIMO offers a potential breakthrough in remote
sensing: The 1-3 Mbps data rate is 2 orders of magni-
tude greater than that of previous missions. The cir-
cular orbit offers continuous planet viewing during the
3 months between satellite encounters. The 10-30 kW
of power offers advantages for radio occultations and
other active sensors. In addition, JIMO can carry a
probe, which can determine the water abundance, deep
winds, and thermal structure to 100 bars. At the Fo-
rum on Concepts and Approaches for JIMO in Hous-
ton, Texas on June 14-15, 2003, the Atmospheres and
Rings Subgroup came up with the following prioritized
list of objectives: 1. Composition, structure, chemistry,
and dynamics of Jupiter’s atmosphere. 2. Composition,
structure, and dynamics of icy moon atmospheres. 3.
Composition, structure, dynamics, and time variabil-
ity of the atmosphere of Io. 4. Nature of the inter-
action between magnetosphere, satellites, and Jupiter.
5. Structure, composition, energy budget, and variabil-
ity of satellite tori. 6. Structure and particle proper-
ties of the Jovian ring system Each objective has sev-
eral prioritized investigations, and each investigation
has a prioritized list of measurements. These will be
presented at the meeting. Some of the measurements
require a probe; others can be done from the JIMO
orbiter. With or without a probe, the JIMO mission
can answer fundamental questions about atmospheres,
rings, and satellite tori in the Jupiter system.
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Galileo in-situ dust measurements have shown that
the Galilean moons are surrounded by tenuous dust
clouds formed by collisional ejecta from their icy sur-
faces, kicked up by impacts of interplanetary microme-
teoroids. The majority of the ejecta dust particles have
been sensed at altitudes below five radii of these lunar-
sized satellites. Average particle radii were between
0.5 and 1 micron, just above the detector threshold,
indicating a size distribution decreasing towards big-
ger particles. The dust particles in the clouds con-
sist of surface material from their parent bodies. They
carry information about the properties of the surface
from which they have been kicked up. In particular,
these grains may carry organic compounds and other
chemicals of biological relevance if they exist on the
icy Galilean moons. In-situ analysis of the grain com-
position with a sophisticated dust analyzer instrument
flying on a Jupiter Icy Moons Orbiter can provide im-
portant information about geochemical and geophysi-
cal processes during the evolutionary histories of these
moons which are not accessible with other techniques
from an orbiter spacecraft. Thus, spacecraft-based in-
situ dust measurements can be used as a diagnostic
tool for the analysis of the surface composition of the
moons. This way, the in-situ measurements turn into a
remote sensing technique by using the dust instrument
like a telescope for surface investigation. An instru-
ment capable of very high resolution composition anal-
ysis of dust particles is the Cometary Secondary Ion
Mass Analyzer (COSIMA). The instrument has been
built for ESA’s comet orbiter Rosetta and is based on
a high-resolution reflectron-type time-of-flight ion mass
spectrometer.
