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Exploration of Habitable 
 Worlds



Habitability?

1.Liquid water 

2.Source of energy with which to create and 
maintain complex molecules and structures 

3.Raw materials for biosynthesis. Life on Earth 
requires C, H, N, O, P, and S.

Potential Habitability Requires Concurrent Availability  
 of Three Ingredients:



Liquid Water is Rare



Earth Europa

Jovian System

Enceladus

Saturnian System



Europa

Habors a Subsurface Ocean



Galilean Moons

• Io (Size 3643 km) 

• Europa (Size 3121 km) 

• Ganymede (Size 5262 km) 

• Callisto (Size 4820 km)



Europa: Key ParametersEuropa ENCYCLOPEDIA OF ASTRONOMY AND ASTROPHYSICS

ocean below. Smaller impacts, such as the bright ray
crater Pwyll (gure 2), 25 km in diameter, look super-
cially like lunar craters, with a sharp rim and central
peak, and thus probably did not penetrate to a uid
layer. Taken together, these constraints imply a thickness
of 10P20 km, though the models are incomplete, and
uncertainties remain for the rigid outer layer, They also
do not prove that the underlying uid layer is liquid
water: very warm, mobile, ice is also possible. Pwyll-
sized craters are extremely at compared to lunar craters,
showing that even the VrigidW outer layer is soft enough
below the surface to ow and ll in the original hole.

Age of the surface
The age of the geological features on EuropaWs surface is
difcult to determine precisely. No detectable changes
occurred in the 17 years between the Voyager and Galileo
images: if we assume that changes occur smoothly and
uniformly over EuropaWs surface, this implies an average
surface age of at least 30 million years. The surface age
can also be estimated from the abundance of impact
CRATERS, combined with estimates of the rate at which
impacts are expected to occur. Cratering rates can be
determined, though not very accurately, from the num-
ber of observed comets and asteroids near Jupiter. Our
best estimates suggest that EuropaWs surface age is some-
where between 10 and 300 million years. If this age esti-
mate is correct, it is very likely that geological activity on
Europa continues today: the chance that activity would

have persisted for 95P99% of EuropaWs history and then
stopped just before humans appeared on the scene is
small. This raises another mystery, however. Chaotic ter-
rain on Europa is more recent than ridged plains in
almost all areas of Europa so far surveyed. If EuropaWs
surface is young, why would geological activity have
changed so dramatically so recently? One possibility is
that activity on Europa is cyclic, driven by complex inter-
actions between its interior and its orbit, and that at some
future date the style of activity will change back from
chaotic terrain formation to ridged plains formation.

Interaction with Jupiter4s magnetosphere
Europa is immersed in JupiterWs enormous magnetos-
phere, which rotates with Jupiter once every ten hours
(see JUPITER: MAGNETOSPHERE), much faster than EuropaWs
3.5-day orbital period. The magnetosphere carries with it
a dense plasma of energetic ions, dominated by sulfur
and oxygen ions that have escaped from Io. Lacking a
strong intrinsic magnetic eld that could deect the plas-
ma, EuropaWs surface, particularly the trailing hemi-
sphere (the side that faces backwards as Europa orbits
Jupiter), is thus continually bombarded by energetic
ions. The bombardment has two main effects: implanta-
tion and erosion.

The strongest direct evidence for implantation is an
absorption feature in EuropaWs ultraviolet spectrum, due
either to sulfur dioxide or sulfurPoxygen bonds in some
other form. The feature is strongest on the trailing hemi-
sphere, where bombardment is strongest. There is also a
pervasive darkening of EuropaWs trailing hemisphere at
longer ultraviolet wavelengths. It is likely that some of
the bombarding sulfur ions become embedded in the
water ice of EuropaWs surface, and combine with oxygen
from the surrounding water to produce the UV absorp-
tion feature. It is also possible that the UV feature is due
to sulfur intrinsic to Europa, concentrated on the trailing
side by sputtering away of water ice, as explained in the
next paragraph.

