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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
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affected basins, causing basin geometries and strand-
line positions to change over time and potentially influ-
encing tributary base levels and the positions of proxi-
mal basin divides and outlets. It is likely that litho-
spheric deflection would have caused shoreline areas
proximal to deep regions to subside (and subsequently
rebound) more than those near shallow regions. An
Airy isostatic approximation provides an end-member
estimate of the magnitude of the effect of water load-
ing and indicates that the shoreline elevation of a wa-
ter body of a given volume can differ significantly (up
to hundreds of meters) depending on whether or not
the water load is included in the isostatic balance.
Such a model does not directly address differential
subsidence or rebound because it ignores the flexural
strength of the lithosphere; however, more appropriate
two-dimensional flexure calculations support the notion
that sets of Martian strandlines should reflect varia-
tions in loading. Thus, current searches for geological
evidence of large ancient Martian water bodies (liquid
or solid) should not necessarily involve the assumption
that water-marginal features of common age will collec-
tively lie in horizontal planes today. We report on work
in progress involving analytical thin elastic shell flex-
ure models in spherical geometry to investigate regional
effects of loading Mars’ lithosphere by large water bod-
ies by including a water load in the flexure equations.
We use this preliminary scheme to estimate differential
rebound magnitudes for various basins. Our ultimate
goal is to calculate the flexural deflection for actual
Martian basins loaded by water (or ice) and to combine
this long-wavelength deflection with the MOLA-derived
topography in order to analyze relationships between
predicted horizons and the positions of outlet divides,
tributary base levels, or possible ancient strandlines.
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The Tharsis region of Mars is an extensive volcan-
otectonic province that dominates the western hemi-
sphere of the planet. The southeast portion of Tharsis
is comprised of the tectonic plateau of Thaumasia, a >
2500 km diameter quasi-circular plateau standing ∼4
km above the surrounding cratered highlands. The in-
terior high plains are circumscribed by the mountain
belts of Coprates Rise, Thaumasia Highlands, Warrego
Rise, and Claritas Rise in the south and east, by Syria
Planum in the west, and Valles Marineris to the north.
The gravity data provided by the Mars Global Sur-
veyor reveals a several hundred km wide negative free-
air gravity anomaly in the adjacent cratered highlands
peripheral to the Thaumasia Plateau in the south and
east. This is likely the result of burial by less dense
sediments and volcanics of a flexural trench produced
by the load placed on the lithosphere from the high-
standing plateau and mountains. The flexural wave-
length of the buried trench indicates that the elastic
lithosphere was ∼30 km in thickness at the time of load
emplacement. Coronae on Venus commonly display a
similar topographic configuration: a central plateau
higher than the surrounding terrain, a raised rim, and
a peripheral flexural moat. Similarities with ∼2600 km
diameter Artemis Corona are evident. Having under-
gone very little alteration since its formation, Artemis
Corona provides a relatively pristine analog as a basis
for comparison and offers clues to the incipient forma-
tion of the Thaumasia region of Tharsis. We present
a lithospheric flexure model that fits the gravity and
topography across the buried trench. This provides
constraints on parameters such as crustal, mantle, and
trench infill densities, crustal and lithospheric thick-
nesses, and the amount of initial uplift and/or volcanic
construction required prior to relaxation.
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Earth appears unique among the terrestrial plan-
ets in possessing plate tectonics, an ’active-lid’ mantle
convection regime. Most other planets appear to be
in a stagnant-lid regime, where the convective stresses
due to mantle convection are unable to generate fail-
ure in the rigid surface boundary layer. Venus shows
evidence for a catastrophic overturn event at 750Ma,
based on the cratering record. The tectonic regime of
a planet, and the magnitude and distribution of heat
production within it, are both factors in governing the
internal temperatures, and subsequently melt produc-
tion rates on the terrestrial planets. We use the Moresi
and Solomatov (1998) failure criteria for brittle litho-
sphere, which is dependent on mantle temperatures,
and boundary layer scalings for interior temperatures
in internally heated systems to show a relationship be-
tween internal heat production and tectonic regime on
the terrestrial planets. Crustal thickness variations
also contribute to interior mantle temperatures in two
ways: providing a heterogeneous surface boundary con-
dition, and depleting the mantle of heat producing el-
ements. We present two-phase convection simulations
to show the conditions under which each of these two
effects are dominant, and the effect they have on the
melt production history of a planet.
