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GEOLOGICAL CONSTRAINTS ON TIDAL AND ROTATIONAL DEFORMATION ON EUROPA.  P. H. 
Figueredo, Department Geological Sciences, Arizona State University, Tempe, AZ 85287-1404, 
figueredo@asu.edu. 
 
1. Introduction:  Orbital resonances with Io and Ganymede 
maintain a permanent eccentricity in Europa’s orbit around 
Jupiter [1]. This situation produces a) ‘diurnal’ variations in 
the tidal figure of Europa during its 85 hr orbit, leading to 
dissipative heating as well as surface stresses, and b) a non-
zero average tidal torque, which can drive nonsynchronous 
rotation (NSR) of the satellite [2, 3]. In addition, any mass 
concentration away from the equator could trigger episodes 
of polar wander of the outer cryosphere, if detached from the 
interior by a liquid layer [4]. Over the past few years, re-
searchers have modeled the stress fields associated with 
these processes and their variation with space and time, from 
which they predicted specific orientations and trends in the 
lineament record of Europa [e.g., 3, 5-7]. In this review, I 
summarize the geological evidence for tidal and rotational 
processes on Europa as reflected in Voyager and (especially) 
Galileo images of the satellite. I address the constraints they 
place in the conditions and rates of deformation, the ongoing 
discrepancies in the interpretation of the data and their im-
plications, and some ways of resolving outstanding issues. 

 
2. Nonsynchronous rotation (NSR): The average gravita-
tional torque of Jupiter on Europa’s misaligned tidal figure 
tends to make Europa’s rotation rate faster than synchronous 
[2], even in a completely solid body. An internal ocean 
would allow the decoupled outer shell to rotate nonsynchro-
nously, drifting eastward over the tidally deformed interior. 
NSR stresses in the cryosphere are cumulative (until relieved 
by failure) and can match the magnitude of diurnal stresses 
with just ~1º of rotation [e.g., 3]. Therefore NSR likely con-
stitutes the main source of stress for tectonic activity on Eu-
ropa. 

 
2.1. Fracturing: Fracturing of the cryosphere by tidal 
stresses (<0.4 kPa) requires the ice to be thin and weak. 
Widespread fracturing of Europa is in itself evidence of ei-
ther an extremely thin shell, inconsistent with most thickness 
estimates (e.g., [8]), or an extra source of stress in the 
cryosphere. The pattern of global fractures on Europa and its 
offset with respect to the tidal stress pattern is consistent 
with NSR stresses [3, 5-7]. Stress models achieve better 
matches with the lineament record when both sources of 
stress, tidal and NSR, are combined [e.g., 3]. As discussed in 
section 3.1, the propagation of cycloidal fractures was likely 
controlled by diurnal stresses [9]; features that are not cyc-
loidal possibly resulted from rapid propagation or were 
driven by NSR stresses. 

 
2.2. Translation of features: As the outer ice shell moves 
eastward, surface features are expected to migrate from their 
original longitude of formation. The major lineaments on 
Europa can be explained as tensile cracks within a stress 
field with diurnal and NSR components only after translating 
these features westward a few tens of degrees or more [e.g., 
6, 7, 10, 11]. In the same way, the orientation and sense of 
shear of strike-slip features in some areas fit better global 
stress models if they formed west of their current locations 
[3, 10]. It is generally considered that during the eastward 
migration of the cryosphere, fractures progressively relieve 
the accumulated NSR stress; this scenario could be con-
firmed when a global stratigraphic framework is established. 
The number of fractures formed during each rotation could 
constrain the number of rotations recorded in the visible 

geologic record (i.e., the last 30-80 Myr [12]) from which we 
can put an upper limit to the rate of NSR. On this basis, the 
NSR rate was estimated as <240,000 yr [10] from displace-
ments of cycloids in one locality (and >12,000 yr from the 
lack of displacements of features between Voyager and Gali-
leo images [13]), assuming a constant rate of 1-2 fractures 
per cycle. However, indications of repeated fracturing per 
cycle [11, 14-16, section 2.3] and of a rapid drop in the rate 
of tectonic resurfacing during the visible geologic record [17, 
cf. 18] challenge these assumptions. 

As the outer shell of Europa moved eastward with re-
spect to the deformed interior, it would become stretched 
where it moves over the tidal bulges, and compressed as it 
moves away from them [3]. Thus an area around the equator 
should have experienced cycles of extension and compres-
sion. The geologic record shows no widespread evidence of 
such alternation of stress conditions, although structural 
trends suggestive of shear failure at low latitudes have been 
reported [19]. In this sense, the evidence for compressional 
low-albedo bands, ridges, or folds [20-23] remains limited, 
and their relationship to tidal and rotational processes has not 
been addressed in detail. If the NSR rate was relatively fast, 
as implied by some studies [10], one would expect longitu-
dinal ‘smearing’ of units formed under specific stress condi-
tions (notably at low latitudes), with activity migrating west-
ward with time. Despite the current lack of uniform coverage 
and a global stratigraphic network on Europa, there seems to 
be no obvious indication of such a progression or of smear-
ing [24]. While the few impact craters on Europa show no 
leading/trailing asymmetries in their distribution [12], sup-
porting rapid NSR, the distribution of other units appears to 
vary strongly with longitude. Chaos regions roughly match 
the location of the equatorial zones of NSR isotropic com-
pression [25] and maximum tidal dissipation [11, 26, cf. 27]; 
the extensional wedges of Argadnel Regio are located 
roughly over one equatorial zone of isotropic extension [28], 
without an antipodal counterpart. If these units originated 
from global stresses, then the late NSR rate seems to have 
been very slow; alternatively, the units could have resulted 
from endogenic activity, with possible influence from tidal 
processes [29, 30]. 

 
2.3. Lineament rotation: One of the NSR model predictions 
is the systematic rotation of lineaments with time, if they 
originated as tensile fractures [8, 28]. Consistent with this 
prediction, and strengthening the case for both NSR and 
tensile fracturing of the cryosphere, several researchers have 
reported progressive clockwise and counterclockwise linea-
ment rotations in the northern and southern hemispheres, 
respectively [e.g., 11, 15, 16, 28, 31]. The amount of rotation 
recorded by the most prominent lineaments varies considera-
bly, from 25º to more than 700º. These results and their in-
terpretation are complicated by the possibility of shear fail-
ure in some areas [19], the formation of only a few fractures 
per cycle [10], ambiguities in the sense of rotation [32], and 
the possibility of polar wander [4, 20]. Definitive evidence 
for the rotation of lineaments with time should come from 
detailed (i.e., lineament-by-lineament) stratigraphic studies 
in more locations and the development of a global strati-
graphic framework for Europa.  

