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DUSTBUSTER: A PROPOSED JIMO INSTRUMENT, FOR JOVIAN SATELLITE AND 
RING DUST ANALYZER.  T. J. Ahrens1, J. L. Beauchamp1, D. E. Austin2, M. J. Willis1 and A. H. Shen1, 
1California Institute of Technology, Department of Geological and Planetary Sciences, Pasadena, CA 91125; 
2California Institute of Technology, Department of Chemistry, Pasadena, CA 91125; 2Sandia National Laboratories, 
Albuquerque, NM 87185 

 
Introduction: The JIMO mission carrying a dust 

analyzer such as Dustbuster[1] allows chemical analy-
sis of satellite composition through measurements of 
micrometeorite impact ejecta that are predominantly 
surface material, the composition of Io’s volcanic 
plumes and  the makeup of the Jovian rings. If JIMO 
deploys a satellite impactor, the mass and altitude dis-
tribution of ejecta as measured by Dustbuster (DB) 
will place strong constraints on the strength and poros-
ity of satellite surface material, complementing the 
chemical analysis. 

Instrument Description: DB [Fig 1] is a compact 
time-of-flight mass spectrometer for the in-situ analy-
sis of cosmic dust [1]. The velocity of charged parti-
cles is measured upon passing through charge sensitive 
entrance grids. Particle impact onto the target plate 
generates ions. These are accelerated and focused by 
the reflectron before reaching an MCP detector. Im-
pact pressure is recorded by piezoelectric sensors, de-
termining mass. The novel design combines high-mass 
resolution with large target area. We calibrated DB 
using laser ablation and hypervelocity particle impact. 
The demonstrated mass resolution, m/∆m=150-350 for 
ions <~150 daltons[2] is sufficient to resolve isotopic 
abundances. A JIMO  version will  have a very large 
target area. 

Satellite Dust Clouds: Micrometeorite ejecta in-
duce dust clouds discovered by Galileo within a few 
satellite radii of Europa, Ganymede and Callisto [3]. 
Particle impact rates for DB are shown in Tables 1, 2 
& 3. Fluxes are derived from Galileo data, incorporat-
ing corrections due to side-wall impacts [3]. Calibra-
tion experiments are under way to obtain mass spectra  
demonstrating the capability of DB to identify trace 
quantities of biogenic molecules in a H2O ice matrix. 

References: [1] Austin D.E. et al. (2002) Rev. Sci. 
Instr., 73, 1, 185-189. [2].Austin D.E. et 
al.(2003),Hypervelocity microparticle impact studies 

JGR –Planets (in press). [3] Krüger H. et al. (1999) 
P&SS, 48, 1457-1471. [4] Willis et al. (2003) Infl. of 
imp. ionizn. detn meth. on determ. particle flux in 
space, Subm. P&SS. [5] Ip W.-H. (1996) GRL, 23, 24, 
3671-3674. [6] Liou J.-C. et al. (1997) LPSC XXVIII. 
[7] Krivov A.V. et al. (2002) Icarus, 157, 436-455. [8] 
Krüger H. et al (2003) Dust Meas. in Jup. Gossamer 
Ring, avail. at http://www.mpi-hd.mpg.de/galileo/ 

 

 
Figure 1: Schematic of Dustbuster (DB). Velocity of 
incident charged particles is measured by charge-
sensitive grid, and impact pressure by a piezoelectric 
detector. 

 
Table 2: Impact flux at 0.5 satellite radii from Europa 
(Table 1) with various DB target areas 

Target Area m2 0.065 0.1 0.3 0.65 
Impacts min-1 1.8 2.8 8.4 18 

 
Table 3: Impact Flux for DB 

 Io  Plumes 
[5] 

Streams 
[6] 

Himalia 
[7] 

 Ring 
[8] 

Impacts 
min-1 m-2 

~105 103 10-3 ~800 

Particle 
Mass (g) 

~10-12 ~10-18 10-13-10-10 10-12 

 
 
Table 1: Impact Flux (10-12-10-9g) for DB. 

 Europa Ganymede Io 
Altitude (Satellite Radii) 0.5 1 5 0.5 1 5 0.5 1 5 

Period (min) 210 322 1678 261 402 2090 193 297 1541 

Impacts min-1 m-2 28±10 13±4 6±3 16±8 6±3 .5±.5 187±47 58±29 4±2 
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RADIO SCIENCE CONCEPTS AND APPROACHES FOR JUPITER ICY MOONS ORBITER.                    
J. D.  Anderson1, S. W. Asmar1, J. C. Castillo2, W. M. Folkner1, A. S. Konopliv1, E. A. Marouf3, N. J. Rappaport1, 
G. Schubert4, T. R. Spilker1, G. L. Tyler5, M. M. Watkins1, C. F. Yoder1, 1Jet Propulsion Laboratory, California 
Institute of Technology, (sami.asmar@jpl.nasa.gov), 2National Research Council/Jet Propulsion Laboratory, 3San 
Jose State University, 4University of California, Los Angeles, 5Stanford University. 

 
 
Introduction: Radio Science experiments have 

been conducted on most deep space missions leading 
to numerous scientific discoveries. A set of concepts 
and approaches are proposed for the Jupiter Icy Moons 
Orbiter (JIMO) to apply Radio Science tools to inves-
tigate the interior structures of the Galilean Satellites 
and address key questions on their thermal and dy-
namical evolution. Measurements are identified that 
utilize the spacecraft’s telecommunication system.  
Additional instruments can augment these measure-
ments in order to leverage observational synergies. 
Experiments are also offered for the purpose of inves-
tigating the atmospheres and surfaces of the satellites. 

Interior Structure: Multi-frequency Doppler 
tracking and ranging of the orbiter can be used to 
measure the gravity harmonic coefficients of the satel-
lites as well as their secular and dynamic potential 
Love numbers. These measurements will confirm the 
presence of a subsurface ocean and constrain the oce-
anic density. Under the assumption of hydrostatic 
equilibrium, the core’s size and density will be deter-
mined. The potential tidal phase lag, a function of the 
viscosity profile, will be determined or limited for each 
body.   

Altimetry data produce local topography and to-
pographic harmonic coefficients as well as the topog-
raphic 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. 

Accelerometers measure the non-gravitational 
forces acting on the spacecraft, a typical systematic 
noise type in the gravity data and, thus, improve the 
accuracy of the measurement. Gradiometers improve 
the resolution of the data by providing higher spatial 
resolution in the gravity field and its correlation with 
the topography. The resulting information will be cru-
cial to establishing the link between surface and inter-
nal 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 gravity 
data, provide a measurement of the moments of inertia. 

Atmospheres:  As the spacecraft passes behind the 
Galilean Satellites as viewed from Earth, opportunities 
abound to conduct radio occultation experiments for 
the purpose of profiling detectable ionospheres of the 
bodies and to investigate their interaction with the 
Jovian magnetosphere. Occultations by Jupiter and Io 
would be important targets of opportunity. Diffraction 
corrected measurement of the length of multiple occul-
tation chords, accurate to a few meters, provide inde-
pendent determination of the occulted body shape and 
local limb topography. 

Surfaces: Strong echoes with unusual polarization 
properties characterize monostatic Earth-based radar 
observations of the Galilean satellites.  Complemen-
tary bistatic scattering observations over a broad range 
of scattering angles and surface locations can yield a 
wealth of new information regarding surface physical 
properties and roughness in regions where surface 
scattering dominates, and the nature of the medium 
penetrated by the radio signal in regions where volume 
scattering dominates. 

Instrumentation: High stability coherent trans-
ponders at X- and Ka-bands feeding high power trans-
mitters will likely be the nucleus of the orbiter’s tele-
communication system. Augmentation will include a 
stable clock, accelerometer(s) and gradiometer(s). In-
corporating an altimeter among the suite of JIMO in-
struments is important. 

Expected Results: The altitude of the spacecraft, 
the number of orbits and system noise limit the degree 
and order of each gravitational field.  Simulation show 
that Europa’s gravitational Love number can be deter-
mined to better than 0.002 (one-sigma) far exceeding 
the value needed to infer the presence of an ocean. 

Summary: A capable Radio Science investigation 
with JIMO will lead to detailed knowledge of the inte-
rior structure of the Galilean Satellites.  Altimetry, 
accelerometery, gradiometry as well as surface feature 
tracking will supplement the investigation to further 
understand the dynamical evolution.  Atmospheres and 
surfaces of the satellites will also be studied via the 
Radio Science instrument. 

References: [1] Anderson J. D. et al. (1998) Sci-
ence 281, 2019-2022. [2] Castillo J. C.  et al. (2000) 
C.R.A.S., 330, 659-666. 
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DIRECT MEASUREMENTS OF HEAT FLUX AND SURFACE STRAIN ON EUROPA BY
PENETRATER.  Masahiko Arakawa, (Institute of Low Temperature Science, Hokkaido University, Kita-ku Kita
19 Nishi 8, Sapporo 060-0819, Japan, e-mail: arak@lowtem.hokudai.ac.jp).

Summary: I propose an apparatus, so called penetrater,
which size is about 1 m and the shape is like a bullet, to
measure the subsurface heat flux. This apparatus is equipped
with thermometers on the surface, and each thermometer is
set with the distance more than several 10 cm, the maximum
of 1m. This apparatus is dropped on the surface of icy crust
with the velocity of several 100 m and penetrates into the icy
crust. The direct contact of the penetrater with the crust en-
ables us to measure the accurate subsurface temperature at
different depth. The heat flux can be estimated by using these
temperatures and the thermal properties of the crust meas-
ured at the same time. The plural penetraters dropped on the
surface with each distance of about 1 km can work as the
network to measure the surface strain. The accuracy less than
1 mm to determine the position is necessary to detect the
surface strain exerted by the tidal force.

Introduction: The tidal force acting on Europa caused
by Jupiter is the most important mechanism to generate the
heating energy to control Europa tectonics. The tide on Eu-
ropa repeats every 3.55 days. The tidal heating seems to keep
the thick liquid water below the icy crust and the thickness of
the ice crust above the sea is closely related to the tidal heat-
ing itself and the heat transfer mechanism. The tidal force
could be responsible for the various geological structures:
ridges and faults. The stresses exerted on the surface by tide
could break and move the crust to construct the double ridges
and the strike-slip faults etc [1]. Therefore, the direct meas-
urement of surface strress and the crust heat flow is very
useful to know the present Europa�s geodynamics.

Surface strain:  Since we cannot measure the stress di-
rectly, the surface strain is observed instead. The stress is
converted from strain by using the crust elastic modulus. The
maximum displacement exerted on the surface by tide is
estimated to be about 35 m. Such a large displacement may
be measurable by an altimeter equipped on the orbiter. But,
the altitude data is not enough to determine the complete
surface strain. Because of this, I propose to drop plural pene-
traters on Europa�s surface, which are bullet-like apparatus
with some instruments. These apparatus penetrate into the
icy crust and send their positions to the orbiter. The surface
strain can be estimated by the relative position of the pene-
traters and we can observe their time variation every 3.55
days, one period of revolution. The maximum strain theoreti-
cally estimated is an order of 10-5, so that the relative dis-
placement among the penetraters will be an order of 10 mm
when the distance between the penetraters is an order of 1
km. Therefore, the accuracy to determine the position of the
penetrater is necessary to be less than mm.