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The goal of our effort is to find such an interior
structure of Venus which best predicts the geoid data.
Our models are based on different kinds of topography
support. The predicted data are compared with ob-
served ones on the basis of common spectral methods
and localization methods. First, we apply the principle
of isostasy and we look for an average apparent depth
of compensation (ADC). For the whole spectrum, dom-
inated by the low degrees, a 165 km depth is found
which might correspond to a bottom of the lithosphere.
However, the predicted geoid does not fit well to the ob-
served data in the whole spectral interval. Studying the
degree-dependent ADC and the admittance function we
obtain a uniform depth of compensation around 35 km
for degrees higher than 40. For the geoid at degrees
lower than 40 we propose a dynamic origin. This hy-
pothesis is investigated in the framework of the internal
loading theory. Assuming that the buoyancy force does
not vary with depth (which roughly corresponds to a
plume-like style of mantle convection) we can well ex-
plain about 90% of both geoid and topography. The
best fit to the data and the observed admittance func-
tion is found for the viscosity profile with a 100 km
thick lithosphere and a viscosity increase by factor 10-
100 through the mantle. Second, we analyze our results
by means of multiresolution methods. This technique
is generally a useful tool for filtering the full-spectra
signal. In comparison with the spherical harmonics the
wavelet base (or some other suitable function) is well
localized (i.e. has non-zero amplitudes only in a vicin-
ity of the point of interest). So using this method we
obtain true field anomalies without artificial oscilla-
tions. In our study of geoid and topography of Venus we
can also look at localized ”qualitative” fields: correla-
tion and admittance. There are two major approaches
- spectral one presented by Simons et al. (1997) and
spatial one presented by Kido et al. (2003). We use
the later one motivated by a possible improvement of
resolution in the selected regions. For an intermediate
and short wavelengths the spherical harmonic expan-
sions of the geoid contain too much of global signature
which makes the local features unreadable. In contrast,
the use of a localization function gives us a clear picture
with individual features. This could be a base for in-
tuitive comparison of structures on the given scale - in
our case observed and predicted fields. Localization of
the qualitative functions as of correlation or admittance
could give us information about observed geophysical
models as well as about degree of agreement with our
results and spatial errors. References: Kido, M., D.A.
Yuen, and A.P. Vincent, Continuous wavelet-like filter
for a spherical surface and its application to localized
admittance function on Mars, Phys. Earth Planet. In-
ter., 135, 1-16, 2003. M. Simons, S. C. Solomon, and
B. H. Hager, Localization of gravity and topography:
Constraints on the tectonics and mantle dynamics of
Venus, , Geophys. J. Int., 131, 24-44, 1997.