 
3. Diurnal tides: The periodic reorientation of the tidal fig-
ure of Europa during each orbit causes oscillations in the 

Europa's Icy Shell (2004) 7045.pdf

mailto:figueredo@asu.edu


global diurnal stress field. During each cycle, stresses in a 
given region change from tensile to compressional as they 
rotate and change amplitude [3]. The magnitude of the tidal 
stresses, which depends on the thickness of the cryosphere, is 
estimated to be <40 kPa. The effects of diurnal tides seem 
reflected in several tectonic features on Europa: 

 
3.1. Cycloidal fractures: The origin of Europa’s conspicuous 
chains of curved segments, or cycloids, has been success-
fully explained by Hoppa et al. [9] in the framework of diur-
nal tidal stresses. During an orbit and under sufficient tensile 
stress, a fracture will propagate in a curved path in response 
to the rotation of the local stress field, producing an arc seg-
ment. Subsequent orbits will add continuous arc segments as 
long as the crack remains active. The length of each arc, 
their radius and sense of curvature, and the ‘pointiness’ of 
the cusps between arcs can be reproduced by varying the ice 
strength and the speed and direction of fracture propagation. 
Tidal stresses predict the formation of concentric sets of 
tight, ‘boxy’ arcs around the sub- and antijovian points of 
Europa, with more linear cycloids extending between them 
[9, 14]. Such a pattern seems consistent with the formation of 
Argadnel Regio (the “wedges” region) in the past, although 
no equivalent is found at the antipode. 

 
3.2. Strike-slip features: Models of fault ‘walking’ by diurnal 
tidal stresses predict sinistral and dextral strike-slip dis-
placements to dominate in the northern and southern hemi-
spheres, respectively; at latitudes £30º, the sense of dis-
placement is also a function of the fault azimuth and longi-
tude of formation [20, 33]. Overall, these trends are consis-
tent with the geologic record of strike-slip features [11, 20, 
33]. Some inconsistencies exist, although they are generally 
attributed to the effects of NSR [33] and polar wander [20]. 
Details on the mechanism, however, await more thorough 
studies on issues such as a) the reasons why not all fractures 
underwent walking, even in polar regions; b) the along-strike 
variations in offset; c) the effectiveness of walking for very 
long faults; and d) the relationship between the amount of 
offset and the structure accommodating it. In this sense, the 
existence of simple fractures associated with significant lat-
eral offset [15] is inconsistent with most ridge-building 
mechanisms, as discussed in section 3.3. Strike-slip is as-
sumed in most analyses to result from primary tidal walking, 
although many of them could be secondary features accom-
modating deformation elsewhere. Structural studies are 
needed to identify morphological distinctions between the 
two processes, which could provide alternative explanations 
for some of the mentioned uncertainties. 

 
3.3. Ridge-building: While tidal stresses most likely are 
combined with NSR stresses to fracture the brittle 
cryosphere (section 2.1), diurnal processes can operate in the 
enlargement of a crack into ridges or more developed mor-
phologies [3]. According to some models, tidal working of 
fractures builds ridges by diurnal ‘pumping’ of crushed ice 
and slush from an ocean [3] and/or shear at more shallow 
levels [34]. It is argued that tidal pumping and strike-slip 
motions require fractures to extend through a relatively thin 
cryosphere [3, 10], despite issues with overburden pressure 
and ductile ice. This is not necessarily the case; for example, 
melts generated by shear could be pumped through fractures. 
Only dilational bands seem to involve a more intimate con-
nection with the ocean as well as other sources of stress like 
secular variations, NSR, ocean currents, or convection cells 
[e.g., 29, 35-37]. Alternative 3-D structures of faults and 
geomorphological studies assessing systematically the inter-
sections between ridges, variations at cycloid cusps and areas 

of sharp change in fault azimuth are necessary to refine 
models of ridge-building by diurnal tides. 
 
4. Polar wander: Polar wander of a detached outer 
cryosphere was proposed as a possible consequence of the 
centrifugal displacement towards the equator of any mass 
concentration originally at higher latitudes [4]. Polar wander 
has been invoked to explain essentially any departure in the 
distribution of features (e.g., lineaments, chaos, wedges, and 
strike-slip features [7, 15, 20, 28]) from the equatorial sym-
metry of the tidal and NSR models. Interpretation of the 
evidence becomes uncertain, as the reported amounts of 
displacement and possible pivoting points differ considera-
bly, which could be an expected effect of polar wander 
events in a nonsynchronously rotating Europa. It is worth 
noting, however, that if polar wander occurred relatively late 
(as suggested by [20]), it would render invalid most of the 
detailed correlations between lineaments and global stress 
fields [e.g., 3, 9-11, 16] that are considered in support of the 
tidal and NSR models. 

 
5. Conclusions and outstanding issues: The geologic re-
cord indicates that tidal and rotational deformations are 
likely the main driver for geologic activity on Europa. To 
assume the initiation of lineaments as tensile cracks provides 
good matches with tidal and rotational stress patterns; the 
possibility of failure by shear and especially bending stresses 
should be considered for certain locations and times. Diurnal 
tidal stresses successfully explain the origin and characteris-
tics of Europan cycloids, strike-slip displacements, and pos-
sibly ridges, but they involve fractures to form under very 
weak tensile stresses and to propagate through the entire 
cryosphere. In this sense, alternative fault geometries, dislo-
cation scenarios, and sources of melt should be explored in 
order to determine if these conditions are indeed a require-
ment. NSR can accumulate adequate amounts of stress for 
failure and tends to match the overall pattern and sequence 
of lineaments on Europa. Fundamental constraints on this 
process, like the amount and rate of rotation, should become 
clearer from future results from lineament-by-lineament 
stratigraphy, terminator observations, and geophysical meas-
urements. The evidence for polar wander, especially on re-
cent times, should be considered with caution until supported 
in combination with global stress models or observations of 
actual displacement. 
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ORIGIN OF CHAOS TERRAIN.  Paul E. Geissler, Astrogeology Program, U.S. Geological Survey, Flagstaff Field 
Center, 2255 N. Gemini Dr., Flagstaff, AZ 86001 USA. (pgeissler@usgs.gov). 

 
 
A NASA press conference in April, 1997 heralded 

the "discovery of an ocean on Europa" based upon the 
initial interpretation of crustal fragments within Cona-
mara Chaos as ice "rafts" that had floated on a near-
surface layer of liquid water. Although later imaging 
and more detailed analyses turned up a variety of sur-
face features that were likely formed by diverse mecha-
nisms, subsequent Galileo data provided ample confir-
mation that Europa's ice shell has been disrupted many 
times by large bodies of near-surface liquid water. This 
talk will review the characteristics of chaos terrain, the 
photogeological evidence for ice rafting, and the impli-
cations of liquid water near the surface of Europa. 

 
Chaos regions share several characteristics, includ-

ing an irregular, rough matrix that has replaced the 
ridged terrain common on Europa. This matrix material 
is commonly dark brown in color and often occupies 
the floor of irregularly shaped depressions that are 200 
to 300 meters lower than the surrounding ridged terrain 
and are generally bounded by steep scarps. Within the 
matrix are often found fragments of intact crust with 
ridges still visible on their upper surfaces. The orienta-
tions and locations of some of these fragments demo n-
strate that they shifted in position (rotated, translated, 
or tilted) when the surface was disrupted, indicating 
that the fragments were underlain by a mobile substrate 
such as liquid water or ductile ice. Because the last 
remaining crustal fragments within chaos regions often 
incorporate relatively large and heavy ridges, the sub-
strate must be denser than the solid ice crust, i.e. liquid 
water. From shadow measurements we can determine 
that the height of the fragments above the matrix is 
typically 200 to 300 m, suggesting that these ice 
"bergs" are 2 to 3 km thick according to Archimedes' 
Principle. Fragment thicknesses estimated in this way 
are equal to their minimum lateral dimensions, consis-
tent with their interpretation as floating ice rafts. 