Heat flux: The penetrater can be used to measure the
subsurface temperature because it penetrates into the icy
crust. It is difficult to determine how much depth the penetra-
ter go into the crust because the penetration depth depends on

the impact speed, the kinetic energy and the mechanical
properties of the icy crust. In the case of the penetrater of
Lunar A project for ISAS, Japan [2], it penetrates into the
lunar regolith at the depth of several meters at the impact
speed of ~ 300 m/s. We can imagine that the penetration
depth is deeper on the icy crust if the impact speed is the
same for the same penetrater as Lunar A because ice is
weaker than rock. The subsurface temperature is suitable for
the measurement of the heat flow because the temperature
variation by the solar radiation is reduced. If the icy crust is
the thickness of 10 km and there is water liquid below. The
average temperature gradient is an order of 0.01K/m. This
gradient is a little bit small to detect. However, the crust
might be covered with icy regolith like snow. The heat con-
duction of snow is an order of smaller than ice although it
depends on the porosity. We can expect the higher tempera-
ture gradient in this icy regolith layer. When the gradient is
large enough, the length of 1 m enable us to measure the
temperature gradient to estimate the subsurface heat flux.

References: [1]˚Hoppa et al. (1999) Icarus, 141, 287-
298. [2] http://www.isas.ac.jp/e/enterp/missions/ lunar-
a/mission.html

Fig.1 Schematic picture of the penetrater dropped into
the ice crust.
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GEOPHYSICAL PROBES OF THE ICY SATELLITES OF JUPITER.  W. B. Banerdt, Jet Propulsion Labo-
ratory, California Institute of Technology (Mail Stop 183-501, 4800 Oak Grove Drive, Pasadena, CA  91100;
bruce.banerdt@jpl.nasa.gov).

Understanding the structure and dynamic processes
of the interiors of the icy satellites of Jupiter is key to
understanding their origin and evolution. In addition,
the possible existence of a habitable environment in a
liquid water layer beneath the surface of Europa pro-
vides a strong impetus for exploring its deep subsur-
face. Geophysics provides a number of powerful tools
for investigating the inner structure and dynamic proc-
esses of a planetary body. In particular, electromag-
netic sounding, gravity, heat flow and seismology pro-
vide a complementary set of methods for probing the
subsurface, both in terms of spatial and depth resolu-
tion and the relevant types of physical properties being
sensed. Various electromagnetic methods (including
penetrating radar) can be used to sense variations in
density, permittivity, and resistivity; the body’s intrin-
sic magnetic field, whether currently being generated
internally or resulting from remanant magnetization,
can provide information on its composition, thermal
state and history. Gravity measurements are particu-
larly useful for deriving bounds (albeit non-unique) on
the density structure. Surface heat flow is a key bound-
ary condition for the thermal state of the interior. The
propagation of seismic waves is sensitive to composi-
tion (via density and elastic parameters), temperature
(via attenuation) and physical state (solid vs. liquid). In
addition, the seismicity (level and distribution in space
and time of seismic activity) provides information on
the impact flux and tectonic forces currently active
within the body. Measurements of the response of the
planet to rotation and tidal forcing fall into the meas-
urement continuum between gravity and seismology,
and can provide key information about the internal
structure of a moon or planet.

Whereas some of these measurements could (and
should) be made from the JIMO spacecraft (e.g., global
gravity and magnetic fields, high-precision altimetry
for tidal response, radar sounding), there are several
key measurements (e.g., seismic and heat flow) which
clearly must be made from the surface. The accurate
determination of the surface heat flow is problematic,
but seismology would provide a vital data set for un-
derstanding the planet. A fully capable seismic ex-
periment would require a network of at least four sta-
tions to provide 3-D locations of events. This would
provide information on the geographical and size dis-
tribution of seismic activity and from which one can
infer ray paths which can, in turn, be inverted for ve-
locity profiles and the radial mechanical structure of
the interior.

However even with a single station there are many
important thing which can be learned. One can derive

the general level of geological activity, as well as the
meteoroid impact flux into the surface. Time domain
signal analysis can yield information bearing on the
type of seismic source, multiple phases (which can be
used to derive layer thicknesses), receiver functions
(giving near-surface structure) and attenuation proper-
ties. Spectral analysis in the frequency domain will
give structural results from normal mode/surface wave
analyses as well as source characteristics. It may even
be possible to do some event location and structure
inversion using ray vectoring to trace the phase arrivals
back to their source.

What may not be immediately obvious is that some
of the orbital measurements may be severely compro-
mised by the many competing requirements of the
JIMO spacecraft, particularly the gravity and magnetic
measurements. The resolution of potential field meas-
urements is very sensitive to altitude, with the size of
resolvable anomalies being roughly equivalent to the
height above the surface of the measurement. For an
airless body this altitude can be quite low, but there are
spacecraft safety and operability issues associated with
taking this approach with a major, long-lived asset.
Also, there may be conflicts between these experi-
ments and others (such as imaging, altimetry and radar
sounding) in terms of the optimum altitude, orbital
inclination, etc. Finally, the noise environment of a
large, complex, multi-functional orbiter will result in
considerable difficulties for these sensitive measure-
ments. Orbit trim maneuvers, three-axis reorientations,
and non-gravitational accelerations, flexure and rota-
tions of a large, asymmetrical spacecraft will limit the
accuracy of the tracking-derived gravity field. Simi-
larly the unavoidably large magnetic signature of the
spacecraft will prove troublesome to any magnetic
experiment in its vicinity. These problem could be ob-
viated by the deployment of an autonomous sub-
satellite dedicated to making these crucial measure-
ments.

We propose that the JIMO project consider a vehi-
cle which would combine these two functions. A geo-
physical probe could be released into orbit about a sat-
ellite and return potential field data for a sufficient
period of time to acquire a high-resolution data set.
After completing this phase, it would deorbit and land
on the surface to provide seismic and electromagnetic
monitoring, and possibly heat flow measurements.
This lander could also, of course, be host to other ex-
periments, such as geochemical and imaging investi-
gations.
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RADAR AND RADIOMETRY OF JUPITER’S UPPER AND MIDDLE TROPOSPHERE. D. Banfield, Cornell Astronomy,
Ithaca, NY 14853, (banfield@astro.cornell.edu), R. Dissly, Ball Aerospace & Technologies Corp., B. Butler, NRAO, P. Gierasch,
Cornell Astronomy.

The JIMO platform, with its specification for >45kW of
disposable power, is an excellent spacecraft with which to
conduct latitudinally resolved passive radiometry and radar of
Jupiter’s atmosphere. We will present results from an ongoing
investigation into the feasibility and potential scientific return
of such an investigation as well as its requirements from the
JIMO mission.

Ground-based radio images of Jupiter show belt/zone dif-
ferences in brightness temperatures (e.g., dePater et al., in
preparation) which indicate ammonia abundance differences
presumably due to circulation distillation. Similar (and quan-
titative) results are now also coming out of Cassini CIRS re-
trievals (Gierasch, private communication). These both sug-
gest upwelling in Zones and downwelling in Belts. Massive,
convecting upwellings identified in Galileo (Banfield et al.
1998, Gierasch et al., 2000) and Cassini imaging (Porco et al.,
2003) strongly point to water clouds and thunderstorms pre-
dominately in Belts (Ingersoll et al., 2000). Taken together,
these indicators mean that upwelling is occurring deeper down
in Belts, while near and above the visible cloud level Belts are
regions of downwelling. In our theory of Jupiter’s tropospheric
circulation, the level at which these overturning cells converge
is also the level at which the forcing that drives the zonal jets is
centered. Obtaining a better understanding of these overturn-
ing cells, and the location of momentum transfer to the jets is
critical for furthering our understanding of Jupiter’s circulation
and arguably is the next logical step deeper in the atmosphere
towards that goal.

One way to get a handle on the nature of these circu-
lation cells is through spatially resolved passive radiometry,
creating maps of ammonia abundance. Vertical resolution can
also be achieved with judicious choice of wavelength. Pas-
sive microwave radiometry with several bandpasses between
about 5cm and about 1cm would sample weighting functions
(for nominal ammonia distributions) that vary between about
1 bar and about 4 bars (dePater et al, 2001). Somewhere
in this pressure region is where we believe these overturning
cells meet. These wavelengths also have the practical bene-
fit of avoiding the wavelengths where synchrotron radiation
becomes stronger than thermal emission from Jupiter, typi-
cally stated as beyond 6cm. Mapping the ammonia abundance
with latitudinal and vertical resolution throughout this region
would allow us to use ammonia as a tracer of the circulations,
thus revealing the profile of the upper cell (which apparently
modifies the ammonia distribution through condensation dis-
tillation). Additionallt, if our theory of Jupiter’s middle and
upper tropospheric dynamics are correct, this also tells us the
level of zonal jet momentum deposition.

Tall convective thunderstorms only occupy a small per-
centage of Jupiter’s surface area, but they are probably quite

important in the radiative balance of the middle and upper tro-
posphere (Gierasch et al., 2000). Fully understanding their
spatial and temporal distributions is critical in understanding
the energy balance of the various levels in Jupiter’s middle
and upper troposphere. It is also important to recognize that
although we can see some of the convective storms in terms of
their visible signature where they protrude above the nominal
cloud deck, there are perhaps many more that neither pro-
duce visible lightning, nor protrude above the nominal cloud
deck. For these, the only means of identifying them below
the cloud deck is through radar. Radar with a wavelength of
about 1cm will scatter back from precipitating water drops in
strongly convecting Jupiter water clouds, but will not return
from the nominal ammonia or ammonium-hydrosulfide clouds
on Jupiter. Only with the number densities expected for water
and the sizes expected for rain drops will radar scatter back
to the receiver in significant quantities. This is very akin to
weather radars on Earth. In addition to providing a more com-
plete census of the pivotal convective storms on Jupiter, radar
can clear up an ambiguity that passive radiometry has with
the storms. Tall convective thunderstorms would likely move
the emission level higher in the atmosphere. The passive ra-
diometer would see this as a cold temperature, which implies
a higher ammonia abundance. Thus, there is an ambiguity
between high ammonia abundance and precipitating thunder-
storms for passive microwave radiometers. Anomalously high
ammonia abundance, however, will not return radar, while the
precipitation cloud would. Finally, with enough radar trans-
mitter power, an atmospheric radar on JIMO would not be
limited entirely by ammonia absorption. It would perhaps
be able to sense deeper into the atmosphere than the passive
radiometer (which sense to the ammonia optical depth unity
level). By using the transit time of the return signal, depth
sampling can extend deeper than the passive radiometry level,
as long as return power is sufficiently strong. In this way, per-
haps a microwave radar on JIMO might be able to sense down
to below the bottom of the water cloud, revealing the structure
of the bottom of these tall convecting thunderstorms.

We are exploring the feasibility of using the high-gain
telemetry antenna as a passive radiometer between 1cm and
5cm with good spatial resolution on Jupiter, which we ex-
pect to have only a modest impact onto the JIMO spacecraft
and mission profile. We are also exploring the feasibility of
using the >45kW of power and the Ka-band telecommunica-
tions system as a radar system to probe precipitating clouds on
Jupiter. Initial calculations suggest that sufficient S/N may be
achievable from Europa’s orbit. Longer wavelength radars (if
included on JIMO) may also be interesting to train on Jupiter
if the mission profile is eventually changed to a low perijove.
We will also investigate the feasibility and benefits of such an
investigation with longer wavelength (e.g.,� �m) radars.
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SMALL CRATERS AND SURFACE PROPERTIES OF THE ICY GALILEAN SATELLITES.  E. B. Bier-
haus1, 1Lockheed Martin (edward.b.bierhaus@lmco.com). 
 