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Potential field data and topography are one of the

primary sources of information on the internal and rhe-
ological structure of the terrestrial planets. As one
example, the elastic properties of the lithosphere can
be estimated by comparing a planet’s gravity signature
with its topography by analyzing the cross-spectral
properties of these fields (i.e., the spectral admittance
function). On the Earth, effective elastic thickness cal-
culations are usually performed in the Fourier domain
on locally flat surfaces. On the Moon, Mars and Mer-
cury, however, the effects of curvature on both the
spectral estimations and gravity calculations become
too important to neglect. Moreover, without ground-
truthing from land-based local surveys, spherical har-
monic representations of the gravity field usually pro-
vide the primary data. The joint optimization between
spectral and spatial resolution is well studied on flat
surfaces and has led to a variety of methods employ-
ing multiple data tapers or wavelets. While wavelet
methods have also been developed for the sphere, these
methods are of limited utility in analyzing gravity-
topography admittance functions as no such theoret-
ical relationship exists in the “scale” domain. While
primarily a wavelet analysis, Simons et al. (GJI, 131,
1997) developed a forward model inversion approach
in which both gravity and topography data were win-
dowed in the space domain, and the obtained windowed
admittance function was compared with a similarly
windowed model. The windowing function used in that
paper was somewhat ad hoc (a spectrally-truncated
spherical-cap was utilized), and here we refine their
method in terms of finding the optimal data window
(or windows) for a given spectral bandwidth. The anal-
ogous problem of finding optimally space-concentrated
band-limited data windows in the spherical harmonic
domain is Slepian’s well-known classic Fourier concen-
tration problem. We show how the solution of the
associated eigenvalue problem leads to a class of mu-
tually orthogonal data windows, which can be calcu-
lated semi-analytically. We study the spatial concen-
tration properties of such tapers and discuss their spec-
tral characteristics in function of their spherical har-
monic bandwidth. In certain limiting cases, the tapers
appear to be scaled versions of each other, which allows
their calculation by interpolation without the repeated
solution of the eigenvalue problem. In comparison with
the windows employed by Simons et al., for a given
spectral bandwidth, our windows are found to have
a slightly greater spatial concentration (approximately
91% as opposed to 90%). However, for a bandwidth of
only a few degrees greater than that used by Simons et
al., our concentration factor rapidly approaches unity.
The natural absence of sidelobes and the orthogonal
nature of our data tapers lead to an accompanying re-
duction of the error bars in the spectral estimates, and
further allows the analysis of spatio-spectral coherences
by averaging over multiple spectral estimates. Using
this method we will present localized elastic thickness
estimates of the ancient martian and lunar highlands.
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Lacking the possibility of direct examination of

Mars’ interior at least in the present days, mathemat-
ical models – so-called thermal evolution models – are
of key importance for the understanding of the planet’s
history and its present structure. However, due to
the complexity of the corresponding processes and the
enormous computer power needed to study these pro-
cesses, thermal evolution models often investigate the
internal dynamics of a planet by the use of appropri-
ate scaling laws. While these scaling laws imply crucial
simplifications they cannot provide information about
the dynamics of internal processes like the actual plan-
form of mantle convection or its effects on the tecton-
ics of the planetary surface. In order to take a step
beyond present models and to study especially the in-
terplay of internal dynamics and surface tectonics, we
apply a three-dimensional (fluiddynamical) mantle con-
vection model to study the internal evolution of Mars.
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Particularly to investigate the plausibility and the cir-
cumstances of an early plate-tectonic episode on Mars
without introducing it artificially, i.e. by the means
of boundary conditions. In order to study the thermal
evolution of the planet we consider thermally driven
convection in an incompressible boussinesq fluid with
infinite Prandtl number. The fluid is both heated from
below and from within applying a variable core tem-
perature (depending on the temperature at the CMB)
and a temporally declining heatproduction rate. The
governing equations are solved on a 3D Cartesian do-
main using a Finite Volume technique. The model
has proven to be well suited to study mantle convec-
tion under consideration of strongly temperature- and
depth-dependent viscosity and to investigate the cou-
pling of mantle convection and plate tectonics. Calcu-
lations that model the so-called stagnant lid mode of
convection, which is the present state of the martian
mantle, yield results that are in good agreement with
those acquired by models employing parameterized con-
vection. These studies will improve the understanding
of the very early part of Mars’ evolution, especially a
potential episode of plate tectonics. The main ques-
tion that is addressed by our studies is whether such
a period showing a tectonically active surface is dy-
namically plausible for Mars and if so, what are the
circumstances of the following transitional period (e.g.
initiation, duration etc.)