 
Chaos regions range in size from a few kilometers to 

several hundreds of kilometers across. The dimensions 
of the largest examples are greater than the maximum 
possible thickness of the solid ice shell. There are no 
indications that chaos regions formed in stages like the 
nested paterae of Io, although there are several in-
stances of younger chaos that overprinted older, inac-
tive chaos terrain. Hence, the bodies of liquid underly-
ing the chaos must have been at least as extensive as 
the chaos regions themselves, and at least 2 to 3 km 
deep in order to float ice rafts of the thicknesses in-

ferred. Such large bodies of water would be unstable as 
sills sandwiched within a thick ice shell, and would sink 
through the lower density ice or quickly drain through 
faults and fractures in the solid ice shell. More likely, 
the liquid layer beneath chaos terrain is a global sub-
surface sea that melted through the solid ice shell and 
thermally disrupted the surface (Greenberg et al., 1999, 
Icarus 141, 263). A mechanism of brine mobilization 
(Head and Pappalardo, 1999, JGR 104, 27143) has been 
suggested for creating a transient layer of liquid within 
a thick ice crust, but such a process ought to expend 
itself early in Europa's geologic history, as soon as the 
ice shell differentiated. 

 
The youngest chaos regions are among the most 

recent features on Europa's surface, suggesting that 
chaos terrain could be forming even today. Chaos for-
mation is not a new phenomenon, however. Ancient 
chaos terrain can be  recognized that dates back to the 
beginning of Europa's (short)  geological record. Chaos 
in various stages of degradation can be seen that  is 
overprinted with tectonic fractures and ridges and 
sometimes younger chaos, which can lead to the curi-
ous situation of chaos atop ice rafts. The processes by 
which chaos is obscured are identical to the means by  
which impact craters are erased, and the difficulty of 
recognizing older  features of either type does not im-
ply that chaos or crater formation are new phenomena.  

 
Two other mechanisms modify chaos regions after 

thermal disruption has ended. First, the newly formed 
features represent zones of weakness in the ice shell 
that are subject to horizontal compression as the shell 
accommodates expansion elsewhere. Second, the 
melted area must refreeze to the thickness of the sur-
rounding ice shell, perhaps aided by infill via viscous 
flow of the ice below, while preserving the high fre-
quency component of the surface topography. These 
processes probably account for the puzzling variations 
in chaos morphology, such as the elevated matrix mate-
rial reported by Schenk and Pappalardo (LPSC 2002).  

 
Chaos terrain is ubiquitous on Europa. It is some-

what more prevalent along the equator, but large chaos 
regions have been found even at the poles, suggesting 
either extensive heating at high latitudes (where the ice 
shell is expected to be thick) or that polar wander has 
taken place. Riley et al. (2000, JGR 105, 22599) estimate 
that ~30% of the surface of Europa is occupied by 
younger chaos, while another ~10% may be covered by 
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older, partially obscured chaos regions. Chaos forma-
tion is thus an important resurfacing mechanism, com-
peting with resurfacing by tectonism and ridge forma-
tion. 

 
The presence of liquid water near the surface of Eu-

ropa has important implications for exobiology and 
future spacecraft exploration. Melt-through provides a 
means of mixing surface materials  into the interior, sup-
plying oxidants and exogenic compounds that could 
help sustain life in the subsurface sea. It also exposes 
seawater at the surface of the satellite, yielding a means 
to determine the composition of the ocean hidden 
within. Active or recently formed chaos regions could 
one day provide a portal for access to Europa's ocean 
for direct exploration, an expedition that will be inevita-
ble (if it is possible), given the nature of human curios-
ity. 
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rior de Alcoy (UPV), Placeta Ferrándiz Carbonell 2, 03801 Alcoy (Spain); osgohi@fis.upv.es, msatorre@fis.upv.es, 
2INAF-Osservatorio Astrofisico, via S. Sofia 78, I-95123 Catania, Italy; gle@ct.astro.it, gianni@ct.astro.it.  

 
 
Abstract: Europa surface spectra reveal that its 

main constituents are in the form of ices. Between 
them frost H2O [1] is dominant although traces of CO2 
[2], SO2 [3][4], O2 [5] and H2O2 [6] have also been 
found. Other compounds found mainly in the darker 
regions are hydrated materials [7][8]. Europa is located 
inside the intense magnetosphere of the giant Jupiter. 
The magnetosphere is populated by protons and ions 
such as Sn+ and On+, and energetic electrons [9]. In 
fact, one of the mechanisms suggested to be responsi-
ble for the formation of the icy molecules present on 
Europa is the interaction of the magnetospheric plasma 
with the surface of the satellite. When an energetic ion 
collides with the icy surface, part of the deposited en-
ergy destroys molecular bonds in the target producing 
radicals that can then react to synthesize new mole-
cules. In the case of a thick satellite surface, in which  
ions are implanted, the possibility exists that the new 
produced molecules contain the incident ion [10]. 

We have carried out implantation experiments of 
ions relevant to the Jovian system in water ice and 
mixtures. We focused on studying and characterizing 
the molecules formed by ion implantation and to ana-
lyze if this mechanism can quantitatively account for 
some of the species found on the surface of the satel-
lite. Also of our interest is the study of likely chemical 
pathways that could give rise to the new molecules. 
The used experimental technique has been in-situ in-
frared spectroscopy. Our results are also relevant to  
other Galilean satellites and to other places inside the 
Solar System. 

In this work we present the results of experiments 
of ion implantation in pure water ice by using five dif-
ferent types of ions (H+, C+, N+, O+ and Ar+). We have 
first focused on the study of the production of the 
hydrogen peroxide molecule. The energy of the used 
ions is 30 keV and the experiments have been carried 
out at 16 and 77 K. Our experiments show that H2O2 is 
produced at both temperatures and by all the different 
ions. We have found that the quantity of produced 
H2O2 is greater for ions with a higher stopping power, 
being protons the ions that produce the smallest quan-
tity [11]. We have also observed that oxygen is the ion 
that at 77 K produces the greatest quantity of H2O2. 
More precisely, an asymptotic value of about 4% of 
H2O2 (into respect to H2O) in number of molecules has 
been found for O+ implantation. Because  this value of 
H2O2 concentration is much greater than the 0.13% 

inferred by the NIMS feature on Europa, we suggest 
that hydrogen peroxide could be, on the surface of the 
satellite, distributed only in patches. This result could 
be useful to support the suggested possibility of a ra-
diation-driven ecosystem on Europa based on the 
availability of organic molecules and oxidants such as 
hydrogen peroxide. Also of great interest is the possi-
bility that the H2O2 could reach the putative subsurface 
ocean [12]. 

We have also found that C implantation into water 
ice produces CO2; the production yield (molec ion-1) 
has been measured [13]. For the case of Europa a bet-
ter estimation of the Cn+ ion fluxes that impinge on the 
satellite is needed in order to estimate if carbon im-
plantation could be in fact responsible for the quantity 
of CO2 found on the satellite. 

Future planned experiments are the implantation of 
sulfur ions into water ice to study the production of 
SO2 and sulfates. Sulfur implantation has been in fact 
suggested to be responsible for the formation of SO2 
found on the surface of Europa [3][8][14].  
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Introduction: The chemical composition of Eu-

ropa’s surface is strongly influenced by energetic 
charge particle bombardment from Jupiter’s magneto-
sphere. Here we report on progress in experimental 
work designed to address: 1) The production of radio-
lytic products in thermodynamic disequilibrium that 
could be utilized by known terrestrial microorganisms, 
and 2) The modification of complex organic molecules 
and degradation of biological material by the simulated 
Europan surface radiation environment. 