Each ion that collides with EuropaWs water ice also
ejects many water molecules, or fragments of water mol-
ecules, from the surfaceba process known as sputter-
ing. Most of the material re-impacts Europa elsewhere
on its surface, but a signicant fraction is moving fast
enough that it escapes into space. It is estimated that, on
average, 5P20 cm of ice is lost from Europa every million
years, and 20P80 cm is transported large distances across
the surface. The fact that geological features on Europa
as small as tens of meters in size have not been worn
down to nothing by this process provides additional evi-
dence that the surface is relatively young, less than 100
million years old. Sputtering of the surface ice also sup-
ports a tenuous oxygen atmosphere around Europa,
which was detected by the Hubble Space Telescope.
There is also a faint but detectable halo of sodium
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Figure 2. Full-disk view of Europa from Galileo. The bright
impact crater Pwyll is conspicuous. A cutaway shows a
schematic of the interior structure: the cold, rigid outer icy crust
(white), the possible liquid water ocean or warm ice layer (blue),
the silicate layer (brown), and the central iron core (silver). This
gure is reproduced as Color Plate 28.

• Radius: 1,561 km 

• Escape Speed: 2,040 m/s 

• Hill Radius: 13,661 km 

• Thickness of Ice Crust: 

• 80 - 150 km 
Anderson et al., Science, 281, 
1998 

• Water Pockets at 3 km 
Schmidt et al., Nature, 479, 2011



Europa’s Surface Provides 
Evidence For Liquid Water



Surface Geology

• Rigdes 
• Chaotic 

Terrains 
• Pull-apart 

Bands

Europa ENCYCLOPEDIA OF ASTRONOMY AND ASTROPHYSICS

Europa is the smallest of the four large @GalileanC satel-
lites of JUPITER. Table 1 gives its basic parameters. Little
known before 1979, when the VOYAGER spacecraft
returned the rst close-up images, it has recently been a
prime target of the Jupiter-orbiting GALILEO MISSION,
which has provided major advances in our understand-
ing of Europa. Its icy surface and rocky interior, and
strange surface topography of low-relief ridges and
chaotic terrain, make Europa one of the most unusual
objects in the solar system. Most intriguing is the possi-
bility that this unusual surface overlies a liquid ocean,
which might conceivably support life.

Origin
Europa was presumably formed at the same time as its
three siblings, IO, GANYMEDE, and CALISTO, from the same
cloud of material, the proto-Jovian nebula, that formed
Jupiter itself. Temperatures in the proto-Jovian nebula
would have been highest near Jupiter, with ice condens-
ing only in the outer parts. Europa formed near the inner
margin of the ice zone, and so acquired a little ice in addi-
tion to rock and iron. The solid material in the nebula
accumulated into ever-larger pieces which were drawn
together by mutual gravitational attraction, until four
large bodies, the nascent Galilean satellites, became large
enough to sweep up the remaining debris. After forma-
tion, the satellites were driven away from Jupiter by their
tidal interaction with the planet. Eventually the inner
three became locked by mutual gravitational perturba-
tions into the present orbital resonance, in which Io orbits
Jupiter twice for every orbit of Europa, and Europa orbits
twice for every orbit of Ganymede, a circumstance that
has profound consequences.

Interior
EuropaCs mean density, 3000 kg mY3, is much greater than
the density of water, 1000 kg mY3, but is signicantly less
than the density of around 3500 kg mY3 that would be
expected if the interior were made entirely of silicate
rocks. Its interior is strongly differentiated, with a proba-
ble iron or iron sulde core, a thick mantle of silicate
rock, and an outer layer of water or ice. The DIFFERENTIA-
TION of Europa indicates that at some time its interior has