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Io is the only place beyond Earth where we can
watch geological processes in action. It has much to
teach us about large-scale volcanic processes in gen-
eral, the history of the early Earth, which at one time
may have had a heat flow approaching Io’s 2 – 3 W
m−2, and the nature of tidal heating in the Jupiter
system and beyond. Though the nominal mission of
the proposed Jupiter Icy Moons Orbiter (JIMO) does
not include close approaches to Io, the mission can still
make unique and important contributions to the un-
derstanding of Io and its active volcanism. Dynamic
volcanic phenomena (e.g., active lava flows and pyro-
clastic events) typically evolve on timescales of hours
to weeks and on spatial scales up to tens of kilome-
ters. However, existing coverage of Io does not cover
this range of spatial and temporal scales, and thus has
provided very limited ability to watch volcanic activity
as it happens. Galileo provided spatial resolution down
to a few meters but temporal resolution no better than
a few months, and Earth-based techniques provide tem-
poral resolution down to hours or days but spatial res-
olution no better than ∼ 100 km. A 0.5 meter aperture
telescope on JIMO could image Io from the distance of
Ganymede with diffraction-limited resolution ranging
from 1 km in the visible to 25 km at 10 µm. Io ob-
servations could be concentrated in the several-month
periods of Jovicentric orbit while JIMO transfers be-
tween icy satellite orbits, causing minimal interruption
to JIMO’s icy satellite mapping program. If JIMO has
a scan platform capable of rapid pointing, full-disk ob-
servations of Io could be taken as frequently as once
per hour, for example, interleaved with observations of
other targets such as Jupiter and long-range observa-
tions of the icy satellites. Io-optimized instrumentation
would include the following: (i) A 0.2 – 0.3 µm spectro-
graph for mapping atmospheric SO2 and other species;
(ii) Visible imaging in several broadband and narrow-
band filters from 0.35 – 1.0 µm, for geomorphology and
observations of plumes and pyroclastic deposits, and
atmospheric emissions in eclipse; (iii) A 1 – 5 µm spec-
trograph for both reflectance spectroscopy of surface
species and measurements of the temperature and area
of hot volcanic materials via their thermal emission;
and (iv) thermal infrared imaging in several broadband
filters from 5 – 30 µm, for studies of lava flow cool-
ing, surface thermal inertia, and global heat flow. With
this instrumentation we could watch the complete evo-
lution of several major eruptions on Io over the course
of the JIMO mission. Science results would include,
for example: (i) Magmatic temperatures during the
early phases of major eruptions, providing critical con-
straints on magma composition and Io’s interior struc-
ture; (ii) Rates of supply of gas from volcanic erup-
tions to Io’s atmosphere, and condensed volatiles to
its surface; (iii) The influence of major eruptions on

Jupiter’s magnetosphere, using other magnetospheric
observations from JIMO; (iv) Rates of magma genera-
tion, providing constraints on volcanic ”plumbing” and
lava composition; (v) Accurate measurement of Io’s en-
dogenic heat flow and its spatial distribution, with im-
plications for understanding Io’s interior structure and
the orbital and tidal evolution of all the Galilean satel-
lites. While science return would be even greater if
JIMO was able to approach Io closely, huge advances
in our understanding of Io will be possible even from
relatively distant observations, if Io science is given suf-
ficient priority in the planning of JIMO’s instrumenta-
tion and observations.
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The Jupiter Icy Moons Orbiter (JIMO) presents an
opportunity to greatly improve our understanding of
the most dynamic body in the solar system. Io is the
best place to study tidal heating of the Galilean moons,
provides unique insights into Earth history and is a
unique laboratory for basic planetary physics. Many
important questions about Io remain after Galileo that
cannot be addressed from Earth or Earth orbit, but
could be answered by limited observing time from
JIMO with the appropriate instrumentation. Here we
outline objectives in the infrared. We discuss two major
science issues that can be addressed with infrared ob-
servations from JIMO: Io’s heat flow and surface chem-
istry. This would build on the results from the Galileo
NIMS and PPR experi-ments. Tidal Heating: A ma-
jor puzzle is that recent estimates (using ground-based
and Galileo observations) are higher than predicted by
steady-state tidal heating rates. It is necessary to un-
derstand why this is so on Io to properly understand
tidal heating on Europa. We need high spatial resolu-
tion measurements of the spatial distribution of Io’s
thermal radiation and accurate measurements of its
bolometric Io’s surface chemistry: Io’s surface chem-
istry is still largely unknown except for SO2, which is
ubiquitous on the surface. The composition of Io’s very
high temperature magma is unknown. Since surface ar-
eas not covered by SO2 are fairly small (a few km2),
infra-red spectroscopic observations at spatial resolu-
tions around 1 km, which would be unique to JIMO,
are needed. Two major limitations of the existing long
wavelength coverage on Io are limited spatial coverage
at high spatial resolution - particularly at high spectral
resolution and limited coverage of the Jupiter facing
hemisphere. The former prevents obtaining unmixed
spectra of unique surface features (such as fresh flows)
- and the latter has makes it difficult to interpret global
behavior of Io. To understand Io, one needs to map Io
at spatial resolutions better than one kilometer over the
spectral range 0.8 to about 40 microns, and to obtain a
reasonable spatial coverage at spectral resolutions high
enough to measure isotopic fractionation. The spectral
range includes iron bands (0.8-1.3 microns, mineral and
volatiles bands (1-15 microns) and thermal measure-
ments (0.8 to 40 microns). Most these needs could be
met with limited observing time from JIMO, an-swering
many of the important remaining questions about Io.