Methods:  The experimental facility includes a 500 
eV – 20 keV electron gun in a vacuum chamber cou-
pled to a continuous flow cryostat capable of maintain-
ing temperatures in the range of 4 K – 320 K. The con-
figuration of the electron gun chamber allows for si-
multaneous mass spectroscopy, Fourier transform IR-
spectroscopy, UV flourescence, and UV transmission 
and reflectance. Water vapor and compound mixtures 
(e.g. propane, formaldehyde, alcohols…) are deposited 
on the cryostat plate and the resulting ice mixture is 
then bombarded with high energy electrons, simulating 
the Europan surface environment. Irradiations are per-
formed at temperatures that simulate Europan condi-
tions and chemical evolution of the samples is deter-
mined using mass spectroscopy and infrared spectro-
scopic measurements, both obtained throughout the 
exposure. High doses are achieved in order to establish 
equilibrium species. 

Results: The most recent results from our work are 
presented. In particular, two sets of experimental re-
sults are considered. 

Disequillibrium products: We have undertaken an 
experimental determination of the chemicals that are 
produced by high-dose irradiation of ice containing 
impurities relevant to Europa. Radiolysis produces 
molecular species in thermodynamic disequilibrium [1, 
2, 3], and these may in turn be used by organisms in 
energy-producing reactions, forming a radiation-driven 
ecosystem as hypothesized by Chyba [4] and Chyba 
and Hand [5]. Here we determine the production rates 
and equilibrium concentrations for products such as 
formaldehyde, methane, oxygen, organic molecules, 
and thiols from irradiated ice containing compounds of 
carbon, sulfur, and silicate. Delivery of such com-
pounds to the putative ocean and the metabolic utility 
of these radiolytic products is also considered. 

Modification of biosignatures: The second compo-
nent of this work is an analysis of the radiolytic modi-
fication of chemical biosignatures. High-energy radia-
tion decomposes molecules on Europa, even to depths 
of several meters. A rough mean dose for material in 
the upper 10 cm of the ice shell is on the order of 104-
105 eV per 16 amu, enough to ionize and dissociate all 
molecular species several times over [6, 7].  

A prime measurement goal for an astrobiology 
mission orbiting or landing on Europa is determination 
of the surface and subsurface, searching for complex 
organic molecules that may serve as biosignatures. 
Determining the depth required for obtaining useful 
biosignature molecules requires a systematic study of 
candidate molecules, irradiated in ice at Europa-like 
temperatures. Here we examine the products of such 
exposure on a variety of organic molecules, biological 
compounds, and some microorganisms contained 
within the simulated Europan ice matrix. By varying 
dose rate we simulate various depths below the ice 
shell surface and yield results for survivability of 
biosignatures in the ice shell. 
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EUROPA’S ICE SHELL THICKNESS DERIVED FROM THERMAL-ORBITAL EVOLUTION MODELS. H. Hussmann,
T. Spohn, Universität Münster, Institut für Planetologie, Wilhelm-Klemm-Str. 10, 48149 Münster, Germany, (hhussman@uni-
muenster.de).

Introduction
Images of Europa obtained by the Galileo spacecraft show a
variety of surface features that are generally believed to be re-
lated to the thermal state and thickness of Europa’s H � O-layer.
A substantial part of this layer is expected to be liquid, forming
a subsurface ocean of up to about 100 km thickness. This is
suggested by the detection of an induced magnetic field at shal-
low depth [1], by equilibrium models of the heat production
and heat transport rates through the ice shell (e.g.,[2, 3]), and
by the interpretation of geological surface features (e.g.,[4]).
The latter show evidence for both a thick ice shell of a few
tens of kilometers and a thin ice shell with a thickness of only
a few km, or even just a few hundreds of meters. The absolute
ages of these surface features are unknown. Therefore, we cal-
culated thermal orbital evolution models in order to determine
Europa’s ice thickness as a function of time. Different phases
of ice thickness may be related to different kinds of surface
features. Another important question addressed in this study
is the following: Can the ocean exist for several Ga?
Since the inner three Galilean satellites are locked in the
Laplace resonance, the history of Europa cannot be under-
stood without considering the evolutions of its neighbouring
satellites Io and Ganymede. Due to the resonance, the orbital
periods of Io, Europa, and Ganymede are close to the ratio of
1:2:4 and their forced eccentricities are maintained over long
periods of time. A part of the orbital energy gained by Io due
to tidal interaction with Jupiter is dissipated as heat in Io’s
and Europa’s interior (e.g.,[5]). Ganymede’s dissipation rate
is negligible during the evolution in the Laplace resonance. It
may have been important though during formation of the res-
onance. The gravitational interactions between Io and Jupiter
tend to drive the satellites deeper into resonance and to in-
crease their mean motions. Dissipation in the satellites tends
to drive them out of resonance and thereby to decrease their ec-
centricities and mean motions. Due to these opposing effects
oscillations are possible, where the orbital elements and the
dissipation rates vary considerably [6, 7]. These variations of
Europa’s (and Io’s) thermal state may serve as an explanation
for different kinds of surface features on Europa.

The Model
Basically, our model consists of four parts:
1. Interior structure: We assume that Io and Europa are differ-
entiated into an iron-rich core and a silicate shell. Additionally,
there is the H � O-layer on Europa. These models are consis-
tent with the moments of inertia of the satellites derived from
Galileo data [8, 9].
2. Tidal heating: The rheology of the viscoelastic layers is
cast in terms of a Maxwell model with temperature dependent
viscosity and rigidity. In case of Io tidal dissipation occurs in
the silicate shell. For Europa we consider two different mod-
els. In model 1 dissipation is restricted to the silicate layer. In
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Figure 1: Equilibrium ice thickness according to heat
production of model 1 (dissipation within Europa’s sil-
icate shell).

model 2 dissipation within the ice layer is assumed. The tidal
forces are determined by the potential Love number

� � , which
is a function of rheology and thus temperature. The dissipation
rate �������	� is then given by [10]

� �����
����
���
�
��������� �

� Im � � ����� (1)

where
�

is the satellite’s radius,
�

the mean motion,
�

the
eccentricity, and

�
the gravitational constant.

3. Heat transfer: To calculate the heat transfer rate through the
silicate shells and Europa’s ice layer a parameterized model of
convection is used. The time dependence of the thickness of
the conductive stagnant lid is determined from energy balance
equations. As heat sources we take into account the tidal dis-
sipation rates and radiogenic heating from the rocky layers.
4. Orbital evolution: The satellites evolve in the Laplace res-
onance. Ganymed is included as a point mass in the orbital
equations, which are based on the models described in [5] and
[7]. Dissipation in Jupiter is parameterized by the dissipation
coefficient ��� . This value and the initial mean motions are
chosen such that the present-day orbital configuration of Io,
Europa, and Ganymede is reproduced at 4.6 Ga.
The link between all four parts of the model is provided by the
dissipation rate depending on the orbital elements as well as
on structure, rheology and temperature (Eq.1).