Introduction:  The JIMO Mission will revolutionize our 
understanding of impact-ejecta physics – and in doing so 
will reveal many physical surface properties of the icy Gali-
lean Satellites, thereby enabling us to better parameterize 
ridge and chaos formation on Europa, the fault-structures on 
Ganymede, and the “dark smooth unit” of Callisto.   

To conduct this investigation, the JIMO mission should 
implement: (1) medium-resolution (10’s to 100’s m/pix) 
imaging of secondary craters fields around and extending 
from large impact craters, and (2) extensive very high-
resolution (a few m/pix) imaging of far-flung secondary 
crater fields.  The moderate-resolution images will enable 
mapping of the secondaries, matching specific clusters with 
their parent primary, while high-resolution images at chosen 
locales will enable detailed morphological studies of the 
secondaries as a function of increasing distance – and thus 
velocity – from the primary.  These studies will provide 
both mass-velocity curves and information on surface prop-
erties. 

Background:  A “holy grail” for cratering physics is to 
obtain mass-velocity relationships for ejected material – i.e. 
understanding how much mass gets ejected at what velocity.  
Characterizing this relationship will lead to better under-
standing of the early-stage energy deposition during impact, 
a much better calibration between crater size-distributions 
and surface age by removing the contribution of secondary 
craters, and better parameterization of mass-loss vs. mass-
gain for all manner of collisionally dominated processes 
(early planetary formation, size-distribution evolution for 
asteroids, satellite formation, etc.). 

The best natural laboratory for studying mass-velocity 
relationships is to examine secondary craters and their char-
acteristics as a function of distance from their parent pri-
mary.  Previous attempts to understand this relationship 
were hampered by the high-density crater fields on the 
Moon, Mercury and Mars because distant secondaries 
“faded” into the high-density background of other secon-
dary craters and small primary craters. 

Galileo was good . . . :  Galileo low-resolution images 
confirmed that Europa has very few large craters. The com-
bination of few primary craters and un-saturated small cra-
ters provided a unique opportunity to accomplish what had 
previously been impossible: identify distant secondary cra-
ters created by ejecta launched 100’s of m/s to over 1 km/s.  
Spatial statistics and other studies indicate that secondary 
craters dominate the small crater population on Europa 
[1,2], a profound discovery enabled by high-resolution Gali-
leo image data.   

. . . but we need more:  Unfortunately, Galileo’s limited 
downlink meant that only a small fraction of the surfaces 

were imaged at high-resolution, less than 1% at 50 m/pix or 
better.  These scattered, postage-stamp views permit the 
identification of crater clusters and the characterization of 
local spatial distributions, but do not permit one to unambi-
guously trace the progression of secondary craters from the 
source primary to the far-flung secondaries that are hun-
dreds to over a thousand km distant.  So, while the Galileo 
data has confirmed that far-flung secondaries can dominate 
local small-scale cratering, we are still mostly unable to 
correlate those secondaries with a particular primary, 
thereby “filling in” points on the mass-velocity curve.  
JIMO imaging will resolve these gaps. 

Surface/sub-surface properties: Mass-velocity distri-
butions aren’t the only result we can obtain from studying 
the secondary crater populations: we can also derive surface 
properties, particularly those that control the currently 
poorly understood problems of: ridge and chaos formation 
on Europa, tectonics on Ganymede, and the dark smooth 
unit of Callisto.  We don’t know how those features form, 
but we do know how craters form.  Previous studies have 
used the large primary craters to probe the nature of Eu-
ropa’s ice-shell [3,4].  Using secondary craters to infer sur-
face properties has an added advantage: because we know 
the impact velocity (from the primary to secondary dis-
tance), a well-constrained impact angle, and a known im-
pactor type (a flying chunk of the satellite’s surface), we can 
make strong inferences regarding surface properties by de-
tailed morphological studies of the secondary craters.   Fur-
ther, because near- and far-flung secondaries from a given 
primary all formed at the same time, we can leverage any 
differential degradation to infer local and global rates of any 
on-going surface activity.  An investigation of this is cur-
rently ongoing using Galileo data [5], but has only a few 
cases because of the difficulty in pairing a particular secon-
dary cluster with a particular primary crater.  Although most 
effective on Europa, these same studies are applicable to 
Ganymede and Callisto as well.  And because spallation (the 
process that forms high-velocity ejecta fragments) requires a 
solid, mostly competent surface [6], the minimum sized 
primary that produces secondaries reveals the depth of any 
low-strength surface layer (e.g. highly processed ridges on 
Europa and Ganymede, and the dark smooth unit on Cal-
listo). 

References: [1]  Bierhaus E.B. et al. (2001) Icarus, 153, 274-
276. [2] Bierhaus E.B. et al. (2002) DPS Abs., 34, #41.05. 
[3] Moore J.M. et al. (2001) Icarus, 151, 93-111. [4] Schenk P.M. 
(2002) Nature, 417, 419-421. [5] Bierhaus E.B. in preparation. [6] 
Head J.N. et al. (2002) Science, 298, 1752-1756. 
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PROBING THE INTERNAL STRUCTURES OF THE GALILEAN SATELLITES WITH A 
COMPLEMENT OF GEOPHYSICS INVESTIGATIONS.  M. Blanc,  Observatoire Midi-Pyrénées, 14 Avenue 
Edouard Belin, F-31400 Toulouse, France, e-mail : blanc@ast.obs-mip.fr . 

 
 
Introduction : The Galilean satellites are fascinat-

ing worlds, whose in-depth exploration will change 
deeply our understanding of “terrestrial” planets by 
showing how they have formed and evolved in the 
cold fraction of the solar nebula, in much the same 
way as the discovery of “hot Jupiters” around near-by 
stars  durably changed our view of giant planets them-
selves. The JIMO mission will be a unique opportunity 
to establish the basic elements of the internal structure 
of these icy bodies. These elements  are critical in the 
response to two outstanding questions : the existence 
of subsurface oceans, and the extent, physical proper-
ties and dynamics of a core possibly responsible for 
the generation of the intrinsic field (in the case of 
Ganymede). Both questions have a strong impact on 
astrobiology. But this will require a strategy combin-
ing in a complementary way the measurement of the 
fundamental planetary fields (magnetic field, gravity 
field field, surface topography) with a set of sounding 
techniques (low frequency electromagnetic sounding, 
seismology, ground-penetrating radar). This strategy, 
though complex, can be developped in the framework 
of JIMO as a consequence of its extended energy 
source and payload mass capabilities. 

We shall describe the main elements of such a 
comprehensive approach. It will combine investiga-
tions on board of the main spacecraft or of sub-
satellites with a few critical elements which should 
deployed on the surface of at least one of the icy bod-
ies via a (probably hard) lander. 

On board of the main craft, one should conduct the 
following investigations : 

- a ground penetrating radar for the probing of 
the outermost layers of ice and possibly of an 
ocean ; 

- a laser altimeter for the determination of the 
surface topography of all three satellites ; 

- a three-axis magnetometer for the determina-
tion of the magnetic field. Combined with an 
appropriate plasmas and fields package, and 
with a clever coverage of altitudes and lati-
tudes, it should make it possible to separate 
the external, internal induced, and internal 
permanent components of the field, providing 
constraints both on the internal structure and 
on the diversity of plasma interactions devel-
oped at the three Galilean satellites ; 

- A gravimetry or radio science experiment for 
the determination of the gravity field. 

A hard lander should be designed in parallel to de-
liver to the surface of at least one of the three satellites 
a package carrying the following elements : 

- a seismometer, a very basic element for the 
determination of the internal structure, know-
ing that the seismic signal should be usable; 

- a magnetometer which will play an important 
role in the separation of the internal and ex-
ternal components of the magnetic field and 
the subsequent use of the induced component 
for the determination of the internal structure; 

- a radio science experiment which will, among 
other elements, determine the proper motions 
and deformations (tidal motions, librations 
etc.) of the solid body. 

We shall develop this strategy in more detail dur-
ing the workshop presentation. 
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Introduction:  Recent successful technology de-

velopment initiatives by NASA and its suppliers, in-
cluding Raytheon, have laid a foundation for a low risk 
but highly capable pushbroom mapping imager for the 
Jupiter Icy Moons Orbiter (JIMO).  The key technolo-
gies are wide field reflective optics, wide field com-
patible imaging spectrometer approaches, and large 
arrays of high efficiency detectors with broad spectral 
response.  The increased instrument power budget 
expected for the JIMO Mission is the remaining factor 
needed to create an instrument capable of addressing a 
wide variety of science objectives for Jupiter and its 
moons.     

Wide FOV Optics:  Two recent NASA mission 
instruments have demonstrated the efficacy of wide 
field reflective optics serving mapping needs over a 
broad spectral range. The Advanced Land Imager 
(ALI) on the New Millennium Program’s Earth Orbiter 
1 (EO-1) [1, 2] used a single telescope with a 15 de-
gree wide FOV to capture mapping images from low 
Earth orbit, 705 km altitude.  The telescope materials, 
SiC for the mirrors and Invar for the metering struc-
ture, were selected to minimize thermal sensitivity.  
The mission  collected Landsat resolution (10-30m 
GSD) images over the spectral range 0.4-2.4µm. Qual-
ity far surpassed previous Landsat sensors and met all 
requirements [3]. 

The THERMAL Emission Imaging System 
(THEMIS) on Mars Odyssey Mission has demon-
strated all reflective optics over an even wider spectral 
range (15 bands from 0.4-15µm) on a Landsat-like 
mapping mission to Mars [4,5].  To minimize cost and 
performance sensitivity to thermal fluctuations an all 
aluminum bolt-together design was developed to 
achieve high quality images across a 4.5 degree FOV. 

Since entering Mars orbit Oct. 2001 THEMIS has 
returned thousands of multispectral images with 
GSD’s of 20-100m, exceeding its design requirements 
[6].  

Spectrometer Approaches:  Three spectrometer 
approaches have been found to be compatible with a 
wide field pushbroom imaging approach.  These are 
the Wedge Imaging Spectrometer (WIS), grating spec-
trometer and prism spectrometer.  A WIS and a grating 
spectrometer were designed into the initial concept of 
ALI [7] but were dropped from the final flight con-
figuration.  The spectral range of each was 0.4-2.5µm 
with a spectral resolution of approximately 1%, 
dλ/λ.  Both of these spectrometers can be built in mod-

ules, similar to the Raytheon-built ALI multispectral 
focal plane [1], and so can fill an instrument FOV with 
the desired number of detector elements. 

Recently, we have also developed a modular de-
sign for prism spectrometers, derived from the 
HYDICE sensor approach [8], to achieve Landsat 
resolution in hundreds of spectral bands [9].  This ap-
proach shows promise of spectral resolutions <<1% 
beyond 2 µm. 