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Compared to other basaltic shergottites, the Los
Angeles martian meteorite is more differentiated and
contains higher concentrations of incompatible ele-
ments and late-stage phases such as phosphates. Los
Angeles is composed mainly of plagioclase and py-
roxene, with minor amounts of titanomagnetite, il-
menite, fayalite, pyrrhotite, phosphates and alkali- and
phosphate-rich glass. We first performed chemical anal-
yses of sulfides in LA sample ME3277,1 with the elec-
tron microprobe. Then sulfur ratios were measured by
ion microprobe using a Cs+ primary beam and moni-
toring S- secondary ions with extreme energy filtering
of 300eV. Instrumental mass bias was corrected using
the Norilsk pyrrhotite as a standard. Pyrrhotite has
nearly constant composition in LA, with minor, vary-
ing amounts of cobalt, nickel and titanium present. Our
results compare well with previously published com-
positions of shergottite sulfides, confirming composi-
tional homogeneity throughout the meteorite. Aver-
age δ34S for the pyrrhotite in Los Angeles was 0.5±
0.3o/oo with a range of -0.2 to +1.3o/oo. Our S iso-
topic measurements also compared well with those of
other basaltic shergottites, where δ34S values cluster
around 0o/oo, the same value associated with terres-
trial ocean floor basalts. The δ34S values for LA are
those expected for a magmatic (primary) origin. The
range measured is well within the reported range of
all shergottites of -2.9 to +3.8o/oo. The similarity of
Martian basalt S isotopic ratios to those in terrestrial
MORBs suggests that the recent Martian mantle sul-
fur reservoir is similar to that of the Earth’s. However,
some Martian samples, which are significantly older,
e.g. ALH48001, have values that are far removed from
zero. This suggests that these samples were affected by
a different fractionation processes or that the S reser-
voir has been heterogeneous in time and/or space.
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SNC meteorites (shergottites, nakhlites and chas-
signite) are widely accepted as their origin from Mars.
Although individual SNC meteorites have been studied
intensively to understand their petrogenesis, a question
of how the parental magma was generated in Martian
mantle has never been answered. Considering the ab-
sence of plate tectonics in Martian mantle, upwelling
plume could be the only way to generate magma in
Martian mantle. In addition, SNC meteorites have ini-
tial 143Nd/144Nd and 87Sr/86Sr ratios of which range
is wider than all terrestrial basalts. Their strongly
depleted and enriched isotopic compositions suggest
the existence of terrestrial-mantle like depleted reser-
voir and crust-like enriched reservoir in Mars. In this
study, we propose a new geochemical model involving
upwelling plume from the deep Martian mantle, based
on the results of high-pressure experiments and the geo-
chemical analyses from the literatures. Our model suc-
cessfully explains the early evolution of Martian mantle
reservoirs in relation to the isotopic and trace element
characteristics of later generated SNC source magmas.
Our model assumes basically three steps, (1) the early
mantle differentiation by magma ocean ( 4.5Ga) to pro-
duce the deep mantle reservoir, (2) the first stage melt-
ing of a plume to produce nakhlites magma ( 1.3Ga),
and (3) the second stage melting of the same plume
to produce shergottites magma (<600Ma). We exam-
ine plausible physical and chemical conditions (pres-
sure, temperature, mineral assemblages and melting de-
gree) at each step to estimate rare earth element (REE)
compositions of magmas. These estimated REE com-
positions are well agreement with the parental magma
compositions of nakhlites and shergottites which are es-
timated from the pyroxene core compositions. For the
further examination of this model, initial 143Nd/144Nd
and 87Sr/86Sr ratios of the nakhlite and shergottite are
calculated with our model assuming the bulk-silicate
Mars initial 143Nd/144Nd and 87Sr/86Sr ratios equal
to 0.506726 (CHUR at 4.53 Ga) and 0.698840 (ADOR),
respectively. The calculated isotopic compositions are
in accordance with measured SNC initial isotopic com-
positions. It is therefore concluded that the majorite
fractionation during the early differentiation of Mars
would play a key role to produce mantle reservoir in
deep Martian mantle and that the two-stage melting of
single plume from the lowermost mantle can produced
SNC magmas.