Results
The orbital evolution of Io and Europa can be devided into
different phases, which are closely related to the ice thickness
due to the different dissipation rates and corresponding heat
productions. The phases, which are discussed in detail in [11],
include equilibrium phases as well as oscillatory phases. Here
we focus on the implications for Europa’s ice shell thickness.
Examples are shown in Figs.1–3. The current state, is obtained
at 4.6 Ga in all models. In Fig.1 the result is shown for model

Europa's Icy Shell (2004) 7012.pdf



REFERENCES

3 4 5 6 7 8
0

10

20

30

40

50

60

 

 total ice layer
 viscoelastic part

th
ic

kn
e

ss
, k

m

time, Ga

Figure 2: Ice thickness according to model 2 (dissipa-
tion within Europa’s ice layer).

0

10

20

30

40

50

60

2 3 4 5 6 7 8 9

th
ic

kn
es

s 
[k

m
]

time [Ga]

sublayer
stagnant lid

total ice layer

Figure 3: Ice thickness according to model 2 including
lithospheric evolution in Io.

1, where dissipation in Europa is restricted to the silicate shell.
The thickness of the ice layer is estimated from the heat flow
out of the silicate shell using equilibrium conditions for the
ice shell. The present-day thickness of the ice shell is about
30 km. Europa is in this case in a phase of increasing ice
thickness. The eccentricity is decreasing, while the mean mo-
tion is increasing implying that the satellites move away from
Jupiter (not shown here). However, there are thin-ice phases
with thicknesses smaller than 1 km about 600 Ma b.p. Oscilla-
tions are initiated at about 4.8 Ga. After the oscillations there
is another phase where Europa is in a high temperature state
accompanied by small ice thicknesses.
In Figs.2 and 3 the evolution is shown for model 2, where
dissipation in Europa is restricted to the ice layer. In Fig.2
the total thickness of the ice layer and the thickness of its vis-
coelastic part are shown. The difference between these values
equals the thickness of the upper conductive lid. The current
state is obtained during the oscillatory phase. Again, the thick-
ness is about 30 km. However, there are variations in total ice
thickness in the range of about 10–40 km on a period of about
200 Ma. In this case there are no phases with ice thicknesses
smaller than 10 km.
In Fig.3 the thermal model of Io is changed. In Fig.2 it is
assumed that convection within Io occurs in the whole mantle
and that it is driven by the temperature difference between in-

terior mantle temperature and surface temperature. In Fig.3,
a conductive lithosphere is included in the Io-model. In this
case the satellites evolve more slowly. The present state is ob-
tained before oscillations are initiated. The current thickness
of Io’s lithosphere is about 12 km (not shown here). Using this
Io-model it is not possible to satisfy Io’s heat flux constraint
of at least 2 Wm �

�
[12, 13]. The value derived from these

models is 0.1 Wm �

�
. This suggests that other heat transfer

mechanisms instead of thermal conduction through the litho-
sphere are more important for the present Io.
In all the models the thickness of Europa’s ice layer is less
than about 60 km. Since the total thickness of the H � O-layer
exceeds 70 km with most likely values of more than 100 km,
our results suggest, that the ocean is present over geological
timescales. Different surface features on Europa may be re-
lated to different phases of ice thickness. This implies that
the chaos terrain, which is generally believed to be one of
the youngest features on Europa was formed more than 100
Ma b.p. However, according to our derived present-day ice
thickness of 30 km, domes formed by upwelling plumes in
the convecting ice are better candidates for the most recent
features. Note, that the present-day value of ice thickness is
independent of the chosen model.
The formation of features in a thin ice layer of only a few km or
less, requires substantial tidal heating within the silicate shell.
This additionally requires relatively high eccentricities, which
will ecceed the currently observed values. This is further ev-
idence for an ice shell thickness of a few tens of km for the
present Europa.
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Introduction: The Galileo project’s discovery of 

imaging, spectroscopic, and geophysical evidence 
pointing to the existence of an ice-covered ocean on 
Europa stands among the most stunning scientific and 
philosophical achievements of the Space Age. Europa, 
a geologically dynamic water world, runs even with 
Mars as a place where life may now or have once ex-
isted. In one respect, Europa is a better bet than Mars 
for current life: Europa presently has an ocean, 
whereas the longevity of vigorous hydrologic systems 
on Mars is still subject to debate.  However, aside from 
the fairly certain conclusion that Europa now has an 
ocean, our knowledge of Europa remains scanty by 
comparison to what we know of Mars.   The floating 
shell’s composition is not reliably known.  Each of 
several geochemical models has vast implications for 
Europan shell dynamics.   I shall review divergent 
compositional interpretations of spectroscopic/imaging 
data and models of compositional evolution, and draw 
logical implications for shell structure and dynamics. 
 

Some big controversies 
The bizarre beauty of Europa arises from the 

coupled geological and geochemical dynamics of the 
icy shell and ocean.  How this coupling is achieved 
and what processes occur unknown; ideas are plentiful.  
Two far-reaching current debates concern: (1) the 
physical dynamics of the floating shell (thick shell vs. 
thin shell debate and solid-state convection versus 
melt-through), and (2) the geochemical dynamics of 
the floating shell (including interpretations of the non-
ice material: is it hydrated sulfate salts, hydrated sulfu-
ric acid, or hydronium ice?). Probably nobody under-
stands Europa’s reality very well; the reality may en-
compass some of what each group has supported.  The 
debates are not going to be solved until we have a new 
Jupiter/Europa mission designed to resolve the dis-
putes.  In the mean time, further work is warranted, 
because the observations, models, and arguments will 
shape the experiments and observational capabilities 
needed for future missions and will better frame the 
interpretations once we obtain new observations. 

Imaging clearly indicates that Europa’s physi-
cal shell dynamics are coupled to geochemistry; but 
nothing so far has proven how this coupling is accom-
plished. I review some published ideas below and offer 
some new ones about the coupling.  Each idea upholds 
a significance of the mysterious non-ice “red stuff.” 

To deflect unintended impressions that any-
body actually understands Europa, I offer the follow-
ing schedule of ideas.  My sense is that we know as 

much about Europa now as we knew of Mars after 
Mariner 9 (not so much, except how exciting it is).  
 

Dynamic daily thinking 
Monday’s exogenous thought: the cell stain 

hypothesis.   The icy shell of Europa is nearly pure ice.  
A red stain comes externally by implantation of mag-
netospheric plasma into ice and UV and particle radia-
tion damage of ice.  Staining is controlled by geologic 
structures and geography.  Factors include: (i) hetero-
geneous distribution of mineral grain size and grain 
fabric (such as anisotropy), (ii) microtectonic fabric 
(such as ice strain and microfracturing), (iii) cumula-
tive radiation damage (and age) of the ices, (iv) partial 
local topographic shielding and regional (lati-
tude/longitude) control of the magnetospheric flux, 
and (v) temperature variations related to latitude and 
albedo.  These factors cause differential retention and 
processing, loss to space, burial, or concentration of 
the products of exogenic alteration of ice and im-
planted exogenous species.  Thus, Europa’s structured 
surface is like a structured cell, which absorbs stains 
differentially, thus making visible cellular organelles 
and other subcellular structures.   If Europa's icy shell 
is nearly pure ice, it may have originated by heteroge-
neous accretion or by efficient fractional crystalliza-
tion of an ocean and brine drainage from ice. 