Detector Arrays:  ALI and THEMIS have demon-
strated the power of moderately cooled or uncooled 
detectors to achieve good performance in the 0.4-
15µm.  To achieve the highest SNR levels at wave-
lengths longer than 3.5µm requires detectors operating 
at cryogenic temperatures, generally less than 90K.  
The increased power projected to be available to sen-
sors on JIMO will make this possible by employing 
active coolers, small refrigeration units, to cool large 
number of detectors on modular focal planes.  One 
good candidate detector material is Raytheon’s 
“VISMIR” type InSb.  VISMIR detectors provide high 
sensitivity from 0.4-5.2µm.  A version of this material 
operating from 0.4-2.5µm was used successfully in 
HYDICE [8] airborne hyperspectral imager.  Very 
large arrays with the wider spectral response are being 
developed at Raytheon for the James Webb Space 
Telescope, under contract from University of Roches-
ter and NASA[10].   

Conclusion:  The optical, spectral dispersion, and 
detector technologies described above provide sensor 
designers wide latitude to meet science imaging re-
quirements for Jupiter and its moons with a system of 
minimum complexity.  We may expect to collect 
global image data sets of Jupiter’s largest moons simi-
lar to Landsat images of Earth or THEMIS images of 
Mars with the added flexibility of collecting hyper-
spectral data in selected spectral regions. 

References: [1] Bicknell,W.E., et al. (1999) SPIE, 
3750, 80-88.[2] Lencioni,D.E. et al. (1999) SPIE, 
3750,89-96.[3] Mendenhall,J.A.(2002)SPIE,4814,296-
305.[4]Christensen, P.R., et al.(2003 in press), Space 
Sci. Revs.[5]Silverman,S.H.(1999) IEEE Aerospace 
Conf., Snowmass, CO, Paper 181.[6] Christensen, 
P.R., et al.(2003 in press),Space Sci. Revs.   
[7]Thunen, J., et al.(1997) ISSSR, San Diego, CA[8] 
Basedow, R (1992) ISSSR,V1, pp430-445[9] Chrien, 
T.G. and Cook, L.G. (2003)GOMACTech-03, 
V1,pp65-69.[10] Hoffmann, AW et al.(2002) SPIE, 
Waikoloa, HI, V.4850.  
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Ground-based, International Ultraviolet 
Explorer, Hubble, Voyager, and Galileo obser-
vations have provided information about Eu-
ropa’s surface composition and related atmos-
pheric emissions. The presence of water ice has 
been known for some time from ground based 
observations while infrared observations from 
Galileo’s Near Infrared Mapping Spectrometer 
(NMIS) show additional features due to CO2, 
H2O2, and a hydrated material, interpreted as a 
hydrated salt or hydrated sulfuric acid. Hydrated 
salts were suggested to have been upwelled from 
an internal ocean while sulfuric acid was sug-
gested to be produced radiolytically and likely 
derived from Iogenic sulfur with a possible con-
tribution from internal sulfurous material. An 
upper limit for magnesium hydroxide has been 
derived. Molecular oxygen, presumably derived 
from radiolysis of water, is condensed in the 
surface and is thought to produce the observed 
atmospheric atomic oxygen. A dark, brownish 
material correlates with the hydrate and may be 
sulfur polymers associated with sulfate radioly-
sis. Ultraviolet observations show SO2 on the 
trailing side and H2O2 on the leading side, simi-
lar to the infrared measurements. The SO2 con-
centration correlates with the hydrate concentra-
tion and their relative concentrations are in good 
agreement (factor of two) with laboratory-derive 
radiolysis rates. Atmospheric sodium and potas-
sium emissions suggest an internal source of 
these metals in addition to Iogenic plasma con-
tributions. Thermal infrared observations have 
not been diagnostic due to grain size effects. 

Future measurements may be aided by 
higher spectral resolution and these are possible 
from ground-based telescopes, with resolving 
power of ~ 2000 at spatial resolution of ~ 130 
km. High spectral resolution measurements, 
from the ground or from JIMO, can aid in identi-
fying hydroxyl absorption and search for spectral 
structure associated with hydrated salt spectra. 
High-spectral-resolution measurements in the 
visible region can determine the spatial distribu-
tion of surficial molecular oxygen.  

The ultraviolet, visible, and infrared re-
gions should be measured simultaneously with 
the same high spatial resolution. High spatial 
resolution that can resolve the lineae would be 
useful; only a few lineae were resolved by NIMS 
and they show that the centers are icy compared 
to the hydrated margins.  

Enhanced detector shielding compared 
to NIMS will provide better long wavelength 
spectra. Distant observations of Europa (e. g., 
from the orbit of Ganymede or Callisto) will also 
reduce radiation-induced noise. Spectrometers 
aboard JIMO can be used to detect weak emis-
sions from the night side such as Cerenkov emis-
sion (with possible OH absorption), surface fluo-
rescence, airglow, and perhaps flashes from arti-
ficial impactors. 
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Introduction:  The Galileo Europa data set served 

to revolutionize our view of Europa. In particular the 
strong evidence [1] of a large, cold, salty ocean be-
neath 5-30 km of ice has profoundly altered the sig-
nificance of Europa in our thinking, especially of con-
text of habitability in the solar system.  While much 
remains to be learned from spacecraft observations of 
several sorts, there are significant questions answer-
able only by in-situ techniques; these relate to the for-
mation of Europa, the nature of its ocean, and the 
prospects for life in its ocean, sediments, and ice.  We 
feel that wide-ranging discussion of an in-situ subsur-
face mission to Europa , as part of JIMO, should pro-
ceed. 

Science Objective: The science objective of the 
mission is to characterize the icy shell of Europa to 
resolve its provenance, estimate the composition of 
brine of the Europa ocean, and search for evidence of 
Earth-like life. 

The Mission Scope: Probably anyone would agree 
that an in-situ mission to Europa would be of great 
value, but he or she would also immediately take the 
position that such a mission is utterly impractical.  We 
take the position here of defining the least complex 
mission that can nonetheless justify its cost and to ar-
gue that such a mission is realistic enough that it 
should be seriously considered.  Our mission thinking 
has been: 

Soft landing. A soft lander is required on a site suf-
ficiently flat to offer a stable platform; no further site 
selectivity is required. 

Subsurface exploration. The Europa subsurface 
must be examined.  Surficial processes on Europa ar-
guably have exposed the upper 200 m of shell to 
chemical effects from the Jovian radiation belts as well 
as cometary infall, etc; to examine native ice we must 
descend below that point to, for discussion, 300 m.  At 
that depth we argue that the ice is characteristic of ice 
at depth and possibly is  effectively sea ice. 

Science data. A few simple measurements at vari-
ous depths and at 300 m constitute a scientifically suc-
cessful mission.  Measurements would include analysis 
of meltwater for a few inorganic ions and amino acids 
and an optical examination of the borehole wall. 

Communication. Transmission of data to an orbiter 
is essential, but we will constrain the landed mission to 
a daily communication over a few days. 

Subsurface access. Drilling to 300 m is a signifi-
cant challenge; it can be addressed by several means: 

Thermal Probe (Cryobot) which permits wa-
ter to refreeze above the vehicle.  This is our tentative 
choice with plutonium as the fuel to generate thermal 
energy for drilling and electrical power for operations. 

Open Hole Drill, a thermal system in which 
the meltwater is removed for greater thermal effi-
ciency.  Meltwater removal on Europa is both a com-
plexity and a risk, but analysis is improved. 

Mechanical Drilling in which cutting or 
grinding  generates ice chips which are removed.  This 
is too complex at Europa temperatures. 

Measurement Objectives: The measurement ob-
jectives for the mission will be: 
Obj. 1: Determine the concentration of simple inor-
ganic salts [2] in the Europa Ice Shell and, by extrapo-
lation, of the ocean.  These data will also validate 
spaceborne sensors. 
Obj. 2: Determine the nature and abundance of amino 
acids [3] in the ice such that cometary infall material in 
the upper ice can be compared to material at depth. 
Obj. 3: Optically examine the ice to resolve inclusion 
structure, particulate content, and stratification. 

The Drill: Access to 300 m depth is a significant if 
not audacious plan; we are aware that this has not been 
done on any planetary body.  Our approach is the use 
of a plutonium heat source; to overcome Europa’s sur-
face temperature and to melt ice a significant amount 
of plutonium is needed, and significant shielding and 
other protective steps will be required. The quantity of 
plutonium is a key concern. 

Sampling: The mission will require subsurface col-
lection and processing of samples for in situ analysis, 
calling for a miniature, high pressure micro-sampling 
system designed to meet needs of instruments that re-
quire low pressures for operation.  The inlet system 
itself collects a micro-sample in the external high pres-
sure environment, then transfers it into a protected low 
pressure environment for analysis. 

References:  
[1] Stevenson, D. (2001) Europa's ocean--the case 
strengthens, Science 289(5483), 1305-1307. 
[2] Kounaves, S. P., S. R. Lukow, B. Comeau, M. H. 
Hecht, S. M. Grannan, K. Manatt, S. J. West, X. Wen, 
M. Frant, T. Gillette, (2003) J. Geophys. Res.  
[3] Glavin, D.P., Schubert, M., Botta, O., Kminek, G., 
and Bada, J.L.  (2001) Earth and Planetary Science 
Letters 185(1-2), 1-5. 
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Jupiter Atmospheric Science with JIMO:

Linking Science Objectives and Measurement Goals

N. J. Chanover (NMSU), D. A. Glenar (NASA/GSFC), and A. A. Simon-Miller
(NASA/GSFC)

Although the primary focus of the Jupiter Icy Moons Orbiter (JIMO) mission will be the
characterization and study of Jupiter’s icy moons, there will be opportunities throughout
the mission for unprecendented observations of Jupiter. With an adaptable suite of pay-
load instruments, the atmospheric data collected by JIMO can help to answer fundamental
questions about the largest planet in our solar system that remain after (or were generated
by) previous spacecraft reconnaissance (e.g. Voyager, Galileo, and Cassini). Near-IR (0.7-4
µm) spectral imaging will most likely be used to identify mineralogies and ices on the Jovian
satellites by virtue of their spectral signatures. This same capability is very well tailored for
studies of Jovian atmospheric dynamics and structure. Near-IR methane absorption bands
allow 2-D mapping of the horizontal wind field at size scales to tens of kms, as well as the
height dependence of this field above the ammonia cloud deck (700 to a few mbar), constrain-
ing current models of atmospheric vertical structure. Likewise, atmospheric ice aerosols with
unique spectroscopic signatures (ammonia ice near 1.5, 2.0, and 2.8 µm and water ice be-
tween 3.0-3.5 µm) can be detected and mapped using spectral difference imaging or spectrally
inclusive principal-component methods. Spectral imaging of the Jovian aurora via H+

3 emis-
sion lines between 3-4 µm can be used to spatially map the interplay between the satellites,
Jupiter’s magnetosphere, and Jupiter’s atmosphere. Each of these measurements addresses
one or more fundamental questions related to the energy balance in Jupiter’s atmosphere.
All of these tunable imaging objectives can be achieved using acousto-optic tunable filters
(AOTF’s), which have been used for years in ground-based observing instruments and which
have been proposed for numerous planetary missions. The application of this technology to
the science objectives of both the icy satellites and Jovian atmospheric components of the
JIMO mission will be discussed.
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Introduction:  The surfaces of Callisto, Gany-

mede, and Europa all exhibit impact craters as well as 
some other features that masquerade as craters.  Data 
from the Galileo mission demonstrate a wide diversity 
of crater populations, reflecting the competition be-
tween crater-forming processes and crater degrada-
tional processes.  Numerous issues have been raised by 
the Galileo studies, pertinent to understanding the his-
tories of the surfaces of these bodies as well as the 
sub-surface character of their crusts.  Due to downlink 
limitations, Galileo imaging could only whet our appe-
tites for additional definitive data sets that could per-
mit a comprehensive investigation of what the Galilean 
satellite crater populations might tell us.  Remote sens-
ing observations of the satellite surfaces, using tech-
niques analogous to what MOC and THEMIS are now 
accomplishing for Mars, is an essential ingredient of 
the JIMO mission, and analysis of impact cratering 
from those images will provide a fundamental under-
pinning for inferring the geological histories and 
crustal structures of those bodies. 