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It has long been hypothesized that iron and per-

haps sulfur are important contributors to the cores of
terrestrial planets. In order to assess the incorpora-
tion of sulfur in a metallic iron core, we must under-
stand phase relations in the Fe-S system at high pres-
sure and temperature. The absence of structure and
pressure-density data for the Fe3S2 and Fe2S high-
pressure phases limits the ability to fully character-
ize the Fe-S system at high pressure and temperature.
In this study, we report new experimental results on
the stability, in-situ structure, and P-V-T equations
of state of the high-pressure iron-sulfur compounds.
Experiments were performed in a multi-anvil appara-
tus using an 8/3 assembly at beamline BL04B1 in the
SPring-8 synchrotron facility. FeS and Fe were mixed in
appropriate proportions (Fe3S2 and Fe2S) and loaded
into a MgO capsule. The MgO capsule material was
also utilized as an internal pressure calibrant. The Fe-
FeS mixtures were first pressurized to about 20 GPa at
room temperature. The sample was then heated with
a rhenium foil heater to 1073 K and held at that tem-
perature for two to four hours to promote formation of
the high-pressure Fe-S phase. Temperatures were mea-
sured using a W0.05Re-W0.26Re thermocouple. X-ray
diffraction data of the samples were collected at appro-
priate time intervals to address reaction kinetics. The
relative intensities of the diffraction lines associated
with metallic Fe and the high-pressure Fe-S compounds
(Fe3S2 or Fe2S) decreased and increased, respectively,
with time. The observed diffraction peaks at simul-
taneous high pressure and temperature will be used to
determine the in-situ structures of Fe3S2 and Fe2S. We

also obtained P-V-T data for Fe3S whose structure type
has been previously determined, over a wide pressure-
temperature range. These data will be used to con-
structed density profiles of S-bearing iron cores and to
evaluate core composition models
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Core formation was a significant event in Earth’s
early history, affecting both the geophysical and geo-
chemical properties of our planet. Understanding the
mechanics of metal-silicate segregation is important for
interpreting the observed properties of the mantle. Pre-
vious hydrostatic experiments on metallic melts of core
composition in silicate matrices demonstrate that the
dihedral angle between an Fe-Ni melt and olivine is
relatively high (i.e., > 60◦), hence, the melt would
be trapped in a solid silicate, unless the critical melt
fraction for interconnection were exceeded. Even then,
draining of metallic melt would leave a higher melt frac-
tion stranded after the pinch-off boundary was crossed
than is observed in the mantle. The results of these hy-
drostatic annealing experiments left the magma ocean
hypothesis as the only viable method for core forma-
tion. It is unlikely, however, that the state of stress in
an accreting terrestrial planet was hydrostatic. To un-
derstand the effect of deformation on the distribution of
a metallic melt in dunite, simple shear experiments on
olivine + 1-9 vol% Fe-S were performed at a confining
pressure of 300 MPa and a temperature of 1473-1523
K in our gas-pressure medium deformation apparatus.
Previous simple shear experiments on olivine + 5 vol%
Fe-S revealed the development of Fe-S melt rich bands
oriented at 20◦ to the shear plane and antithetic to
the shear direction. The melt fraction in these bands
is 0.20-0.25, a value that is well above the critical melt
fraction for interconnection, while between the bands
the melt fraction is 0.02-0.03. Electrical conductivity
tests by Yoshino et al. (2003) on olivine containing an
Fe-S melt revealed a dramatic increase in conductivity
at a melt fraction between 0.03 and 0.06, a range that
these authors interpreted as the critical melt fraction
for porous flow for this metallic melt - silicate matrix
system. Therefore, our previous experiments on olivine
+ 5 vol% Fe-S were near or at the critical melt frac-
tion, and porous flow of metallic melt might then be
expected. Porous flow of metallic melt is necessary for
the development of bands, but the ranges of melt frac-
tions and strains required to segregate the melt are un-
known. Experiments are now in progress to determine
the minimum melt fraction at which melt segregation
will occur in metallic melt - olivine rocks.