Tuesday’s endogenous thought:  The invisible 
ink hypothesis. The floating shell may be nearly all 
H2O, but the red stuff is emplaced as uncolored trace 
impurity.  The stain, like invisible ink written onto the 
surface from below, has an endogenic origin. Diapiric 
structures, partial melting, intrusions, brine drainage, 
fractional crystallization, and explosive gassy erup-
tions redistribute and fractionate the stain and partly 
segregate it from ice.   Charged particles, UV, and 
cosmic rays color the stain, which may be a trace sul-
fate (salt or acid); it may be related to the ocean or not. 

Wednesday’s hump thought: we might never 
make it to the end of the week.  Without in-situ data we 
will not resolve exogenous and endogenous sources of 
the red stain, because it is chemically disequilibrated 
material.  With both high-temperature suboceanic 
processing or radiation processing it all looks the 
same.  

Thursday’s humbling truth revealed? The 
“it’s not just red barn paint” hypothesis.  The red sub-
stance looks so bold on the surface because it is fun-
damentally a major component of a chemically com-
plex floating shell.  Whether intrinsically red or dyed 
by exogenic alteration, the physics of the icy shell and 
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viability of the ocean as a habitat is affected.  It is 
probably a sulfate (hydrated sulfate salts or hydrated 
sulfuric acid).  But that is not all.  It is a heterogeneous 
mixture, perhaps short-chain sulfur, sulfuric acid, and 
sulfate salts; maybe add to that traces of arsenic miner-
als (e.g., realgar and orpiment), selenium, and sulfur 
phosphides.  Sulfates and other soluble components 
may have been derived either from low-temperature or 
high-temperature aqueous alteration of the rocky inte-
rior of Europa.  Solutes affect the melting point, den-
sity, viscosity, and thermal conductivity of the icy 
shell.  It is central to issues of melt-through, diapirism, 
and tidal heating.  Reaction products may have accu-
mulated on the seafloor, and others may have floated 
to the base of the icy shell.  Little about Europa can be 
understood without understanding this material.   

Friday’s party thought: Europa has an “Io” 
lurking below its ocean.  The red substance comes up 
from below and is intrinsically red.  Europa vents sul-
fur dioxide and Pele-plume-like red stuff into the 
ocean, where it quenches and eventually vents onto the 
surface or upwells through the ice.  We can learn much 
about Europa by understanding Io.  

Saturday’s escape to the mountains: What-
ever the red substance may be, the surface elemental, 
molecular, and mineralogical composition of Europa's 
surface can be tightly constrained by Earth- and Earth-
orbit-based astronomical observations.   We can then 
better constrain and model Galileo's observations.  
Top priority should be astronomical studies of charged 
ionic and neutral atomic/molecular particles emanating 
from Europa.  Such studies may provide the only fun-
damental, new Europa observations for a long time.      

Sunday’s hope:  Any Europa orbiter ought to 
be capable of (1) multispectral discrimination of sul-
furous chromophores, and (2) neutral and ion spectro-
scopic determinations of elements from hydrogen 
through the masses at least of arsenic and selenium.  
The mission design should allow Europan and Ionian 
emanations to be distinguished. 
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WHAT IS (AND ISN’T) WRONG WITH BOTH THE TENSION AND SHEAR FAILURE MODELS FOR
THE FORMATION OF LINEAE ON EUROPA.  S. A. Kattenhorn, Department of Geological Sciences, Univer-
sity of Idaho, PO Box 443022, Moscow, ID 83844-3022; simkat@uidaho.edu.

Introduction:  An unresolved problem in the in-
terpretation of lineae on Europa is whether they
formed as tension- or shear-fractures. Voyager image
analyses led to hypotheses that Europan lineaments are
tension cracks induced by tidal deformation of the ice
crust [1]. This interpretation continued with Galileo
image analyses, with lineae being classified as crust-
penetrating tension cracks [2]. Tension fracturing has
also been an implicit assumption of nonsynchronous
rotation (NSR) studies [e.g. 1-4]. However, recent hy-
potheses invoke shear failure to explain lineae devel-
opment [5-6]. If a shear failure mechanism is correct, it
will be necessary to re-evaluate any models for the
evolution of Europa’s crust that are based on tensile
failure models, such as NSR estimates. For this reason,
it is imperative that the mechanism by which fractures
are initiated on Europa be unambiguously unraveled. A
logical starting point is an evaluation of the pros and
cons of each failure model, highlighting the lines of
evidence that are needed to fully justify either model.

Types of Lineae: Numerous classification schemes
have been developed to describe the range of lineae
morphologies observed on Europa’s surface [2-4, 7]. It
is generally accepted that there is an evolutionary se-
quence of lineae development from fractures/isolated
troughs, to proto-ridges/raised-flank troughs, to double
ridges, and finally complex ridges.

Strike-Slip Faults.  Many lineae on Europa show
lateral offsets of relatively older structures. These
strike-slip faults vary considerably in both morphology
and size. Many resemble double ridges [6, 8] having
small offsets (~100s of m); others are hundreds of km
long and occur as several km-wide, internally de-
formed, dilational bands with offsets of up to 10s of
km [9-10]. These features attest to the fact that shear
failure is a major deformation mechanism on Europa.

Formation Mechanisms:  A number of mecha-
nisms have been proposed to explain the origin of
lineae [11]. The two most prominent models are the
tension and the shear failure models; however, neither
model is undeniably more acceptable than the other.

Tension Models.  Tension fracturing is assumed to
be the result of stretching of the ice crust in response to
the combined effects of diurnal tides and NSR (Fig. 1).
Tensile stresses of <1 MPa are predicted to occur [2].
Orientations of fractures are dictated by principal tidal
stress orientations. For such a model, there is only one
preferred orientation of fractures forming at any one
point in time.

Figure 1. Principal tidal stresses at 1/8 orbit after apo-
jove with 1° of NSR [2]. Gray areas are equatorial
compressive zones. Red lines show expected locations
and orientation ranges of tension fractures. Mapped
regions: orange: [3], red: [4], blue and green: [6].

Shear Models.  Shear failure is hypothesized to oc-
cur in equatorial compressive zones (ECZs), where
tidal stresses are predicted to be compressive (Fig. 1).
Frictional heating during shearing causes melting and
possibly extrusion that gradually builds up ridges [5].
The Coulomb criterion for shear failure allows for a
conjugate set of shear fractures. In the shear failure
model, there are thus two potential orientations of
fractures forming at any one point in time.

In Support of Tensile Failure Models:  Other
than in ECZs, tensile tidal stresses are common. Brittle
materials are characteristically weaker in tension than
in compression and ice on Europa is hypothesized to
have a low tensile strength (<1 MPa) [2]. Orientations
of major lineae agree remarkably well with orienta-
tions of tidal stresses (adjusting for NSR reorientation
of the ice shell). Fracture mapping in both the leading
and trailing hemispheres has shown a consistent rota-
tion of fracture orientations through time [3-4], and no
ambiguous cross-cutting relationships, agreeing with
NSR model predictions for tensile fracturing.