been hot and mobile enough for the heavier constituents
to settle towards the center. Heating during its forma-
tion, radioactive decay, or tidal heating may have been
responsible. Unlike its neighbor Ganymede, Europa does
not generate a signicant internal magnetic eld, though
as the origin of GanymedeCs eld is a mystery we are not
yet sure what this means for Europa. However, Europa
perturbs JupiterCs magnetic eld in a way that implies an
electrically conducting layer, such as a liquid ocean, not
far below EuropaCs surface. The same appears to be true
on Callisto, a geologically dead moon that otherwise
looks very different from Europa. The orbital resonance
with Io and Ganymede makes EuropaCs orbit signicant-
ly non-circular, so although Europa rotates synchronous-
ly, keeping the same face to Jupiter, the tidal bulge raised
by Jupiter changes size and orientation slightly during
the orbit as EuropaCs distance from Jupiter varies. This
continual distortion dissipates energy inside Europa, in a
milder version of the tidal heating that produces IoCs vol-
canos. Dissipation is greatest in the parts of the interior
that deform the most during the orbit, but the amount of
deformation of the ice or rock depends on its viscosity,

Europa
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Table 1. Properties of Europa.

Radius 1561 km
Density 3005 kg mY3

Mean distance from Jupiter 671 000 km
Orbital eccentricity 0.0101
Surface composition H2O ice, hydrated minerals 

(perhaps salts or H2SO4); SO2; O2; 
CO2; H2O2

Interior composition Silicate rock; Fe/FeS; H2O

Figure 1. Galileo image of a 215Y280 km  region of EuropaCs sur-
face, showing the wide variety of surface features.  Examples are
shown of ridged plains (R);  chaos (C); lenticulae (L); a pull-
apart band (P); and one @cuspC of a cuspate ridge (Cu).  Note the
almost complete absence of impact craters.
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Surface Composition
• Water ice 

• Dark Terrains: 

• Hydrated Sulfate 
Minerals 

• Unknown Compounds 

• SO2 

• CO2 

• Organics? 

116 J.B. Dalton et al.

Fig. 1 Galileo NIMS spectra of the icy Galilean satellites. The primary H2O absorption features at ∼1.0,
∼1.25, ∼1.5, ∼2.0 and ∼3.0 µm are evident on all four satellites. However they are much weaker on Cal-
listo, indicating the dominance of other components such as silicates, CO2 and possible hydrocarbons. The
1.65-µm crystalline water ice feature is apparent on all three satellites, but is faint in the Europa dark terrain
spectra, which also exhibit strongly asymmetric absorption feature shapes at 1.5 and 2.0 µm representative of
bound water such as hydrated salts and sulfuric acid hydrate. The Europa and Ganymede spectra have been
offset for clarity, though the Europa spectra are offset by the same amount to highlight the near-saturation at
3.0 µm. The signal is extremely low longward of 3.0 µm, and dominated by radiation spikes, demonstrating
the challenges inherent in observing Europa at these longer wavelengths

to a host molecule by weak hydrogen bonds, vibrate at a number of frequencies close to
those observed in water ice (Salisbury and Hunt 1971; Crowley 1991). Examination of sev-
eral compounds in the laboratory has demonstrated that sulfate hydrates have absorption
features with similar spectral shapes, center frequency positions, relative strengths and full
widths at half maximum (FWHM) to those observed in the spectra of dark material. In par-
ticular, varieties of MgSO4 · nH2O, Na2SO4 · nH2O and H2SO4 · nH2O (where n indicates
the number of waters of hydration) provide exceptionally good matches (Dalton et al. 2005).
Sulfuric acid may be brought up from the subsurface, or created by radiolysis of water ice
with implanted S or endogenic sulfurous salts; or perhaps some combination of these. The
hydrated sulfate salts are predicted on the basis of geochemical arguments (Kargel 1991,
2001) and are more difficult to produce through radiolysis.