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Tidal dissipation in Jupiter is the ultimate source
of the energy that powers Io’s volcanism and may
also be an important cause of heating in Europa and
Ganymede. However, the mechanism of jovian tidal
dissipation is still unknown. In general, there are two
possibilities that can work in a fluid planet: 1) some
viscous process in the interior of the planet (although
eddy viscosity due to convective overturning can be ex-
cluded because of the large mismatch between the tidal
period and the convective eddy timescale); or 2) the
generation of inertia-gravity waves (a natural conse-
quence of tidal forcing in any stably stratified fluid)
that propagate to the upper atmosphere before break-
ing. Our calculations rule out the possibility that a
stable, resonant, ducting layer in the atmosphere or
outer envelope of Jupiter would result in large wave
amplitudes and dissipate enough energy to account for
a longterm average tidal dissipation factor (Q) of 105.
But, we cannot exclude the possibility that a stable
layer (perhaps due to composition gradients) in the
deep interior would have this effect. The resulting en-
ergy flux (∼ 1021 erg/s) would be an important factor
in the thermospheric heat balance. Thus, by monitor-
ing Jupiter’s atmosphere to determine the amplitude
of the tidal wave response, JIMO would contribute to
the understanding of the longterm orbital and thermal
evolution of the Galilean satellites, while also shedding
light on Jupiter’s interior structure and upper atmo-
spheric heat balance. Even a negative result would be
valuable. Although global jovian atmospheric oscilla-
tions have been difficult to observe, the fact that we
know the tidal frequencies and wavenumbers exactly
will make it possible to add even random or oppor-
tunistic observations in phase to enhance the desired
signal. We estimate that the waves will have a temper-
ature amplitude less than 1 K, but a horizontal wind
amplitude of up to 10 m/s at the 100 mbar level of the
atmosphere.
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Ultraviolet spectroscopy is an important tool for
further understanding of the icy galilean satellites, in
addition to Jupiter, Io and the Io torus. In this presen-
tation, we explore the past accomplishments using UV
spectroscopy in the jovian system, and future meas-
urements to be made to increase our knowledge of this
exciting environment. The icy Galilean satellites are
known to have tenu-ous atmospheres of H, O, O2 and
CO2, among other species. A hydrogen corona (121.6
nm) has been de-tected around Ganymede and Callisto.
An O2 atmos-phere has been inferred at Europa as a re-
sult of HST measurements of oxygen emission features.
Observa-tions using an orbiter need to be performed to
map out these atmospheric species spatially and tempo-
rally to better understand their sources. A very sensi-
tive UV instrument is needed to do limb measurements
to de-tect outgassing (particularly at Europa). It is
not clear whether the primary source of the tenuous
atmospheres is sputtering of the surface ice, sputter-
ing of subli-mated gases, or photolysis. A UV spec-
trograph on JIMO will be able to map out the atmo-
sphere and cor-relations can be made between abun-
dances of atmos-pheric species and the varying types
of sputtering of the surface by charged particles. How
thick are the atmospheres, and do they vary across
the surface? Is Ganymede’s atmosphere relatively thin
due to magne-tospheric shielding? Auroral activity has
been detected on Ganymede using HST, where the po-
lar regions appear to glow with oxygen emission lines at
130.4 and 135.6 nm. Longitudinal asymmetries appear,
however, in the HST data, as do latitudinal and tempo-
ral variations that are not understood. The icy satel-
lites of Jupiter are embedded within the magnetosphere
and as such, are constantly bom-barded by the charged
particles that populate it. The bombardment results
in the formation of species that are detectable exclu-
sively at NUV wavelengths (e.g., O3, H2O2, SO2). As
such, by imaging these bombard-ment-produced species
at UV wavelengths, we can essentially map out the en-
vironmental effects on the icy surfaces. Furthermore,
UV spectra complement observations from longer wave-
lengths and have been used to confirm the existence of
species detectable in both wavelength ranges. An ex-
ample is the detection of hydrogen peroxide (H2O2) on
Europa. An absorp-tion feature at 3.25 mm measured

by the Galileo NIMS was confirmed to be due to H2O2
only after the perox-ide feature was also seen in the
UV spectra. The H2O2 UV feature has also been mea-
sured on Ganymede and Callisto. Furthermore, ozone
(O3), which absorbs at 260 nm, has been detected on
Ganymede primarily in the polar regions, suggesting
that the source is bom-bardment by electrons travel-
ling along the field lines and impacting the polar ice.