Galileo Background:  Among the unexpected re-
sults from analyzing crater statistics from Galileo im-
aging are several that are quite profound.  First, it was 
found that large primary impact craters on Europa are 
very rare, implying a typical surface age of only tens 
of millions of years, robustly implying that Europa’s 
surface processes are currently active.  The morpholo-
gies of those craters have provided a clear indication 
of the thickness of the icy crust overlying Europa’s 
ocean.  At smaller sizes, craters are very numerous.  
Even from the sparse sampling of Europa’s surface at 
high resolution, Beau Bierhaus (working with us) has 
tabulated over 26,000 craters; by analyzing the fraction 
of these craters that are clustered, he has concluded 
that the overwhelming majority of small craters on 
Europa are secondary craters [1].  A profound implica-
tion of these studies is that the population of cometary 
impactors in the Jovian system is strongly depleted in 
small comets compared with asteroidal populations 
that crater bodies in the inner solar system.  Another 
implication, bolstered by recent studies of secondary 
cratering on Mars [2], is that production of secondary 
craters is much more efficient than many have sup-
posed; it is possible that secondary – not primary – 
impacts dominate the “steep” branch of the production 
function in the inner solar system and that even the 
Moon may be predominantly cratered, at small scales, 
by secondaries rather than primaries. 

Callisto presented a number of additional surprises.  
Medium resolution Galileo imaging clarified the num-
bers of large craters, palimpsests, and other degraded 
impact features, which remained problematical after 
Voyager imaging.  It remains to be determined, how-
ever, the degree to which the morphologies of the lar-
ger impacts (including basins) reflect the crustal evolu-
tion of that body, and its current subcrustal ocean.  
Equally intriguing have been the results from studies 
of small craters on Callisto [e.g. 3-8].  Unexpectedly, 
the surface is not saturated with small craters, implying 
an active surface, perhaps a degradational process con-
tinually filling in lower-lying areas on Callisto.  We 
also identified a population of possible collapse pits, 
having a preferential size.  On both Callisto and 
Ganymede, there is evidence for cratering by SL9 like 
objects, producing catenae when they strike shortly 
after tidal break-up, but presumably lacking recogniz-
able geometric relationships with each other but never-
theless contributing to the cratering populations on 
these bodies if they strike later. 

 
JIMO Requirements:  It goes without saying that 

our understanding of the relative ages of units (con-
fused but not rendered meaningless if most small cra-
ters are secondaries) on the icy moons will require 
complete mapping by moderately high-resolution im-
aging if we are to develop a comprehensive intrasatel-
lite stratigraphy for the Galilean satellites.  Images 
with high enough resolution to permit studies of crater 
morphologies will be very important inasmuch as there 
is great interpretive power – largely underutilized for 
several decades since early studies of Mars – in analy-
sis of statistics of craters separated by morphologic 
class.  Since craters are formed with a “known” shape, 
their subsequent morphological changes reflect generic 
geological/geophysical  processes on the body in a 
quantifiable way.  JIMO has the potential for revolu-
tionizing, through analysis of cratering, the under-
standing of the geological and geophysical evolution 
of the icy  moons of Jupiter. 
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Icarus, 153, 264-276. [2] McEwen A.S. (2003) 6th Mars Colloq.  [3] Merline W.J., Chap-

man C.R. et al. (1997)  Bull. Am. Astron. Soc. 29, 991.  [4] Merline W.J., Chapman C.R. et 

al. (1997)  Geol. Soc. Am. (Salt Lake City) abs. #51422.  [5] Chapman C.R., Merline W.J. et 

al. (1997)  LPSC 28th.  [6] Merline W.J., Chapman C.R. et al. (1998)  Bull. Am. Astron. Soc. 

30, 1122.  [7] Chapman C.R., Bierhaus E.B., Merline W.J. et al. (1999)  Bull. Am. Astron. 

Soc. 31, 1162.  [8] Bierhaus E.B., Chapman C.R., Merline W.J. et al. (2000)  LPSC 31, abs. 

#1996. 

Forum on Jupiter Icy Moons Orbiter (2003) 9058.pdf



TOWARD A GLOBAL UNDERSTANDING OF GANYMEDE TECTONICS.  Geoffrey C. Collins,
Wheaton College, Norton MA 02766, gcollins@wheatonma.edu.

Introduction: One of the major outstanding ques-
tions about the Jovian system, before and after the
Galileo mission, is the origin of the Ganymede-Callisto
dichotomy, and the driving mechanism that created
grooved terrain on Ganymede.  Much of Ganymede’s
surface is dominated by tectonic deformation, which is
virtually absent on Callisto.  The Galileo mission has
provided a possible clue to explain the divergent be-
havior between the two satellites, showing that Gany-
mede’s interior is much more differentiated than Cal-
listo [1].  The origin of the interior dichotomy may
involve differences in tidal heating [2] or composition.

The style, pattern, and sequence of tectonic activity
on Ganymede is essential to our understanding of the
overall evolution of the satellite, since it is a record of
tidal and/or interior processes.  For example, the inte-
rior differentiation of Ganymede can induce stress
patterns on the surface which mimic those of orbital
recession, but which are dominantly tensile [3].  To
determine whether the grooves on Ganymede actually
constitute such a record, we need to determine the
strain history of the surface.  There are three steps to
determining the strain history of Ganymede:

Location and orientation of structures: Deter-
mining the pattern of tectonic structures is the first step
in deriving the strain history of Ganymede.  To that
end, every groove visible in currently available re-
gional-scale Voyager and Galileo images has been
digitized into a GIS database [4] to facilitate compari-
son with stress patterns expected from various driving
mechanisms for grooved terrain formation.  Even
though over 61,000 grooves have been digitized, there
are still large regions of Ganymede for which coverage
only sufficient to see the most prominent grooves.  It is
only in areas where resolution is better than 2.5
km/pixel and the emission angle is less than 45° that
we can feel confident that the correct location and ori-
entation of most grooves are being recorded.  Only
about half of Ganymede is currently covered by im-
ages of such quality.

The first discovery made from Galileo imaging of
Ganymede was that the grooves visible in regional
resolution Voyager images (~1 km/pixel) are actually
composed of many individual ridges and troughs at a
scale 5 to 10 times smaller [5].  These individual ridges
represent the brittle faults that accommodate grooved
terrain formation [6], and as such, it is crucial that we
map Ganymede at a scale where these faults may be
distinguished.  Only a few percent of Ganymede’s sur-
face has been imaged at sufficient scale (~100 m/pixel)
to see these faults.

Strain measurements:  Once the location and ori-
entation of faults has been mapped, the next step in
deriving the strain history is to determine the strain
represented by the faults.  Most of the faults appear to

be extensional in origin [6], though some strike-slip
faults have also been recognized [7].  Quantitative es-
timates of strain have been made in the limited high-
resolution target areas using craters cut by faults [8],
showing that some styles of faulting exhibit tens of
percent extension, while others exhibit negligible
strain.  In the even more limited areas of Ganymede for
which high resolution stereo topography is available,
strain may be estimated using fault geometry [9].

In one area, crustal spreading may have occurred
along a smooth band [10], while in another area, cryo-
volcanism may explain smooth bands [11].  Imaging of
smooth bands at a resolution sufficient to pick out
piercing points on either side, and imaging and topog-
raphic data to see embayment relationships, will serve
to test these hypotheses.

Sequence of deformation:  After determining the
location, orientation, and magnitude of strain, the final
piece of the puzzle is to derive the history of strain.
Analysis of high-resolution target areas has allowed us
to derive local stratigraphy, which may be extrapolated
into the majority of the surface covered by low-
resolution images [12], but the interpretations would
be much more confident if continuous high-resolution
data were available.  Analysis of the stratigraphically
youngest grooves on Ganymede has shown that they
share a distinctive pattern and morphology apart from
the other grooves [13], suggesting that there is a wealth
of information to be gained by this approach.

Recommendations for JIMO:  To determine the
strain history of Ganymede, to understand the tectonic
evolution of Ganymede, and why it is different from
Callisto, the following types of data are essential: (1)
complete high-resolution imaging (<100 m/pixel) of
the surface; (2) high resolution topography (smaller
than scale of ridges) for strain calculation, and to as-
sess the role of cryovolcanism; and (3) a refined
gravitational model to improve our understanding of
the interior and the existence of gravity anomalies.

References: [1] Anderson J. D. et al. (1996) Nature 384,
541-543; Anderson J. D. et al. (1998) Science 280, 1573-
1576; [2] Showman, A. P. et al. (1997) Icarus 129, 367-383;
[3] Collins G. C. et al. (1999) LPSC XXX #1695; [4] Collins
G. C. et al. (2000) LPSC XXXI #1034; [5] Belton M. J. S. et
al. (1996) Science 274, 377-385; [6] Pappalardo R. T. et al.
(1998) Icarus 135, 276-302; [7] DeRemer L. C. and Pap-
palardo R. T. (2003) LPSC XXXIV #2033; [8] Pappalardo R.
T. and Collins G. C. (2003) J. Struct. Geol., submitted; [9]
Collins, G. C. et al. (1998) GRL 25, 233-236; [10] Head J.
W. et al. (2002) GRL 29, 2151; [11] Schenk P. M. et al.
(2001) Nature 410, 57-60; [12] Collins G. C. et al. (1998)
Icarus 135, 345-359; [13] Collins G. C. (2002) LPSC XXXIII
#1783.
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Core Plasma Measurements for the Jupiter Icy Moons Orbiter.  F. J. Crary1 and D. T. Young2, 1Southwest Re-
search Institute, 6220 Culebra Rd, San Antonio, TX 78228, fcrary@swri.edu. 2Southwest Research Institute, 6220 
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Introduction:  The Jupiter Icy Moons Orbiter 

(JIMO) will provide an exciting opportunity to study 
the dynamics of the magnetospheres of Jupiter and 
Ganymede, and the interactions between Callisto, Eu-
ropa and Jupiter’s magnetosphere. We will discuss 
some of  potential observations and the role of a core 
plasma spectrometer (measuring ions and electrons 
between approximately 1 eV – 50 keV) in the context 
of the JIMO mission, and the ability of such an instru-
ment to operate on a spacecraft using electric propul-
sion. 

The use of electric propulsion on the JIMO mission 
will result in a systematic coverage of different regions 
of the magnetosphere. To first approximation, a low-
thrust trajectory follows a nearly circular orbit, which 
gradually spirals inward (or outward.) Assuming an 
acceleration typical of current, ion propulsion systems, 
the spacecraft’s orbit would move inward at roughly 
0.02 to 0.2 RJ per day. Such an orbit will allow parti-
cles and fields instruments to watch the evolution and 
dynamics of Jupiter’s magnetosphere. In contrast, the 
Galileo mission’s discoveries were made from a space-
craft on a very eccentric orbit. While this allowed 
sampling the magnetosphere at many different dis-
tances and local times, it did not dwell at any single 
location as the magnetosphere evolved. The JIMO 
mission, during the cruise phase from Callisto, to 
Ganymede and then to Europa, will both remain in a 
given region of the magnetosphere for weeks at a time 
and sample the dynamically interesting region between 
10 and 30 RJ. 