All of the sulfate hydrates exhibit similar spectral features. This is because the absorp-
tions arise from vibrations of the solvated water molecules, not from the host sulfate com-
plex. However the electromagnetic influence of the host constrains the configuration of the
whole molecule, affecting the vibrational frequencies and producing detailed spectral struc-
ture that can be highly diagnostic of the host compound and the level of hydration (Dalton
2003). Note that no single compound yet studied has perfectly matched the Europa ob-
servations when considered by itself. Other compounds, not yet studied, or a mixture of
compounds, may be present on the surface. Alteration of spectral properties by radiation is a
process known to occur on Galilean satellites (Nash and Fanale 1977) but requiring further
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Hydrated Minerals
• Mixtures of 

• MgSO4 n(H2O) 
• Na2SO4 n(H2O) 
• H2SO4 n(H2O) 

• Match the Galileo Spectra  
(Dalton et al., 2005) 

• There is an Element of 
Ambiguity

118 J.B. Dalton et al.

Fig. 3 Spectra of hydrated sulfate salts and sulfuric acid hydrate. (a) MgSO4 Brine; (b) Sulfuric Acid
Hydrate, H2SO4 · 8H2O; (c) Bloedite, Na2Mg(SO4)2 · 4H2O; (d) Magnesium Sulfate Undecahydrate,
MgSO4 · 11H2O (Meridianiite); (e) Mirabilite, Na2SO4 · 10H2O; (f) Hexahydrite, MgSO4 · 6H2O; and
(g) Epsomite, MgSO4 · 7H2O. All are measured at 100 K, except for Bloedite and Hexahydrite, 120 K, and
Sulfuric Acid Hydrate, measured at 140 K. The major absorption features near 1.25, 1.5, and 2.0 µm arise
from the bound water of hydration in the crystal lattice, while the exact shape and position of the features
(and the fine structure within them) are determined by the interaction of the host sulfate molecule with the
waters of hydration. Spectra (c) and (f) from Dalton (2003); (b) from Carlson et al. (1999b); remainder from
Dalton et al. (2005)

2001). The dark material on Ganymede could contain sulfur if the hydrated compounds on
Ganymede are sulfate salts. A second hydrated species associated with dark crater rays was
noted and may be due to contamination or dehydration by impacts (Hibbitts and Hansen
2007). Impacts can also contribute dark material to all of the satellites, but Europa’s active
surface, with a crater age of about 50 My (Zahnle et al. 2003), must be subducting this infall
material and producing less contaminated ice compared to Ganymede and Callisto.

1.1.3 Other Species

In addition to water ice and hydrate, there are other species that are known or thought to
exist on the icy satellites; we group these into oxygen, carbon, sulfur, and alkali compounds.

Molecular oxygen is known to exist on all three icy Galilean satellites (Spencer et al.
1995; Calvin et al. 1996; Calvin and Spencer 1997; Spencer and Calvin 2002) and is a
radiolytic product of water (Johnson et al. 2004, 2005) that is trapped within defects in
the ice (Johnson and Jesser 1997). Irradiation of oxygen-rich ice surfaces can produce
ozone (Teolis et al. 2006) and this species has been observed on Ganymede (Noll et al.
1996a, 1996c). Radiolysis of water ice also produces hydrogen peroxide, first found on
Europa using infrared and ultraviolet spectra (Carlson et al. 1999a) and later inferred
from ultraviolet measurements to exist on Ganymede and Callisto (Hendrix et al. 1999;
Lopes et al. 2008).
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There is Even Evidence For 
A Plume
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Fig. 2. Individual STIS images of the five HST orbits from December
2012. Lyman-a emissions before disk-reflectance subtraction (A to E) and
reflectance-subtracted Lyman-a and O emissions (F to T). The persistent plume
emission is highlighted by the dashed red circles. Sub-observer longitude fobs,

jovian system III longitude lIII, magnetic latitude ym, and projected magnetic
field line B are listed at the bottom of the figure. The leading meridian (90°W)
is shown by a dashed white line, and the equator shown by a solid white line.
Other details are as in Fig. 1.
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Fig. 3. Comparison of December 2012 observations and atmosphere
plume model results. (A to D) Lyman-a and OI 130.4-nm STIS images
(as in Fig. 1) and model aurora images from a global atmosphere with
two H2O plumes. The south polar above-limb emission is found in bins 12
and 13 (vertical shaded bar) of the 18 20° bins illustrated by the dotted
yellow lines. The patchiness of the 130.4-nm on-disk emissions might
originate from surface reflectance or atmospheric or plasma inhomoge-