The SO2-like UV absorp-tion feature that appears on
Europa’s trailing hemi-sphere is likely correlated with
dark material in re-cently active areas that also causes
absorptions in IR spectra [9], and is likely the result of
a combination of exogenic and endogenic activities.
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The Galilean satellites have provided varying evi-

dence for current, or recent, geological activity. Surface
change on volcanic Io is frequent and widespread, while
Europa’s young surface and potential subsurface ocean
layer indicate recent activity which could extend to the
present day. Ganymede and Callisto have more ancient
surfaces, but the detection of possible ocean layers be-
neath their icy surfaces suggests that ongoing geologi-
cal activity cannot be ruled out. A number of methods
are available to search for and characterize current ge-
ological activity, and such observations should be car-
ried out by any upcoming mission to the Jovian system
such as JIMO. 1) Change detection: Comparisons of
images of the same portion of the surfaces of the satel-
lites, taken on subsequent orbits or missions, can be
used to search for differences due to geological activity
(Phillips et al. 2000 JGR 105, 22579). Effective com-
parisons require filters at comparable wavelengths and
bandpasses to Galileo (and perhaps Voyager), and im-
ages of regions observed by Galileo taken at the same
phase angle, wavelength, and resolution. Such observa-
tions can monitor ongoing volcanic activity on Io, even
from distant imaging taken while orbiting other satel-
lites. These images should be optimized at Europa, but
it is worth studying images of Ganymede and Callisto
as well, especially at higher resolutions, to see if any
changes have taken place since Galileo or Voyager. 2)
Plume searches: High-resolution imaging sequences at
locations where periodic stresses favor plume activity,
as well as global-scale images including the limb of the
planet, can be used to search for plume activity on Eu-
ropa. Regular plume monitoring can also be used to ob-
serve volcanic activity on Io. An orbiting spectrometer
could look for particular outgassed constituents from
the satellites, and monitoring of the space environment
surrounding Europa by charged particle detectors on
a future mission could allow detection of plume activ-
ity by searching for enhancements in the gas torii sur-
rounding the satellites. 3) Thermal anomalies: Visible
and IR imaging may be able to detect thermal anoma-
lies due to intrusions of warm water / ice for hundreds
of years on Europa, and larger-scale thermal plumes
could leave areas of thinner crust for up to 1 Myr. that
could be detected by radar sounding. Thermal imaging
of Io can reveal information about the heat flow at Io’s
volcanoes, and should be performed for Europa as well
as Ganymede and Callisto to look for localized thermal
anomalies.
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In the prospect of the JIMO mission, we design a

protocol to determine the internal structure of the icy
Galilean satellites, by means of geodetic measurements.
In that purpose we analyze the influence of each single
parameter of the internal structure on the tidal behav-
ior of these bodies (change of shape, induced gravity
field, tidal phase lag). The range of variation of each
feature is defined from observational constraints, geo-
dynamical modeling, and uncertainties on our knowl-
edge of the physical properties of the materials involved
in the models. Given a level of accuracy required on
the measurements, this allows us to discriminate the
features that can be unambiguously determined, from
the one which will remain estimated with assumptions,
and those for which geodetic measurements will not im-
prove our level of knowledge. We also consider the in-
formation provided by other instruments possibly on-
board JIMO (Radar, Remote sensing), complementar-
ily to our approach. In application of these results, we

present a program inverting simultaneously the Love
numbers and tidal phase lag, based on a simulated an-
nealing algorithm, and taking also into account con-
straints provided by other sources of information (ob-
servations and geodynamical modeling). This program
has been designed in the prospect of the forthcoming
measurement of Titan’s gravity field by Cassini Radio
Science Subsystems. Inversion of realistic test values
for the Galilean satellites are presented as examples of
application.