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To date, laboratory studies of partially molten man-
tle rocks have reached melt fractions φ ∼ 0.15, a value
much smaller than thought to be appropriate for the
asthenosphere of Io where the degree of partial melt-
ing may be 40% or higher. Therefore, we have per-
formed a series of high temperature, triaxial compres-
sive creep experiments on dry synthetic peridotites in
a gas medium apparatus at a confining pressure of 300
MPa and temperatures from 1450 to 1523 K in order
to understand the influence of large amounts of melt
(0.15 < φ < 0.40) on the rheological behavior of par-
tially molten rocks. Mechanical mixtures of crushed
and dried San Carlos olivine (1-10 µm) plus MORB (∼8
µm) were isostatically hot pressed at 1450 K and 300
MPa for 4 h. Microstructural analysis indicates that af-
ter hot pressing the melt is homogeneously distributed
between grain-size melt pockets at triple junctions and
smaller pockets at two, three and four grain junctions.
Analysis of stress vs. strain rate data from a sample
containing φ = 0.23 ± 0.04 MORB with a grain size
d = 9.3 ± 2.3 µm deformed at 1450 K and differen-
tial stresses of 10 to 75 MPa in the diffusional creep
regime (stress exponent n = 1) demonstrates that the
viscosity may be as much as three orders of magnitude
higher than that predicted by a flow law reported for
peridotites, where viscosity η ∝ exp(-25 φ). For exam-
ple, diffusional creep data from the sample with φ =
0.23 scaled to a grain size of 1 mm and extrapolated to
a temperature of 1900 K (a possible value in Io’s inte-
rior) yields a viscosity of 3x1018 Pa s, compared to a
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viscosity of 2x1015 Pa s calculated from the flow law
and published results from numerical models with vis-
cosity values of 1017 Pa s for a homogeneous convect-
ing mantle and 108 to 1012 Pa s for a thin convect-
ing asthenosphere. Therefore, additional experiments
on partially molten mantle rocks with relatively high φ
are required to constrain the dynamic properties of Io’s
mantle.
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Extinct nuclide (182Hf, 53Mn, 26Al) evidence sug-
gests that achondrite parent planets formed and differ-
entiated within 2-4 Ma of the origin of the Solar Sys-
tem. Since then many of these parent planets have
been disrupted, often leaving behind only fragments
of their cores in the form of iron meteorites. Thus,
chemical and isotopic studies of iron meteorites can
provide important information about the early differ-
entiation of asteroidal parent bodies. Iron meteorites
exhibit both old metal-silicate segregation ages (182Hf-
182W extinct nuclide system) and younger crystalliza-
tion ages (long-lived 187Re-190Pt-187,186Os systems).
To make use of the discordant age information exhib-
ited by different isotopic systems we have initiated a
study aiming to model the trace element behavior dur-
ing the early stages of planetary evolution together
with the isotopic evolution of both long-lived and ex-
tinct isotope systems. We expect to establish reliable
timescales of the metal-silicate fractionation and core
crystallization in the parent planets of iron meteorites.
For the purpose of such study we have obtained, for
the first time, a consistent set of concentrations of Mo,
Ru, Rh, W, Re, Os, Ir, Pt, and Au in the iron mete-
orites Arispe, Bennett County, Grant, Cape of Good
Hope, Cape York, Carbo, Chinga, Coahuila, Duch-
esne, Gibeon, Henbury, Mundrabilla, Negrillos, Odessa,
Sikhote-Alin, and Toluca. The measurement technique
involves EPMA and LA-ICP-MS analyses of individ-
ual phases of iron meteorites, followed by calculation
of bulk compositions. The comparison of our LA-ICP-
MS data for a number of iron meteorites with high-
precision isotope dilution and INAA data demonstrates
good precision and accuracy of our technique. The nar-
row ranges of variations of Mo and Pd concentrations
within individual groups of iron meteorites suggest that
these elements can provide important insights in the
evolution of parent bodies of iron meteorites. Mo con-
centrations can be used to estimate mass fractions of
the metal-sulfide cores in the parent bodies of iron me-
teorites. Pd variations within a group of iron mete-
orites can serve as a useful indicator of S content in
the core of its parent body.