neities, but it is also consistent with statistically expected variations across
a uniform disk (15). (E) Measured (solid black line) and modeled (dotted
lines) brightnesses of each 20°-wide limb bin around Europa’s disk. The
best-fit plume model atmosphere is shown in red, and plume densities
decreased by a factor 2 and 3 are shown in blue and green, respectively.
(F) Radial profiles of measured and modeled brightness versus altitude in
bins 12 + 13.
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REPORTS

December 2012 Hubble Observation Versus  
Atmosphere Plume Model  

Roth et al., Science, 343, 2014



Europa Plume

• Plume height: ~ 200 km 

• Requires initial gas speeds of ~700 
m/s 

• Europa escape speed is 2040 m/s  

• O2 column density: 1019m-2 

• Implies H2O column of 1.5∙1020m-2 

• Enceladus: 0.90±0.23∙1020m-2  
Hansen et al., GRL, 38, 2011



How To Sniff An  Subsurface Ocean?



Ejecta Clouds

Galileo Dust Detector: 

Galilean Satellites Wrapped in 
Dust Clouds 

(Krüger et al., Nature, 1999)

Almost Isotropic Clouds 
Composed of Surface Ejecta

1 2 3 50.50.3 10

A.V. Krivov et al. / Planetary and Space Science 51 (2003) 251–269 263
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assumed model parameters from Tables 2 and 3. Note that the model curves for the two !ybys are slightly di"erent, because so are the !yby velocity
and therefore the minimum mass of the detected grains. Thin solid line: model calculations of Kr#uger et al. (2000) who assumed a normal ejection from
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assumed a normal ejection of dust from the surface. A de-
tailed comparison between the model and Galileo data, given
in that paper, applies to the present model. Any tangible im-
provement of the poorly known parameters (yield, slope of
the ejecta speed distribution, etc.) is unfortunately not pos-
sible, because of the scarcity of the data, especially at small
and large altitudes. We can only state that the parameters
chosen are compatible with the data.

4.2. Dust at saturnian moons: Cassini CDA
measurements

Similar to Fig. 8 for Ganymede, Fig. 9 plots the num-
ber density of the dust clouds around all six saturnian
satellites of interest (uniform ejection only). Both $gures
have the same vertical scale, enabling immediate visual
comparison of the number densities in both cases. The max-
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Ejecta Production

• Gravitationally Bound Ejecta 
Populate Cloud 

• Some Ejecta Escape:  

• Feed Rings 

• Moon Mass Loss 
Mechanism

Meteoroid Impacts Produce Ejecta

Sremcevic et al., Icarus, 2005

Ganymede Mass Yield ~ 4000 
Koschny & Grün, Icarus, 2001; Krivov et al., Icarus, 2003



Ejecta Production @ Work

tering angles !, suggesting the photometric
dominance of micrometer-sized grains (9). To
estimate the phase brightening of Amalthea
ring particles, we removed a modeled Thebe
ring contribution and then derived the
Amalthea ring’s vertically integrated brightness
profile from edge-on image 41660888922. We
next divided that curve through by the
Amalthea ring’s expected profile, where we
consider the ring brightness to vary only be-
cause of the changing line of sight (LOS)
through a model ring, in which grains leave the
source satellite and drift inward at a uniform
rate (see below and Fig. 2). Relative to the
expected profile, the Amalthea ring brightens
by an additional factor of 1.3 as ! decreases
from 1.5° to 1.2°. We attribute this increase to
the intrinsic phase function of the ring grains.
For comparison, this relative-brightness factor
would be unity for 1-"m dust, 2.5 for 10-"m
particles, and about 2 for 50-"m grains (10).
Our measurement is consistent with the
Amalthea ring dust being dominantly com-
posed of particles having a radius of 5 "m.
Although such grains dominate in the Galileo
viewing geometry, many other grain sizes may
be present.