JIMO will also allow the detailed examination of 
the magnetosphere of Ganymede and the interaction 
between Jupiter’s magnetosphere, Callisto and Europa. 
The dynamics of these interactions and of Ganymede’s 
magnetosphere are poorly understood. The Galileo 
encounters provide snapshots, measuring the state of 
these systems at a given instant. The configuration of 
Ganymede’s magnetosphere, the possibility of sub-
storm-like dynamics, and the details of the Callisto and 
Europa interactions depend on the satellite’s location 
relative to the current sheet. By orbiting these satel-
lites, at a variety of altitudes, particles and fields in-
struments on the JIMO mission will be able to map out 
the changing configuration and study the dynamics 
driven by the 10-hour period motion the satellites, as 
Jupiter’s rotation takes them below, through and above 
the current sheet. 

In addition to magnetospheric science, understand-
ing these satellite interactions is also important to stud-

ies of their interior. The induced magnetic signatures, 
observed by Galileo, are one of the clearest indications 
of sub-surface oceans within these bodies. However, 
the magnetic signatures are superimposed on magnetic 
fields from external currents. This is especially true of 
Ganymede and Ganymede’s magnetopause currents. A 
better understanding of the satellite interactions and 
these external currents will allow clearer and more 
detailed studies of the induced magnetic signatures of 
subsurface oceans. 

Most of these observations will have to be made 
while JIMO is using electric propulsion.from a space-
craft using electric propulsion. We will present data 
from the Deep Space 1 PEPE instrument, and show 
that this is feasible. Although there are some limita-
tions, especially to measuring low energy ions and 
electrons, an operating ion propulsion system does not 
significantly impact any of the important, magneto-
spheric science. Ions and electrons below ~100 eV are 
affected, but the observed flows (100-200 km/s in the 
relevant regions) and the mass of the heavy ions (al-
most entirely oxygen and sulfur) imply particle ener-
gies well above these limits. Similarly, some electron 
measurements would be affected, but others (e.g. of 
field-aligned electrons associated with aurora) should 
be insensitive to the ion propulsion system. 

We will conclude by listing some properties of a 
plasma instrument for JIMO, such as energy range, 
time resolution, and compositional measurements. 
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HYDRATES AND CLATHRATES: REQUIREMENTS FOR SPECTROSCOPIC DISCRIMINATION ON 
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Introduction: Studies of the icy Galilean satellites 

require knowledge of composition to provide insights 
to rheology, chemistry, and influences of both en-
dogenic and exogenic processes. The surfaces of these 
moons are postulated to contain many condensed vola-
tiles, clathrates, radiolysis products and possible indi-
cators of interior oceans such as hydrated salts. The 
unique capabilities of the JIMO spacecraft design may 
allow detection and robust discrimination of these ma-
terials by a properly designed and built spectrometer. 
The requirements for such an instrument can be deter-
mined by examining spectra of candidate materials.  

The controversy regarding interpretation of the 
Galileo Near-Infrared Imaging Spectrometer (NIMS) 
data can be traced to three primary causes: (1) the lack 
of laboratory spectra for most candidate materials, (2) 
the modest NIMS spectral resolution, and (3) the high 
spatial heterogeneity of these worlds. Laboratory spec-
tra of candidate materials must be acquired at tempera-
tures [80 – 150 K] relevant to the icy satellites, be-
cause spectral behavior for many compounds is tem-
perature-dependent. To robustly identify a compound 
based on a single absorption, at least 3 channels must 
fall within the full width at half maximum (FWHM) of 
the absorption feature. Surface features imaged by the 
Galileo Solid State Imager (SSI) indicate that in order 
to measure discrete surface units, a spatial resolution 
of at least 100 m is necessary. 

Hydrates: NIMS results suggest hydrated materi-
als on Europa and possibly Ganymede and Callisto [1, 
2]. These may be sulfates such as MgSO4•nH2O and 
H2SO4•nH2O [1, 3, 4], or some as yet unknown com-
ponent [4, 5]. Figure 1 illustrates spectral temperature 
dependence for one of the hydrated salts predicted for 
Europa [1]. Bloedite (MgNa2(SO4)2•4H2O), like many 
hydrates, exhibits significant structure at low tempera-
ture [4]. Examination of the widths of spectral features 
in Figure 1 demonstrates that JIMO could differentiate 
most of the hydrates with a spectrometer having at 
least 2 nm spectral sampling and bandpass.  

Clathrates: Spectra of clathrates generally resem-
ble combinations of the spectra of the crystalline host 
(typically H2O) and trapped volatile [6]. Representa-
tive spectra for condensed volatiles reveal a great deal 
of fine structure. [6, 7]. The fundamental ν3 absorption 
of CO at 2138 cm-1 (~4.67 µm) is typical of volatile 
absorptions expected in this range [6]. At approxi-
mately 13 nm FWHM, this could be distinguished at 
the 2 nm resolution suggested for the hydrates. CO2 
has many features having widths ~10 nm [7] which 
could be used for identification. It also displays ab-
sorption bands of as little as 0.3 nm FWHM. Measur-
ing these would require at least 0.1 nm instrument 
resolution. This would not be necessary for the simple 
identification of CO2 where it occurs in isolation or 
with H2O alone. However, because of the large num-
ber of overlapping fine absorption features of this and 
other gases, this resolution would be critical for areas 
with multiple components. This capability would also 
allow determination of structural details of the lattice, 
including radiation-induced damage. 

Conclusion: While identification of most simple 
volatiles in homogeneous surface patches could be 
accomplished at 2 nm, a much more complete under-
standing of surface chemistry, mixtures of materials, 
and radiation processes could be derived at 0.1 nm 
(~0.15 cm-1) spectral resolution. The power and mass 
constraints of the JIMO mission may allow for ad-
vanced instrumentation approaching current laboratory 
capabilities which can resolve this structure.  

References: [1] McCord T. B. et al. (1998) Science, 280, 
1242-1245. [2] McCord T.B. et al. (2001) Science, 292, 
1523-1525. [3] Carlson R. W. (1999) Science, 286, 5437-
5440. [4] Dalton (2000) PhD Thesis, Univ. Colorado, 253pp. 
[5] Dalton (2003) Astrobiology, submitted. [6] Fink U. and 
Sill G. T., (1982) in Comets, U. Ariz. Press. [7] Hansen, G. 
B. (1997) JGR, 102, 21569-21588. 
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Figure 1. Spectra of the hydrated salt mineral bloedite at
room temperature (red) and at 100 K (blue). Subtle fea-
tures due to water of hydration become significantly
more pronounced at low temperature. 
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Introduction.  Due to the limited downlink capa-

bilities of the Galileo spacecraft, the amount of SSI

color data (0.4-1.0 µm) from the icy Galilean satellites

Europa, Ganymede, and Callisto is quite

low. A global, low-resolution coverage (8-

34 km/pxl) exists only for Ganymede [1],

while parts of Europa and Callisto have not

at all been observed in multi-color by SSI

[2]. Several high-resolution color observa-

tions are available for Europa, and in a

very limited number for Ganymede and

Callisto. In terms of phase angle, the global

color data are not homogeneous, nor do

they span a variety of phase angles (over

similar terrain) for spectrophotometry pur-

poses. The outer Jovian satellites have

never been studied by Galileo. Color data

of the small inner moons exist, but suffer

significantly from cosmic ray hits. For the

icy Galilean satellites, common features are that short-

wavelength reflectances (VLT filter, 0.4 µm) are al-

ways significantly lower than long-wavelength reflec-

tances (1MC filter, 1.0 µm) [2]. For me-

dium wavelengths (GRN filter, 0.6 µm),

reflectances in between VLT and 1MC

(causing homogeneously reddish spectra),

or similar to the 1MC values (implying the

appearance of a "violet-absorber material")

are found both (Fig. 1). Below, examples

for Europa and Ganymede color properties

are briefly described.

Galileo versus JIMO color observa-
tions of Europa.  SSI data revealed that

Europa’s mottled terrain has a global color

dichotomy [3]. While it has a brownish

appearance on the trailing side, the leading

side is yellowish (Fig. 2). This is attributed to different

non-ice surface materials, with the yellowish material

possibly correlated to sulfurous material. The cause for

this difference is not understood. At medium- to high-

resolution images of regions near or within the

brownish mottled terrain, exposures of yellowish mate-

rial have been observed (Fig. 3). From limited Galileo

data, it appears possible that these yellowish spots are

of endogenic origin. JIMO might carry the right in-

struments to decide if such surface material had its

origin from the suspected sub-surface ocean.

Galileo versus JIMO color observations of Ga-
nymede.  Color/ magnetic field correlation: SSI color

data of Ganymede show a horizontally banded global

structure at short wavelengths (shallower red slopes are

correlated with the icy polar caps), but a quite strong

color correlation to geologic features at

long wavelengths. However, the open-

closed field-lines boundary of the mag-

netic field implies a color boundary on

the surface as well. At northern latitudes,

areas are exposed to the radiation of the

Jovian field and show redder spectra

between 0.6 and 1 µm than (low-latitude)

areas that are shielded from Ganymede’s

own field. In the southern hemisphere,

this correlation is not obvious yet, but not

necessarily absent [1]. Magnetometer

data as well as color imaging and spec-

trometer data from JIMO under homoge-

neous illumination conditions might re-

veal the nature behind this observation,

including effects of surface chemistry alteration by

charged-particle irradiation.

"Odd material" craters: Other color features in-

clude craters that exhibit spectra not found

elsewhere on Ganymede. The most promi-

nent example is Kittu. JIMO data might

help to determine the origin of this unusual

material (as well as the nature of the

"regular" dark material), and might reveal

similar "odd material" craters on Callisto.

Outer Jovian satellites. Comparison

of global color properties with the orbits of

the various big and small members of the

prograde and retrograde outer Jovian sat-

ellite groups should allow us to obtain sig-

nificant insights into their origin processes.

References. [1] Denk, T., et al., LPSC XXX,

#1822, 1999. [2] Denk, T, et al., LPSC XXX, #1872,

1999. [3] Denk, T., et al., LPSC XXX, #1877, 1999.
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Introduction: We urge consideration of an Icy Moon 

Lander as part of the Jupiter Icy Moon Orbiter mission.  
Inclusion of a lander would have major advantages.  It would 
allow scientific and engineering objectives to be met that 
cannot be addressed with an orbiter.  It would also allow 
independent tests of surface and subsurface properties in-
ferred from remote observations.  It would provide invalu-
able engineering data for the design of a future ice or ocean 
penetrator mission. 

We illustrate these advantages with three examples.  As 
the first example, an acoustic profiler imbedded in the sur-
face of an icy moon could be used to identify several subsur-
face properties as a function of depth.  Some of these proper-
ties, such as the presence and depth (or absence) of the wa-
ter/ice interface and the structure and density of the ice as a 
function of depth, might be independently inferred by in-
strumentation on an orbiter.  Other properties that might be 
determinable with an acoustic profiler cannot be imaged 
from orbit.  These include the shear modulus of the ice 
(which might be used to distinguish between rigid ice and 
“slushy” convecting ice), ocean density as a function of 
depth, the depth of an ocean/bedrock interface, and proper-
ties of the bedrock underlying the ocean and ice. 