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Observations of Europa, Ganymede and Callisto
obtained from encounters by the Galileo spacecraft
strongly suggest the possibility of liquid oceans under
the icy shells of these Jovian satellites. The strong tidal
environments in which these moons are found and the
fact that a planetary body with internal fluid under-
goes greater deformation than an otherwise solid body
make a compelling case for using tidal observations as
a method for ocean detection. Given the high degree of
uncertainty in our knowledge of the interiors of these
moons, a comprehensive geodetic program measuring
different physical signatures related to tidal deforma-
tion and interior structure is preferred to using sepa-
rate and various interior parameters that may not be
as closely tied to actual measurable quantities. Po-
tential and displacement tidal Love numbers, libration
amplitudes of the surface ice shell and rocky mantle,
static topography and gravity fields and other quan-
tities should all be included in the measurement ob-
jectives. Many geodetic techniques rely heavily upon
orbital positions of the spacecraft. Their accurate de-
termination depend on factors such as the orbital con-
figuration, the gravity fields of the icy moons, as well
as the duration and geometry of tracking. Given the
competing science, engineering and planetary protec-
tion demands, orbital accuracy subject to constraints
has become a critical mission design issue. Orbit de-
termination simulations and covariance analyses will be
used to investigate the achievable accuracies of space-
craft position and geodetic signatures under different
orbital and tracking scenarios.
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A set of concepts are proposed for the Jupiter Icy
Moons Orbiter (JIMO) to apply Radio Science tools to
investigate the interior structures of the Galilean Satel-
lites and address key questions on their thermal and
dynamical evolution. Multi-frequency Doppler track-
ing and ranging of the orbiter can be used to mea-
sure the gravity harmonic coefficients of the satellites
as well as their secular and dynamic potential Love
numbers. These measurements will confirm the pres-
ence of a subsurface ocean and constrain the oceanic
density. Under the assumption of hydrostatic equilib-
rium, the core’s size and density will be determined.
The potential tidal phase lag, a function of the vis-
cosity profile, will be determined or limited for each
body. Altimetry data produce local topography and
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topographic harmonic coefficients as well as the topo-
graphic Love number. Combining the gravity and to-
pography data will determine the mean as well as the
spatial variations of the crustal thickness and produce
a model of the cryospheric structure. This knowledge
leads to understanding the mechanisms of topographic
support or compensation and any large-scale geomor-
phological features related to the interior. Accelerome-
ters measure the non-gravitational forces acting on the
spacecraft, a typical systematic noise type in the grav-
ity data and, thus, improve the accuracy of the mea-
surement. Gradiometers improve the resolution of the
data by providing higher spatial resolution in the grav-
ity field and its correlation with the topography. The
resulting information will be crucial to establishing the
link between surface and internal dynamics leading to
identifying the terrain with easiest ocean access and
to understanding the origin of the chaotic terrains and
ridges. Time observations of surface features enable
an examination of the difference between the obliquity
and inclination which, when combined with the grav-
ity data, provide a measurement of the moments of in-
ertia. High stability coherent transponders at X- and
Ka-bands feeding high power transmitters will likely be
the nucleus of the orbiter’s telecommunication system.
Augmentation will include a stable clock, accelerom-
eter(s) and gradiometer(s). Incorporating an altime-
ter among the suite of JIMO instruments is important.
The altitude of the spacecraft, the number of orbits and
system noise limit the degree and order of each gravi-
tational field. Simulation show that Europa’s gravita-
tional Love number can be determined to better than
0.002 (one-sigma) far exceeding the value needed to in-
fer the presence of an ocean. A capable Radio Science
investigation with JIMO will lead to detailed knowl-
edge of the interior structure of the Galilean Satellites.
Altimetry, accelerometery, gradiometry as well as sur-
face feature tracking will supplement the investigation
to further understand the dynamical evolution. Atmo-
spheres and surfaces of the satellites will also be stud-
ied via the Radio Science instrument.