The rate at which mass, Mi, is supplied to
a ring in time t due to impacts at speed v on
an isolated satellite of radius Ri is

dMi/dt # $i YFe Ri
2 (1)

where $i is the mass flux density of hyper-
velocity impactors, Y is the impact yield (the
ratio of ejected mass to projectile mass), and
Fe is the fraction of impact ejecta that is
moving swiftly enough to escape the satellite.
Y depends on the projectile’s specific kinetic
energy and is on the order of 10v2 for v in
units of kilometers per second (11). $i in-
creases close to Jupiter where gravitational
focusing causes collisions to be more fre-
quent and more energetic, elevating yields for
similarly sized impactors. On the basis of
empirical fits to hypervelocity-cratering ex-
periments, the fractional mass ejected above
speed v # (vcrit/v)9/4, where vcrit, the mini-
mum speed at which impact ejecta is
launched, is typically 10 to 100 m s%1, de-
pending on the regolith’s nature (1). For an
isolated satellite, the escape speed vesc & Ri

and is #10 to 100 m s%1 for spheres the size
of the jovian ring satellites (Table 1). Hence,
Fe & Ri

%9/4 and dMi/dt & Ri
%1/4 if vcrit ' vesc.

Thus, counterintuitively, smaller moons pro-
vide more escaped ejecta than larger moons
do. The optimum source has a radius such
that its vesc ( vcrit; for a soft regolith and a
density of 2 g cm%3, this radius is 5 to 10 km,
like that of Adrastea.

Because some of the ring moons reside
within Jupiter’s Roche zone, the loss of im-
pact ejecta will be accentuated [(12); figure 4
in (13)]. We computed the speeds at which
ejecta launched at )45° from the local ver-

tical will escape the jovian ring moons from
four equatorial surface locations (leading, Ju-
piter-facing, trailing, and anti-Jupiter) for ho-
mogeneous, rotationally locked satellites
whose shapes have been measured (14 ). In all
cases, vesc was greatly decreased across most
of the satellite’s surface, because of tidal
effects and nonsphericity (see Table 1). The
effect is largest for the closer-in moons, even
vanishing over portions of Adrastea. Includ-
ing these variations in vesc, dMi/dt is about the
same for Thebe and Amalthea, larger for
Metis, and greatest for tiny Adrastea.

Because the gossamer rings reside deep
within Jupiter’s gravity well and within the
lethal jovian magnetosphere, their microme-

ter-sized grains are rapidly destroyed or
swiftly removed from the system. Lifetimes
for 1-"m particles have been estimated as 102

to 104 years for erosion by sputtering and 104

to 106 years for catastrophic fragmentation
after micrometeoroid bombardment (1, 13).