For the second example, instrumentation on a lander 
could undertake direct chemical analysis of organic and in-
organic compounds in the surface ice and atmosphere of an 
icy moon.  Such analyses would directly test models of sur-
face compositions and atmospheric composition inferred 
from remote observations.  These analyses would also 
greatly advance human understanding of the chemical habi-
tability of a Jovian icy moon by directly identifying and 
quantifying concentrations of nutrients, energy yielding 
chemicals, and carbon sources in the surface ice. 

Thermal studies provide the third example.  Lander-
based thermal measurements on the surface of an icy moon 
would provide an absolute calibration standard for surface 
temperatures inferred from remote observations.  Downhole 
temperature measurements taken at a single site with a shal-
low penetrator would allow modeling of the subsurface tem-
perature profile and independent estimation of the presence 
and depth (or absence) of the ice/ocean interface. 

In closing, we wish to emphasize that inclusion of a lan-
der with relatively low-weight instrumentation in the JIMO 
mission would provide a high scientific pay-off.  Because the 
lander instrumentation would not penetrate the ice deeply, 
there would be no risk of directly contaminating any under-
lying ocean.  Such a lander might require only modest adap-
tation of existing technology and consequently might entail 
relatively low cost. 
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Introduction:  The specification of >45kW of dispos-

able power available on the JIMO spacecraft raises the pos-
sibility of a new class of instrumentation that has utility at 
such power levels.  In this presentation we discuss the con-
cept of an electromagnetic mass driver that can launch pro-
jectiles from orbit around one of the Galilean satellites di-
rected on a trajectory that will impact the satellite surface.  
The resulting impact will create a crater that will provide 
information on the mechanical properties of surface and 
near-surface materials, expose subsurface materials for re-
mote spectral identification, and form a vapor cloud that can 
be sensed for composition either remotely or in-situ.  An 
analog for such a controlled cratering experiment is Deep 
Impact, a mission to observe the crater and ensuing ejecta 
cloud formed by a ballistic projectile into a comet surface in 
July, 2005. 

Current State-of-the-Art for Implementation:  In a 
typical rail gun system, high current is passed through two 
fixed rails and through a conductive, movable armature 
placed between them. The high current induces a force 
against both the rails and the armature. This force causes the 
armature to move down the length of the rails with high ac-
celeration.  The rapid acceleration requires very high power 
dissipation rates.  This is achieved by a rapidly discharging 
power supply, such as a compulsator rotor or large capacitor 
bank. 

Electromagnetic gun systems have a long history of de-
velopment, but their use has been limited thus far to labora-
tory and field demonstrations.  The University of Texas at 
Austin built and tested a prototype that could fire 2kg projec-
tiles at muzzle velocities above 2km/s (muzzle energies of 
nearly 6MJ) with a measured system efficiency of ~16%.  
Peak current into the system was on the order of 3MA[1]. 

This presentation will cover the basic system architecture 
required to implement such an instrument on a space mis-
sion.   

Potential for Science Return:  A 1kg projectile impact-
ing a competent, non-porous surface in excess of 1km/sec 
will create a crater on the order of 10m in diameter [H.J. 
Melosh “Crater” Program, copyright 1998].   Such a crater is 
likely to be much larger than the per pixel resolution of a 
multi-color visible imaging system on JIMO.  In this presen-
tation, we will address the following science questions: 

• Will the flash from such an impact be observable 
from an orbiting platform? 

• Is the crater likely to be larger than the per pixel reso-
lution of an orbiting IR spectrometer? 

• What is the viability of assessing the composition of 
the resulting vapor cloud both remotely and in 
situ? 

References: [1] R.J. Hayes and R.C. Zowarka, 
(1991) IEEE Tans. On Magnetics, 27(1), 33-37.  
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Introduction:  Crater relaxation studies generally 

possess 2 unknowns: time and thermal state.  Standard 
practice has been to use this process as a thermal 
probe.  That is, a crater’s age is inferred by other means 
(usually crater counts), and relaxation is simulated in 
order to infer lithospheric thermal state [e.g., 1, 2].  
Here, I propose the opposite: to assume thermal state in 
order to constrain crater age.  By comparing these age 
assessments with those provided by crater counting 
statistics, I hope to provide an independent “ground-
truth” of absolute age and thus calibrate the crater pro-
duction curve in the outer solar system.  Data returned 
by JIMO will be very valuable to this task. 

Background:  Schenk [3] measured depths and di-
ameters of “fresh” (ostensibly unmodified) craters on 
Europa, Ganymede, and Callisto.  The resultant depth-
diameter curves each exhibited 3 distinct breaks in 
slope, the last of which (Transition III) was inferred to 
be due to a liquid water ocean at depths of ~19-25 km 
on Europa and ~80-105 km on Ganymede and Callisto.  
Sampling of post-Transition III (PT3) craters (i.e., cra-
ters with diameters larger than that of Transition III) is 
more complete on Ganymede, and these 5 data points 
display considerable scatter in their depths. 

Ruiz [4] showed that the outer ice shell of Callisto, 
and by extension Ganymede, transfers heat conduc-
tively.  Using the expected radionuclide budget, he 
determined a shell thickness of ~105 km, in agreement 
with Schenk [3].  Given water’s freezing point as a func-
tion of pressure (i.e., depth), the shell’s thermal state 
can be computed.  (Tidal heat complicates the case of 
Europa.)  I assume these PT3 craters were emplaced on 
this surface and began to relax under this thermal state.  
So, the calculated time of relaxation to an observed 
depth equals the crater’s absolute age. 

Method:  I use an elastoviscoplastic finite element 
analysis to study impact crater relaxation.  This applica-
tion builds upon previous work [2] by simulating an 
inviscid fluid at the base of the mesh and by calculating 
thermal state as an input to the relaxation process. 

As there are many unknown quantities, I can only 
place bounds on age.  A primary unknown is initial 
crater depth.  Undoubtedly, PT3 craters are shallower 
than pre-Transition III craters.  The shallowest possible 
initial shape, as determined by depth-diameter relations 
[3], essentially incorporates all depths of the PT3 cra-
ters (within error).  Thus, the lower bound on age is 
zero, and I can only place meaningful constraints on 
the upper bound.  Hence, I hedge input parameters to 

minimize relaxation.  These parameters include using 
the deepest initial and shallowest final shape, the stiff-
est rheology, and the coolest thermal state (e.g., thick-
est ice shell).  Another consideration is whether topog-
raphy is compensated at the shell’s base.  My simula-
tions show that topography can be largely supported 
flexurally, so compensation does not appear warranted.  
Besides, an initial state of isostasy would bring the ice-
water interface to shallower depths, thereby locally 
enhancing heat flow and speeding relaxation. 

As a test, I have simulated relaxation of a crater on 
Ganymede 150 km in diameter, 1 km deep, and sitting on 
a water ice shell 100 km thick that overlies a pure water 
ocean.  These simulations indicate that ~200 m of depth 
can be shed in only 10 Myr, even under minimal relaxa-
tion conditions.  Thus, it appears that significant relaxa-
tion over a short time is unavoidable.  Unless PT3 cra-
ters are very young, they have probably relaxed to 
some degree, and the scatter seen in the depths could 
be due to relaxation over different lengths of time (i.e., 
different ages).  There are 2 important caveats, though.  
First, this age depends on surface temperature and 
hence latitude of the crater.  In polar regions, low tem-
peratures could “lock-in” the craters; however based 
on geometric arguments, most craters of a given size 
should not be found in polar regions, as about 71% of a 
planet’s surface area is at latitudes < 45°.  Second, sup-
pression of the ocean’s freezing point by dissolved 
salts or ammonia could decrease heat flow by a factor 
of ~2, thus increasing calculated ages by an order of 
magnitude.  Still, 100 Myr to shed 200 m is a geologi-
cally short time period. 

How JIMO May Help:  Data returned by JIMO will 
be invaluable to this task.  More complete surface imag-
ing may reveal additional PT3 craters, and stereo- and 
laser-based altimetry will better constrain depths.  Ge o-
physical measurements (radar, gravity, magnetics) will 
provide information on ice shell thickness, including 
lateral variations, and shell and ocean composition.  
Surface science packages will provide information on 
shell composition and surface thermal properties.  
JIMO may not return a sample that can be dated, but 
perhaps with this analysis and the data returned by 
JIMO, we may be able to do the next best thing. 

References: [1] Passey Q. R. and Shoemaker E. M. 
(1982) in Satellites of Jupiter, Univ. Ariz. Press, 379–434. 
[2] Dombard A. J. (2000) Ph.D. thesis, Washington Univ. 
[3] Schenk P. M. (2002) Nature, 417, 419–421. [4] Ruiz J. 
(2001) Nature, 412, 409–411. 
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A MAGNETOMETER INSTRUMENT FOR THE JIMO MISSION.  M. K. Dougherty, A. Balogh, C. M. Carr and S. 
Kellock, Imperial College, The Blackett Laboratory, Prince Consort Road, London, SW7 2AZ, United Kingdom, 
m.dougherty@imperial.ac.uk 

 
 
Abstract:  A magnetometer instrument, based on a 

proposal submitted to the Europa Orbiter 
Announcement of Opportunity, is described. The 
primary science aim of the instrument would be to 
characterize the electromagnetic fields which are 
induced around Europa, Ganymede and Callisto. These 
signatures will then be interpreted in light of the 
internal structure of the moons. The design of the 
instrument consists of a 3-axis fluxgate sensor mounted 
on a deployable or stub boom. The magnetometer 
electronics are remote from the sensor and housed in a 
spacecraft body mounted electronics box. Functionally 
the instrument is very similar to the fluxgate sensor  
already flying on the Cassini mission, but in addition 
the instrument will be immune to the different and more 
severe radiation enviro nment.  

The magnetometer will allow the frequency 
spectrum of the induced magnetic fields to be probed 
allowing an investigation of the presence and 
properties of the electrically conducting material 
beneath the surface to be carried out. Magnetometer 
data in combination with radar data will enable a model 
of the vertical structure of the body to be derived, 
thereby allowing the interior of the moon to be probed.  
The existence of  liquid water may have implications for 
the possible existence of life. In addition, the 
magnetospheric and source/atmosphere interactions in 
the vicinity of the moons will also be probed.  
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SALT PRECIPITATION IN THE EUROPAN ICE SHELL AND ITS POTENTIAL ASTROBIOLOGICAL
IMPORTANCE. Hajo Eicken1, Giles M. Marion2, Jody W. Deming3, 1Geophysical Institute, University of Alaska Fairbanks,
Fairbanks, AK 99775-7320, hajo.eicken@gi.alaska.edu, 2Desert Research Institute, Reno, NV 89512, gmarion@dri.edu, 3School
of Oceanography, University of Washington, Seattle, WA 98195, jdeming@u.washington.edu.