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There is mounting evidence for a deep (∼ 100 km)

ocean beneath Europa’s icy outer shell. This ocean is
maintained by heating that results from tidal interac-
tions between Europa and Jupiter. If the global tidal
heat flux of ∼ 8.7 x 1012 Watts enters the base of the
ocean through its rocky crust an average thermal gra-
dient of approximately 150◦C/km is expected. Such
a high thermal gradient, coupled with localized mag-
matism and crustal deformation is likely to generate
enough rock permeability to maintain active hydrother-
mal circulation through the Europan crust. In anal-
ogy with hydrothermal activity beneath the seafloor on
Earth, we assume that crustal permeability is similar
to that estimated at mid-ocean ridges, that hydrother-
mal fluids would reach similar temperatures (∼ 300-
400◦C), and that hydrothermal activity accounts for
1/2 of the crustal heat loss. The major difference be-
tween hydrothermal activity on Europa and on Earth
would then stem from the large differences in gravita-
tional acceleration between the two bodies (1.31 m/s2

on Europa versus 9.8 m/s2 on Earth). As a result
of the low gravitational acceleration on Europa, buoy-
ancy driven hydrothermal flow would be nearly an order
of magnitude smaller than on Earth, all other factors
being equal. Consequently, the heat transported by
Europan hydrothermal systems would typically be sig-
nificantly less than their Earthly counterparts. Since
the total hydrothermal heat flux on Europa and on
Earth are within a factor of two, hydrothermal activity
on Europa is likely characterized by more numerous,
but lower heat flux systems. How this style of high-
temperature hydrothermal activity affects ocean circu-
lation, melt through events, planetary resurfacing, and
the evolution of life needs to be further considered.
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Spatial and temporal patterns of tidal stress and

dissipation within the Galilean satellites are important

keys to understanding the dynamics of these bodies.
Most past studies have emphasized the role of orbital
eccentricity in tidal forcing. There is an additional
component of tidal forcing due to finite obliquities of
these bodies. The present values of satellite orbital
inclinations and obliquities are not particularly rep-
resentative of their respective longer term variations.
As a result, the tidal stress and dissipation regimes at
present may not provide adequate explanation of the
sources of surface features seen on the satellites. On
relatively short time scale (< 104 years), the satellite
inclinations and obliquities can be approximated by a
model which treats the spin pole of Jupiter as inertially
fixed. In that case, each satellite orbit plane responds
to torques from the oblate figure of Jupiter, mutual
interaction with the other satellites, and a weak solar
torque. The free oscillation periods of this system are
(7.358, 29.63, 139.97, and 547.89) years. The satellite
spin pole motions are driven by torques from Jupiter,
acting on the oblate figures of the satellites. The spin
pole precession periods are (0.66, 5.16, 31.9, and 320)
years. In order to understand longer term variations in
forced obliquities of the Galilean satellites, and the re-
sulting variations in tidal forcing, we have investigated
the response of the system composed of four satellite
orbits and the spin of Jupiter to varying solar torques.
The solar torque varies as the orbital inclination of
Jupiter varies, on time scales of 105-106 years. The
dominant source of orbital variation is exchange of an-
gular momentum between the orbits of Jupiter, Saturn,
Uranus, and Neptune. In the secular variation model
of Laskar [1988] there are 50 Fourier terms represent-
ing the orbit pole of Jupiter. The response of each
of the objects (Jupiter’s spin and satellite orbits) is a
weighted sum of normal mode responses, with weights
proportional to the forcing amplitude but also deter-
mined by proximity of the forcing period to the normal
mode period. The free oscillation periods of the 5-body
system are (7.365, 29.635, 139.56, 546.16, and 536,500)
years. The spin pole precession period of Jupiter, with-
out satellites, would be 980 kyr, but solar torques on
the satellite orbits, coupled to Jupiter via its oblate-
ness, shorten that period to 536 kyr. The largest source
of uncertainty in this estimate is the polar moment of
inertia of Jupiter, which has a 4% uncertainty. One
of the larger terms in Laskar’s secular orbital model is
nearly in resonance with the lowest frequency term in
the 5-body system. This allows substantial variations
in the obliquity of Jupiter and the satellite orbital incli-
nations on 105 year time scales. As the satellite orbits
evolve under tidal influence, the strength of resonant
forcing will vary.