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All but one of the nests of deep moonquakes found
during and immediately following the Apollo missions
were on the near (Earth-facing) side of the Moon. A
possibility remains, however, that there are many more
deep moonquake nests on the far side but they escaped
our detection because of the high attenuation of shear
waves through the lunar lower mantle; without clear
shear-wave arrivals it was nearly impossible to identify
them visually on seismograms. To pursue this possibil-
ity, we have recently started a computer search to iden-
tify far-side deep moonquakes among 9000+ events that
remained unidentified at the end of our earlier analy-
sis. This involves several steps: (1) waveform cross-
correlation of every possible pair of previously uniden-
tified events to find formerly unrecognized groups of
events with matching waveforms; (2) stacking of wave-
forms to enhance signal-to-noise ratio; (3) picking of
seismic phases on the stacked seismograms; and (4) lo-
cation of newly identified nests. So far, we have com-
pleted the first two steps and are now preparing to per-
form step (3). We have identified nearly 250 new nests,
of which 88 show finite-amplitude signals at three or
more stations. Preliminary examination of the stacked
waveforms reveals that there are at least 15 new nests
for which the waveforms are similar to those of the lone
far-size deep moonquake nest, A33, found earlier, with

no distinct shear-wave arrivals at some stations, and
thus constituting potential candidates for far-side deep
moonquakes. In addition, at least 13 of the newly iden-
tified seemingly near-side nests are clearly in the south-
east quadrant of the Moon, where there was a large
gap in deep moonquake distribution earlier. Reliable
picking of P- and S-wave arrivals must be done with
greatest care. We are now looking into possible use of
receiver functions to perform this task.
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We observed Mars using HST during Aug. and Sept.

2003. These observations took advantage of the closest
Earth-Mars encounter in nearly 60,000 years as Mars
passed within 0.372 AU of Earth and subtended an
apparent angular diameter of 25.1”; this is the clos-
est the planet will come to Earth until the year 2287.
We used four instruments on HST to take advantage
of this unprecedented spatial resolution as well as the
telescope’s unique UV and near-IR capabilities. The
observations were also designed to provide scientific
and calibration data that are complementary to obser-
vations being obtained from Mars orbit by the NASA
Mars Global Surveyor and Mars Odyssey spacecraft.
Our observing program consisted of: (1) Multispec-
tral images using the WFPC2 CCD camera at six ro-
tational aspects and using 10 to 12 filters spanning
255 nm to 1042 nm. These observations have a spa-
tial resolution of 13 km/pixel near the sub-Earth point
on the planet. The filters were chosen to detect at-
mospheric ozone in the UV, weak crystalline F e3+ ab-
sorptions in the UV and visible/near-IR in altered sur-
face or airborne dust materials, and F e2+ absorptions
in the near-IR from relatively less-altered volcanic ma-
terials, and to extend the long-term coverage at these
wavelengths from WFPC2 programs in 1997, 1999, and
2001; (2) Multispectral images using the NICMOS near-
IR camera at four rotational aspects and using 15 fil-
ters covering 970 to 2370 nm. These observations have
a resolution of 13 to 26 km/pixel near the sub-Earth
point. The NICMOS filters were chosen to detect CO2
and water vapor/clouds as well as surface OH-bearing
minerals; (3) Multispectral and multi-polarization im-
ages using the ACS/HRC CCD camera imaging a sin-
gle hemisphere of the planet over 5 phase angles from
6o to 16o. These observations have a resolution of
7 km/pixel near the sub-Earth point–the highest spa-
tial resolution observations of Mars ever made from the
Earth. The ACS filters, three 120o polarizers, and
phase angles were all selected to characterize the na-
ture of the Mars phase curve, which can reveal infor-
mation about the physical and compositional properties
of the materials; and (4) Imaging spectroscopic obser-
vations using the STIS CCD spectrograph at four ro-
tational aspects and from 270 to 590 nm at a spec-
tral resolution of 0.275 nm/channel. The 0.2x50” STIS
slit was ”pushbroomed” to generate hyperspectral im-
age cubes of the surface south of about 40oN and at
approximately 13x52 km/spectrum. These data are
being analyzed for evidence of absorption features di-
agnostic of specific F e3+ mineral phases on Mars as

well as information on the physical and radiative prop-
erties of airborne dust. All of the planned observa-
tions have been successfully acquired and highlights
will be shown here. The martian atmosphere was rel-
atively free of both dust and water ice clouds during
this southern Mars summer/perihelion observation pe-
riod (Ls=250o). These observations can be directly
compared to our similar 2001 HST measurements that
were taken during conditions of high atmospheric dust
opacity, providing an excellent opportunity to derive
new information on dust compositional and physical
properties from the comparison of dusty and dust-free
observations from the same instruments and at compa-
rable spatial scales.