Circumjovian dust grains evolve orbitally
by several processes. Poynting-Robertson (P-
R) drag, due to momentum transferred from
absorbed solar radiation, induces orbits to
spiral inward over the Poynting-Robertson
time TP-R ( 105r years, where r is the particle
radius in micrometers. Plasma drag, which
pushes grains away from the synchronous
orbital radius Rsyn (15), was estimated to have a
characteristic time scale of (20 to 2000)r years
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Fig. 1. (A) A false-color mosaic of Jupiter’s gossamer rings made from four Galileo images
(41608-8922, -8968, -9022, and -9045). Images were obtained through the clear filter (central
wavelength ( 0.611 "m, passband ( 0.440 "m) from within Jupiter’s shadow (scattering angle
! ( 1° to 3°) at an elevation of 0.15°. Images have been reprojected to a common geometric scale
of 400 km per pixel radially and 200 km per pixel vertically. The logarithm of the brightness is
shown to reduce the dynamic range. In order of increasing brightness, the faint exterior gossamer
material is shown in shades of violet, the Thebe ring in blue-red, the Amalthea ring in red-yellow,
and the saturated main ring and halo in black and white. Each color change represents roughly a
10-fold increase in brightness. The two gossamer rings have crosses showing the four extremes of
the eccentric and inclined motions of Amalthea and Thebe; the full crosses are about 10 times as
large as the positional errors of the satellites or ring tips. The top and bottom edges of both
gossamer rings are twice as bright as their central cores (5), although this feature is subdued by the
logarithmic scale. (B) Jupiter’s gossamer ring at a back-scattering phase angle of 1.1° taken at 2.27
"mwith the Keck 10-m telescope on 14 and 15 August 1997, when Earth’s elevation above the ring
plane was only 0.17°. The 0.6* seeing corresponds to a resolution of 1800 km. The main ring, halo,
and both gossamer components (the Amalthea ring inward of 181,000 km and, feebly, the Thebe
ring inward of 224,000 km) are all apparent; hints of gossamer material are also visible further
outward in the Keck data, albeit barely above the noise level, to the frame’s edge at #257,000 km.
About 200 individual 20-s frames, from the east and west ansae, were aligned and summed after
removing any visible satellites to create this image; later, Jupiter’s scattered light was subtracted.
The geometric scale and coloring scheme are similar to those of (A).

R E P O R T S

www.sciencemag.org SCIENCE VOL 284 14 MAY 1999 1147

 o
n

 F
e

b
ru

a
ry

 2
0

, 
2

0
0

7
 

w
w

w
.s

c
ie

n
c
e

m
a

g
.o

rg
D

o
w

n
lo

a
d

e
d

 f
ro

m
 

Ejecta Escaping from Moon‘s Gravity feed Rings

Burns et al., Science, 1999

Amalthea

Thebe

Gossamer Rings‘ extent coincides with moons‘ orbital extremes



Ejecta Are SUDA’s “Photons”

Ejecta move on  
ballistic trajectories

109 ejecta/km2s 

SUDA @ 25 km detects 40 ejecta/s

100 µm micrometeoroid impacts generate ~500 kg ejecta/second



Ejecta - “Photons” - Really?
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Na+ (H20)Na+ (NaOH)Na+ (NaOH)2Na+ (NaOH)3Na+

(NaCl)Na+ (Na2CO3)Na+

Ejecta Are Pieces From the Surface

Postberg et al., Nature, 2009
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Ejecta Move on Ballistic Trajectories 

• Meteorite impact splashes 
up  multiple ejecta 

• Satellite moves relative to 
ejecta: 
vi = ve - vsat  (≈Apex) 

• Know Starting Position: 
x0= f(xi,vi,Qd(ti),ti,...)

Meteorite

vsat
vi

Ejecta

ve

x(t) = f(x0,v0,Qd,Φm,...)

(x0,v0)



SUrface Dust Analyzer (SUDA)

• Mass Spectrometer: 
• Mass Resolution ~ 200  
• Electrostatic Mirror: 

• Parabolic Grid 
• Ring Electrodes 

• ± Polarity 
• Trajectory Sensor: 

• Velocity (1% Uncertainty)
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SUDA @ Europa
Water + MgSO4

Laser–assisted dispersion spectra of MgSO4 at a concentration of 0.1 ppm in water
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SUDA @ Europa
Argenine + Water (Cations)

Laser–assisted dispersion cation spectrum of the amino acid arginine 
(C6H14N4O2) dissolved in water at a concentration of 10-4 mol/l. 
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SUDA Will Collect

Europa Clipper Flybys:
Flyby Impact Rate Total Sample #

Europa 25 km 40 per second 5300
Europa 50 km 14 per second 2700
Europa 100 km 5 per second 1350

In total, SUDA will collect about 120 000 samples from Europa’s surface 



SUDA Composition  Map
MC Simulation for SUDA 
Compositional Mapping 

Probability for origin inside contour lines: 
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