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The Tharsis Rise is an area of extensive volcanism
containing the largest shield volcanoes in our solar sys-
tem. A number of investigators have suggested that the
sustained volcanism, areoid and topographic anoma-
lies that comprise the Tharsis Rise to be the result of
a mantle plume. Harder and Christensen (1996) pre-
sented a calculation for convection in a Mars-sized body
that resulted in a single plume. However, their calcu-
lation evolved through stages of several plumes down
to a single plume and took greater than the age of the
solar system to develop into a single plume. Efforts to
remove the isostatic contribution to the areoid and iso-
late the dynamic contribution have shown that while
much of the long wavelength signal can be explained
by the crust, there is a significant mantle component
(Kiefer et al., 1996; Whitesell and King, 2001). Fur-
thermore, dynamic models suggesting Tharsis is largely
supported by convection (Kiefer et al., 1996; Harder
and Christensen, 1996; Harder, 2000; Kiefer, 2001) can
justify the young ages of the Tharsis shield volcanoes.
Thus, there is reason to believe that a mantle plume
may exist beneath Tharsis. Research conducted thus
far has consisted of varying the Rayleigh number and
rate of internal heating in an isoviscous rheology and
activation energy in a temperature-dependent rheology.

The areoid and topography over isoviscous plumes in
a Mars-sized body are greatly reduced with increasing
Rayleigh number and internal heating. Calculations
over temperature-dependent plumes show that after a
thick, strong lithosphere forms, the areoid and topogra-
phy from a plume become even smaller. The calculated
admittance over these plumes shows that the admit-
tance over a plume forming in a temperature-dependent
rheology closely resembles the shape of the observed
admittance on Mars (Figure 2, Kiefer et al. 1996). Ad-
ditionally, the areoid calculated using only the upper
150 km of the temperature field in our temperature-
dependent rheology calculation is over 500 m. This
strongly points to a large negative component of the
areoid due to the presence of a plume below 150 km
which would reduce the areoid anomaly. Thus, mod-
els that assume the areoid can be explained by litho-
spheric erosion or shallow compensation would greatly
over-estimate the areoid. These results suggest that a
plume may exist under the Tharsis Rise.
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Alba Patera, one of the largest volcanoes in the
planetary system, is situated at the northern periph-
ery of the Tharsis rise and is characterised by numer-
ous graben-dike systems. A study of the fault or dike
geometry combined with finite element modelling and
analogue experiments allows to assess the influences of
regional and local tectonics on the volcano. The graben
configuration reflects a change of regional stress orien-
tation and magnitude from the Tharsis centre to the
periphery. To the south of Alba Patera, the branch
of oldest grabens indicates a significant regional E-W
extension. At higher latitudes, the direction of the re-
gional extension turned towards NW-SE. Its influence
on the structural pattern was important near the vol-
cano centre and decreased toward the north. However,
volcanism and tectonics at Alba Patera were largely un-
coupled from the Tharsis activity. Broad uplift cen-
tred on Alba Patera better explains the radial pattern
of dike swarms that occurred from the edifice centre
to the northern pole along 1000 km distance. Cou-
pled with the giant dike swarms, the widespread vol-
canism of Alba Patera’s early phase is similar to the
flood basalt provinces commonly associated to hotspot
and continental rifting episodes on Earth. Local up-
lift was followed by subsidence of smaller wavelength
responsible for the formation of concentric grabens on
the upper and mid flanks of the volcano. The circu-
lar fracturing represents a long-term mechanism active
during several ten or even hundreds of Myrs account-
ing for mantle dynamic processes. An increase of den-
sity of the mid and lower crust by intrusion and sub-
sequent cooling below Alba Patera probably formed a
local stress field that superposed on the regional tec-
tonics. The study of Alba Patera allows to reconstruct
the successive tectonic and magmatic events from the
birth to the death of an hotspot.
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Hypothesized ancient Martian water bodies con-

tained in large basins such as Argyre, Hellas, and the
northern lowland plains would have represented mas-
sive surficial loads. Earth analogs suggest that the
magnitudes of lithospheric displacements due to water
loading would have varied spatially within and around