The search for potential traces of life (i.e., dis-
solved and particulate biogenic compounds) on Eu-
ropa's surface is facilitated by ocean and ice turnover
processes that are likely to disperse such tracers
throughout most of the Europan ice shell [1,2]. How-
ever, overall low expected concentrations of biomass
and metabolic byproducts suggest that detection of
relevant compounds may be hampered by detection
limits of surface-based and remote techniques [3]. This
problem is compounded by the fact that ice formation
processes typically result in exclusion of between 70 to
>99 % of the total amount of dissolved material pre-
sent in the parent water mass [4].

In this context, a closer examination of the evolu-
tion and distribution of particulates (both on sub-
decameter and planetary scales) may be of substantial
value. Our studies of sea-ice bacterial activity at very
low temperatures (down to approximately –20 ˚C) on
Earth have shown that virtually all active cells at these
low temperatures are particle-associated. Depending
on the depth of salt precipitation horizons within the
Europan ice cover and considering potential entrain-
ment of particulates suspended in a Europan ocean,
particle-rich regions on Europa's surface are hence
more promising as target sites for a potential surface
sampling mission.

Furthermore, studies of the distribution of bacteria
and other microorganisms in sea ice have also shown
that the vast majority of cells resides within brine in-
clusions rather than in the solid ice matrix [5]. The
same holds true for potential biomarkers such as bio-
genic polymers and other metabolites. Under the Euro-
pan surface conditions any brine inclusions transferred
to the surface through diapiric uprise or extrusion of
warm ice or brine mobilization will have solidified into
an aggregation of precipitates (and possibly associated
ice particles) [6]. This process has been observed in
sea ice samples in the lab [4], suggesting that any cells
or dissolved material present would be trapped in a
precipitate-ice matrix.

In this presentation we will examine the implica-
tions of potential precipitation pathways and salt/ice
microstructural evolution in the context of direct and
remote analysis of the Europan surface ice layers as
part of a future mission to the Jovian icy moons. Spe-
cifically, we will address the possibility of salt pre-
cipitation within the ocean and at various layers within
the ice cover as well as discuss different processes of

salt and particle entrainment that can substantially in-
crease the concentration of potential biomarkers as
compared to low background concentrations. Finally,
the potential value and need for studies of Earth ana-
logs in the context of future Europa missions will be
discussed in the presentation.

References: [1] Kargel, J. S.; Kaye, J. Z.; Head, J.
W. III; Marion, G. M.; Sassen, R.; Crowley, J. K.;
Ballesteros, O. P.; Grant, S. A., and Hogenbloom, D.
L. (2000) Icarus, 148, 226-265. [2] Pappalardo, R. T.;
Head, J. W.; Greeley, R.; Sullivan, R. J.; Pilcher, C.;
Schubert, G.; Moore, W.; Carr, M. H.; Moore, J. M.;
Belton, M. J. S., and Goldsby, D. L. (1998) Nature,
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(2001) PNAS, 98(3), 801-804. [4] Eicken, H. (2003)
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ice - An introduction to its physics, biology, chemistry
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Eicken, H. (2001) Ann. Glaciol., 33, 304-310.
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Hartwell Ave., Lexington, MA 02421, jel@aer.com. 

 
 
Introduction:  The success of a sounding radar in 

detecting a subsurface ocean on Europa will depend on 
the density structure of Europa’s regolith, as the ex-
tinction of the radar signal in the relatively clean Euro-
pan ice will be strongly influenced by the concentra-
tion of ice/pore/brine interfaces [1, 2]. The primary 
process affecting the density structure (and the closely-
coupled thermal structure) of Europa’s subsurface lay-
ers is self-gravitational compaction. As the depth of a 
porous regolith on an Europa-size icy satellite is likely 
to exceed 1 km [3], an investigation of compaction 
should be a high priority in assessing the range of pos-
sible measurement scenarios for JIMO radar and in 
their interpretation. 

Ice Metamorphism on Europa:  In addition to af-
fecting the attenuation of the radar signal at the ice-
pore interfaces, compaction will influence the depth of 
the transition zone between ice and liquid character-
ized by a network of brine pockets. In this transition 
zone, compaction is likely to proceed as a two-phase 
flow, with liquid being squeezed out from the collaps-
ing pore space. Once the pore space loses interconnec-
tivity, the elimination of the remaining brine pockets 
will be limited by the solubility of the brine constitu-
ents in the surrounding ice matrix. As the radar at-
tenuation is expected to increase rapidly in this transi-
tion zone [2], an estimate of the depth of this zone is 
likely to provide a limit to the depth of penetration of 
the radar signal. Another metamorphic process operat-
ing at depth on Europa is grain growth in the ice ma-
trix. Grain growth will affect the concentration gradi-
ents of minor constituents, as the latter tend to diffuse 
more rapidly along grain boundaries than through the 
crystal interior [4]. 

Implications:  A consideration of compaction and 
other metamorphic processes operating in Europa’s 
subsurface layers is an important task in preparation 
for the JIMO mission, as it will   

• Determine the depth of radar penetration as 
affected by a direct scattering effect. 

• Affect the density/thermal structure and thus 
radar absorption due to density- and temperature-
dependent loss processes [1,2]. 

• Affect the rate at which minor constituents, 
including those that affect the radar signal, as well as 
possible biological markers, diffuse from the interior 
to the surface. 

Possible Approach: Given the similarity of p-T 
conditions in Europa’s regolith to those in terrestrial 

ice (apart from the topmost layer, where the tempera-
tures are much colder than on Earth), an investigation 
of compaction on Europa can to a large extent make 
use of rheological data for terrestrial ice. In its most 
general form, calculating the likely structure of Eu-
ropa’s subsurface layers presents a coupled micro-
physical/thermal/chemical problem that is best ad-
dressed via an integrated approach based on the multi-
phase flow formalism [5]. In such an approach the heat 
and mass transfer equations are solved self-
consistently, using material data for ice extrapolated to 
Europa from terrestrial conditions. A first-order esti-
mate of the depth of penetration of the radar signal 
could be obtained by applying equations describing 
compaction driven by dislocation creep, applied both 
to a dry regolith [6] and to a regolith filled with liquid. 
This initial estimate of density and thermal gradients 
should be followed by an evaluation of salt concentra-
tion gradients (taking into account grain growth and its 
impact on the salt diffusion coefficient) and their im-
pact on the radar return. 

The density and thermal structure of Europa’s re-
golith should be computed on a variety of geological 
timescales and should be followed by a radiative trans-
fer calculation of the propagation of the radar signal. 
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[6] Eluszkiewicz, J. (1990) Icarus, 84, 215. 
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Introduction. Knowledge of the geology, style and 
time history of crustal processes on the icy Galilean 
satellites is necessary to understanding how these bod-
ies formed and evolved. Data from the Galileo mission 
have provided a basis for detailed geologic and geo-
physical analysis. Due to constrained downlink, Gali-
leo Solid State Imaging (SSI) data consisted of global 
coverage at a ~1 km/pixel ground sampling and repre-
sentative, widely spaced regional maps at ~200 
m/pixel. These two data sets provide a general means 
to extrapolate units identified at higher resolution to 
lower resolution data. A sampling of key sites at much 
higher resolution (10s of m/pixel) allows evaluation of 
processes on local scales. We are currently producing 
the first global geological map of Europa using Galileo 
global and regional-scale data. This work is demon-
strating the necessity and utility of planet-wide con-
tiguous image coverage at global, regional, and local 
scales. 
 
The JIMO Mission. A key objective of the JIMO 
mission will be to understand the link between surface 
features and potential subsurface oceans on Europa, 
Ganymede and Callisto. Analyses of Europa through 
geologic mapping have identified complex temporal 
and spatial relations between tectonic features and 
structures that apparently resulted from cryovolcanic 
activity. Current data allow for primarily two-
dimensional analysis with only limited ability to assess 
three-dimensional geologic and geophysical relations. 
Due to the sparse distribution of data and the general 
subdued relief on the Galilean satellites, the topog-
raphic characteristic of most geologic features is un-
clear. Specifically, the topographic signature of Euro-
pan chaos terrain, the different types of bands, and the 
background are uncertain. Likewise, the topographic 
character of broad regions of grooved terrain, on 
Ganymede , are also uncertain. This information be-
comes essential if a true understanding of units forma-
tion and modification processes in the Galilean satel-
lites is intended. Important questions to be addressed 
by JIMO are, what is the three-dimensional morphol-
ogy of features formed by different processes? What is 
the topographic expression of the development and 
degradation of certain features? What is the shell re-
sponse to loading by volcanic and tectonic structures 
and what does it tell us about the shell and interior?  
 

The limited regional coverage of the Galileo image 
data also leads to uncertainties in the assessment of the 
global distribution of terrain types on the different 
satellites. An imaging system on JIMO should have the 
objective of completing the regional-scale coverage for 
each satellite at the 100-200-m/pixel resolution. These 
data should be acquired under uniform illumination 
conditions in the visible-to-near-infrared wavelength 
range. Global color image coverage is required to 
study large scale compositional variation in the oldest 
and heavily modified terrains. This information should 
be combined with higher-resolution color data of re-
gions and features of interest in order to assess the 
surface-subsurface exchange of materials on a local 
scale, as well as the manner and degree of degradation 
of surface materials. This information is necessary for 
the evaluation of the astrobiological potential of icy 
satellites and the selection of sites for eventual surface 
studies. Topographic information should be obtained 
by active techniques (e.g., laser altimetry) with cm-
scale vertical precision and several to tens of meters 
measurement spacing. Because the track-to-track spa-
tial resolution of altimetry methods will be constrained 
by the characteristics of the JIMO orbit around each 
body, it will be important to obtain global stereo image 
coverage at 10s to 100s of meter resolution to produce 
complementary topographic maps. 
 
Both imaging and active altimetric sounding tech-
niques will be important to generating data to evaluate 
the geology and internal structure of the icy Galilean 
satellites. JIMO will provide the opportunity to collect 
data that will be an important contribution to unravel-
ing the surface history of each body, constraining geo-
physical processes, and understanding how the geol-
ogy might be linked to potential subsurface oceans. 
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Introduction: This paper provides a focused summary of 
the results of the Life Detection: Mars and Beyond work-
shop.  Specifically, it addresses the Astrobiology derived 
science and technology requirements for the near and far 
term exploration of Europa.   
 
The Life Detection: Mars and Beyond workshop was held on 
March 10-11, 2003, at Arizona State University in Tempe, 
AZ.  The workshop was supported by the Astrobiology Pro-
gram and attracted a diverse group of international partici-
pants.  Most of these participants were either members of the 
Astrobiology science community or technologists working 
on the development of spacecraft and/or life detection in-
struments.  The group was unified in that its primary objec-
tive was to accelerate the search for life in our Solar System.  
 
The stated objectives of the workshop was to examine poten-
tial technological focus areas for Astrobiology payload de-
velopment and integration into future missions.  The product 
was a set of recommendations concerning Astrobiology sci-
ence objectives as they relate to Solar System exploration.   
In addition, recommendations were developed concerning 
how best to integrate emerging concepts and technologies for 
life detection into the design of a new generation of flight 
experiments for detecting life in other planetary environ-
ments. A primary focus of this workshop was to develop 
Astrobiology objectives for the exploration of Europa. 
 

As it relates to the exploration of Europa, the workshop 
resulted in a set of very specific recommendations which are 
relevant to the JIMO mission.  The most significant of these 
is the need to incorporate a surface lander into the existing 
mission architecture. It was widely agreed that a JIMO mis-
sion with only an orbiter would generate limited interest and 
support from Astrobiology researchers. 
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