URL: http://hubblesite.org/newscenter/2003/22/
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In the next five years there will be global data sets

for Mars spanning the wavelength range 0.4-50 microns
encompassing the reflected solar and emitted thermal
regimes (pan-spectral). These data sets provide criti-
cal information on surface mineralogy and composition.
The reflected solar region is most sensitive to electronic
processes associated with iron minerals (e.g. ferric ox-
ides, mafic silicates) and vibrational processes associ-
ated with hydroxyl, water, and other anions. The emit-
ted thermal region is sensitive to the lattice mode vi-
brations of minerals. Thus these regions are extremely
complementary in the specific information provided,.
While laboratory measurements have been used to in-
vestigate the pan-spectral properties of materials, we
have just completed a study of the pan-spectral prop-
erties of the martian surface using spacecraft observa-
tions. We merged data from the spatially-limited ISM
experiment that flew on the Phobos-II mission in 1989
with thermal emission observations from the TES ex-
periment with arrived at Mars in 1998. Our strategy
was to test hypotheses developed through the analysis
of ISM data (electronic and vibrational spectroscopic
interpretations) with TES data (lattice-mode interpre-
tations). The key areas of investigation are the com-
position of dark regions, mineralogic interpretations of
unique materials on the floor of Eos Chasma, varia-
tions in spectral properties across Syrtis Major, and
the mineralogy of hydrated deposits typical of dark red
regions. Dark region mineralogies are complementary
and consistent using pan-spectral analysis, though dif-
ferences remain on the nature of the pyroxene com-
position. The materials on the floor of Eos Chasma
are apparently more pyroxene rich than typical dark
materials. The variations in visible and infrared spec-
tral properties across Syrtis Major are most consistent
with penetrative oxidation rather than surface coat-
ings. And the mineralogy of dark red regions is con-
sistent with a sulfate-cemented dust. The results indi-
cate that with new global visible-infrared data sets to
complement the existing global thermal infrared data,
a highly refined picture of martian surface composition
will emerge.
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Syrtis Major Planum is a classical low albedo fea-

ture on Mars that contains one of the largest shield vol-
canoes on the planet. It is the only volcano of its size
that is nearly free of a spectrally obscuring dust layer,
making it an ideal target for investigation using the full
range of available Mars datasets. Recent datasets from
Mars Global Surveyor and Mars Odyssey provide com-
positional and morphologic information that has not
been incorporated previously. Shaded relief topography
from MOLA data presents the clearest view of the over-
all scale and morphology of the volcano. Lava flows,
wrinkle ridges, and structural features all are readily
discernable. THEMIS daytime and nighttime IR im-
ages supply a new level of detail on the morphology
of the lava flows. The nighttime images are especially
well suited to identifying flows, which appear slightly
warmer than their surroundings. A clear radial pattern
is evident emanating from the summit caldera complex.
The occurrence of these flows is notably biased toward
the western half of the volcano, perhaps indicative of an
age or compositional asymmetry. Spectral indices sen-
sitive to compositional variations in TES thermal IR
data generally correspond with this asymmetry. Vari-
ations in visible/near infrared spectral parameters ob-
served in Phobos 2 ISM data also depict an east/west
asymmetry. A picture is emerging in which volcanic