Problems with Tensile Failure Models:  There
are also many aspects of lineae that are not supported
by tensile failure models. The most obvious problem
arises with lineae having orientations that could only

Europa's Icy Shell (2004) 7023.pdf



have occurred in the ECZs. In several mapped regions
affected by ECZs (Fig. 1), lineae should have orienta-
tions within ~30° of E-W. However, such orientations
are rare (Fig. 2), except for smooth bands, which are
typically ~E-W oriented, extensional features [3-4].
Also unclear is how surface fractures evolve into
ridges. Models for ridge development that invoke tap-
ping into an underlying ocean have been criticized be-
cause they implicitly require a thin ice shell, which is
inconsistent with mounting evidence for convection-
driven diapirism in the crust, implying an ice thickness
of at least 15km [12].

Figure 2.  Expected range of orientations of tension
cracks (light blue shaded areas) in the regions of the
boxes in Fig. 1. Colored arrows show actual ranges of
lineae in these regions (color scheme as in Fig. 1).

In Support of Shear Failure Models:  The obvi-
ous appeal of shear failure models is that they can ac-
count for lineae development in the absence of tensile
stresses in the crust. Furthermore, lineae orientations
(Fig. 2) seem to agree with predicted conjugate set
orientations in the ECZs (NW-SE and NE-SW) rather
than those predicted by tension models [6]. Shear ac-
tivity is supported by the existence of major strike-slip
faults. If slip events are rapid, frictional heating along
the fault walls provide a source for ridge-building ma-
terial without the need to tap into an underlying ocean.

Problems with Shear Failure Models: At present,
there is no convincing geological evidence that conju-
gate sets of similar-aged lineae exist in near-equatorial
regions. This may be a reflection of a lack of explicit
identification of such features rather than a lack of the
features themselves. In a conjugate set, neither fault is
more or less likely to form than the other; therefore,
conjugate sets should show ambiguous cross-cutting
relationships. Evidence of this has not been docu-
mented. Furthermore, inconsistent shear sense along
features with identical orientations [6] is inconsistent
with Coulomb failure predictions. The typical lack of
offsets along most double ridges is also difficult to
reconcile with lineae evolving as shear fractures. Fi-
nally, lineae at latitudes >±40°, where tensile stresses
occur, are not morphologically different from ECZ
lineae, raising the possibility that they have identical
formation mechanisms (whether in tension or shear).

Discussion:  Detailed mapping from Galileo im-
ages must continue across all latitudes and longitudes
to clarify fracture sequences, cross-cutting relation-
ships, the mechanics of fracture propagation, and con-
trary fracture behaviors in different locations. For ex-
ample, [6] suggest that there is no clear sequence of
rotating fracture orientations through time in the E4
and E6 regions, but rather superposed conjugate sets.
In contrast, I have found no ambiguous cross-cutting
relationships or evidence of conjugate fracture sets in
the Bright Plains (BP) region, very near the E6 region
of [6]. The BP shows a clear time progression of re-
solved shear sense on fractures in different orienta-
tions, in response to the rotating NSR stress field. The
angles between BP double ridges with stratigraphically
similar ages are not constant, ranging from 19-86°. The
angle, q, between conjugate faults is purely a function
of the coefficient of sliding friction of Europan ice, m ,
such that q = tan-1 (1/m). For a reasonable range of m
[13], q should be restricted to 60-90°, suggesting that
BP double ridges are not conjugate sets (but not dis-
proving that they may be shear fractures). Fracture
orientations in the BP (red in Fig. 2) do not fall within
a stress field that permits tension fracturing, which
may either imply shear fracturing, or may entail the
existence of a stress component (such as fluid pres-
sure) that superimposes tidal stresses. Finally, assum-
ing that all fractures in the BP are tension fractures, the
amount of NSR is estimated to be as much as 900° [4].
But if BP double ridges are conjugate shear fractures,
NSR estimates must be reduced by at least 180°. This
discrepancy clearly indicates that our inferences about
the rotational history of Europa are inherently flawed
by our lack of certainty about the origin of lineae.
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Introduction: Observations and theories suggest 

Europa is interesting object for astobiology [1,2,3]. For 
future radar and cryobotic missions we have to know 
the best locations for analysis. Here we summarize 
aspects of some processes and structures in the icecrust 
interesting for astrobiology. We suggest the best 
locations are great chaotic terrains with signs of 
internal activity [4,5] which may hold information on 
the submarin geothermal centers too. 

Ice crust: Based on the Galileo's images we 
estimated the relative height of "icebergs" inside at a 
48x38 km part of the famous Conamara Chaos with 
errors of measurements below of 20%. We analysed 
the real shape of rafts by Airy isostasy taken the crust 
to be in mechanical, hydrostatical equilibrium and 
composed of ice with density of 0.9175 g/cm3. On Fig. 
1. the theoretical process of terrain breaking is visible: 
during the formation that blocks which were broken 
into pieces with greater height than width, rotate into 
more stable drifting position. Based on the size and 
shape distribution we can find the isometric shaped 
blocks which diameter is equal to the thickness were 
present before the terrain breaking. 

Fig. 1. Height/thickness relation of fragments 
 

On Fig. 2. A the shadow based average relative 
heigth of certain blocks versus the blocks' maximal 
diameter is visible. The relative height distribution 
turns off around 75 m height and 2000 m diamater. 
Based on isostatic drifting, the absolute ice thickness 
of the original blocks were 2 km, of the matrix is about 
0.5 km (Fig. 2. B) based on the "block rotation 
method". Before terrain breaking probably ice thinning 
took place until the onset of instable situation. This 
may be the reason that estimations from other authors 
prefer higher value near to 20 km [6]. 

Processes during ice thinning: Below the thinning 
ice we have decreasing hydrostatic pressure and gases 
become less soluble. Depending on the solubled gas 
composition and temperature of the warm plume, gases 

with high enough vapor pressure (like some 
carbohydrates) can "boil" and change into the form of 
gas bubbles. The best locations for bubble formation 
are along tectonic lineaments between rafts where 
water can get very near to the surface. Here we have 
not only concentration of gas bubbles but strong brine 
migration too. Based on the orientation of rafts’ 
straight edges the breaking took place along previous 
linear weakening zones parallel to the lineaments of 
surrounding terrain (Fig. 3). Based on our calculation 
the low level matrix could be as thin as 500 m, at the 
faults even thinner with even lower overburden 
pressure. Gas bubbles freezed into the ice can give 
information on chemistry, possible nutrients at 
submarin volcanic centers. 

Fig. 2. Blocks’ diameter/height (A), and real thickness of 
blocks (2 km) and matrix (0.509 km) (B) 

 
Processes during ice thickening: Important 

precesses take place during thickening of the crust 
during the cease of submarin geothermal activity. The 
ice’s thickening  speed slows exponentially in an ideal 
case with the most imortant period at the beginning 
when obverburden ice is thin (hydrostatic pressure is 
low), and thermohalin water plume is still present. 
During the freezing of new ice we have the following 
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possibilities: 1. Freezing of floating particles into ice 
originated from submarin volcanic center. The settling 
speed of solid particles in water depends on the density 
difference and upward speed of water plumes and 
described by Stokes law. Under thermadynamic 
equilibrium at the base of the ice crust at chaotic 
terrain we have freezing and thawing together. Inside 
freezing parts solid particles can freeze into the ice. 
Based on estimations of [7] vertical water flow can be 
in the order of mm/s. With the average density of 
common weathered and hydrated silicates, spherical 
particles with diameter smaller than 1 mm can be 
carried to the top of the ocean with plumes [8]. During 
a cryobotic mission we can observe them if their 
settling velocity is lower than the cryobot's sinking 
speed. (In the case of faster setlling particles 
accumulate at the bottom tip of water filled cave 
around the cryobot.). 2. Chemical layering because of 
vertical changes in the physical parameters. During the 
thickening of ice under growing hydrostatic pressure 
water can solve more material. As a result the thinner 
the ice is, the more material condense out from the 
solution. After the end of the refreeze we have 
decreasing ratio of solid condensates in downward 
direction and growing ratio of possible solubled and 
refreezed materials depening on phase changes inside 
the ice. 

Fig. 3. Distribution of orientation of blocks’ edge and 
surrounding lineaments 

 
Structures are probably present today: 

Estimating the ratio of original and changed surface 
(with and without pre-breaking lineaments) we can 
have the recycled area and volume too. The former is 
nearly 50% at the analysed chaos and the later is 18000 
km3 if 2 km would have been the original thickness. In 
the case of 20 km of original thickness the same later is 
around of 160000-200000 km3. 

Implication for future probes: The best possible 
targets for in-situ analysis of the upper mentioned 
processes are: 1. young chaotic terrains (the older the 
terrain is the more extensive decomposition could took 
place by brine migration and other processes), 2. high 
ratio of matrix/original rafts (for much new and 
recycled refrozen material), 3. great size of chaotic 
terrains (higher level of geothermal activity rises more 
possible biosignatures and melts/refreezes more ice). 

Possible layering (chemical and physical) could be 
observed with sophisticated penetrating radar 
technology not only at fresh but at overprinted chaotic 
terrains. In the case of a cryobotic mission [9] without 
the ability of precise landing we have statistical chance 
to land and thaw through new and not old ice. But 
connecting our results with other estimations for 
original crustal thickness before terrain breaking, our 
probe have to meet with new ice deeper than 2 km. 
The best location would be in the low level matrix, we 
can land there with chance of 50% in the upper 
analysed case when the landing ellipse covers the 
central part of the chaos. 

Fig. 4.: Important structures in reforzen ice  
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Introduction:  Ice, like other materials, deforms 

by brittle, ductile, or a combination of brittle and duc-
tile processes.  The dominant mechanism of deforma-
tion is determined by the conditions to which the mass 
of ice is subjected.  At low temperatures and high dif-
ferential stresses, deformation occurs predominantly 
by brittle processes, while at high temperatures and 
low stresses, ductile process govern flow behavior.  As 
pressure increases with increasing depth, brittle defor-
mation gives way to ductile flow.  The transition oc-
curs roughly at a depth at which the lithostatic pressure 
reaches the level of the differential stress.   

In my talk, I will first review aspects of brittle de-
formation, emphasizing mechanisms of crack nuclea-
tion and propagation.  I will then focus on ductile de-
formation or creep of ice, concentrating on recent pro-
gress arising from laboratory experiments that provide 
new insights into mechanisms of plastic flow.  Field 
observations on flow of glaciers and ice sheets provide 
a direct test of the applicability of laboratory results to 
large-scale flow of ice.  In addition, I will address the 
role of water on the rheological properties of ice. 

Creep of Ice:  Creep of most crystalline materials, 
at least if steady-state flow is attained, is reasonably 
well described by a flow law of the form: 

σ
ε A exp

R 
( )

n

p

E PV

d T

• +
= −   (1) 

where ε
•

 is strain rate, A a materials parameter, σ dif-
ferential stress, d grain size, E activation energy, V 
activation volume, P pressure, T temperature, and R 
the gas constant.  The values of the stress exponent n 
and the grain size exponent p are characteristic of the 
mechanism of deformation. 

In the dislocation creep regime, n = 4.0 and p = 0 
for ice; that is, at relatively large grain sizes and/or 
high differential stresses, deformation is grain-size 
insensitive [1].  At smaller grain sizes and/or lower 
stresses, grain-size sensitive flow processes become 
important.  In most materials, diffusion creep domi-
nates at lower stress and finer grain sizes, character-
ized by n = 1 and p = 2-3.  However, in ice, diffusion 
creep is not readily accessible.  Nonetheless, a signifi-
cant grain-size sensitive regime exists for ice. 

To explore grain-size sensitive creep under labora-
tory conditions (i.e., strain rates greater than ~10-8 s-1) 
fine-grained samples are essential.  Laboratory results 
obtained on samples with small grain sizes can be ex-
trapolated to larger grain sizes appropriate for flow of 

glaciers and icy satellites using flow laws such as that 
in Eq. (1).  One grain-size sensitive creep regime has 
been identified for ice.  At constant grain size and tem-
perature, a transition occurs with decreasing stress 
from dislocation creep to a regime in which grain 
boundary sliding and basal slip operate in concert to 
yield n = 1.8 and p = 1.4 [2].   

The constitutive equation describing flow of ice 
over a wide range of stress, grain size, and temperature 
conditions can then be expressed as the sum of the 
contributions from dislocation (dis) creep, with n  = 
4.0 and p = 0, and grain-boundary sliding (gbs) ac-
commodated basal slip, with n =1.8 and p = 1.4: 

tot dis gbsε  ε ε
• • •

≈ +    (2) 
In Eq. (2), the subscript tot indicates total strain rate, 
and the approximately equal to symbol suggests that 
other creep mechanisms (such as diffusion creep) may 
contribute under yet unexplored deformation condi-
tions.  Historically, creep of ice has been described by 
a single flow law n = 3 [3], which is now understood 
to reflect deformation experiments carried out at the 
transition between dislocation creep (n = 4.0) and 
grain-boundary sliding accommodated basal slip (n = 
1.8).   

One direct test of laboratory-derived flow laws is 
comparison with field observations of flow of glaciers 
and ice sheets.  Based on a field experiment on the 
Barnes Ice Cap, both the microstructure and the stress 
exponent (n = 1.7) observed at low shear stresses of 
~0.02 MPa on relatively coarse-grained ice [4] are 
similar to those obtained in laboratory experiments in 
the grain-size sensitive creep regime [2].  Likewise, 
with decreasing stress, a transition from n = 4.5 to n = 
1.9 was reported for flow of ice with a grain size d > 1 
mm in the Meserve Glacier [5].  More recent field 
studies also observe grain-size sensitive flow [6].  
Hence, the laboratory-derived constitutive equation for 
ice appears to provide a robust framework for model-
ing the rheological behavior of Europa. 
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Introduction: An integrated array of electro-

chemical sensors, termed the “electronic tongue,” has 
been developed for in-situ determination of extrater-
restrial geochemistry [1].  By noting the ability of a 
microorganism to modify its environment, but also 
making minimal assumptions otherwise, such a sensor 
array can be used as an electrochemically-based 
growth sensor [2].  

   A complimentary approach relies on the collec-
tion and detection of respiratory electrons [3], again 
without relying on any specific terminal electron ac-
ceptor.  

   Both approaches, unfortunately, are susceptible 
to local geochemistry posing as biochemistry. By 
combining strategies, along with techniques of variable 
sample size influence on time-resolved activity, a ro-
bust and reproducible system results for the remote 
detection of microbial life. Spaceflight hardware reali-
zations benefit form small size, low weight, low power 
requirements, low data rates, and simple construction 
which is tolerant to shock and vibration. Experimental 
results are discussed. 
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