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Europa• na některých zlomech Europy je patrný 
posun jedné strany zlomu vůči druhé


• teoretický model vzniku: "slapová 
chůze"(otvírání/zavírání zlomu střídané 
s posunem jedné strany vůči druhé)


➡ teplotně-mechanický numerický 
model okolí zlomu => slapová chůze je 
za určitých podmínek možná 
(Sládková a kol., 2020)

• mise Galileo objevila tzv. dvojité hřebeny na 
povrchu měsíce Europa


• pod nimi se mohou nacházet vodní čočky

➡numerický model chování směsi ledu 

a vody v ledové slupce Europy

➡voda je z čočky rychle extrahována 

(Kalousová a kol., 2014)

➡možný mechanismus pro vznik dvojitých 

hřebenů (Kalousová a kol., 2016)

• jeden z nejvhodnějších kandidátů pro 
vznik života


➡primární cíl misí ESA a NASA (JUICE, 
start 2022, Europa Clipper, start 2024)


➡numerický model útlumu radiových vln 
při průchodu ledovou slupkou pro 
různé teplotní profily  
(Kalousová a kol., 2017) 
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(i.e., X-shapes for ridges of similar stratigraphic age) show
no consistent conjugate angle, 2θ, between them. This
would not be expected for true conjugate sets as 2θ is ex-
plicitly controlled by the coefficient of friction of the ice,
µ (see section 2.3.1), which should be somewhat consis-
tent. Hence, there is currently no convincing geological evi-
dence that primary shear failure of the icy shell, analogous
to strike-slip faulting, produced global lineaments. None-
theless, given that extensional shear failure is likely respon-
sible for normal faults in the icy shell, the possibility that
some lineaments formed through strike-slip shear fractur-
ing cannot be dismissed.

2.3.3. Strike-slip fault morphologies. Lateral offsets
can potentially occur along all lineament types (i.e., troughs,
ridges, cycloids, and dilational and convergent bands), re-
gardless of how they initially formed. Nonetheless, cumu-
lative offsets that are large enough to be resolvable in Gali-
leo images (generally hundreds of meters or more) typically
occur along ridges and dilational bands. Accordingly, Kat-
tenhorn (2004a) distinguishes two predominant types of
strike-slip faults on Europa:  ridge-like and band-like, based
on their morphologic similarity to ridges and dilational
bands (Fig. 10). The mechanical evolution of the two types
of strike-slip faults is distinctly different. Ridges likely ini-
tiated as troughs (see section 2.1.1); therefore, any lateral
shear motions along them probably happened later, poten-

tially contributing to the process of ridge development. In
the case of dilational bands (see section 2.1.3), the ques-
tion arises as to whether strike-slip offsets along them hap-
pen prior, during, or after dilation. Strike-slip offsets across
dilational bands are evidenced by the need for oblique clos-
ing to reconstruct older features affected by the dilation.
Sigmoidal lineations within dilational band material may
imply oblique dilation (i.e., concurrent dilation and strike-
slip motion), as occurs along Astypalaea Linea; however,
the timing of strike-slip motions along dilational bands
cannot necessarily be determined based on band morphol-
ogy alone (Prockter et al., 2002).

Kattenhorn (2004a) and Kattenhorn and Marshall (2006)
suggest that secondary cracks at fault tips, called tailcracks,
provide insights into the mechanics of ridge-like vs. band-
like strike-slip fault development. Tailcracks are secondary
tension fractures commonly observed at the tips of strike-
slip faults on Earth, and which have also been documented
on Europa (see sections 2.1.4 and 4.2). The intersection of
the fault and its associated tailcrack is manifested by a sharp
kink, with an angle described by linear elastic fracture me-
chanics theory as being controlled by the ratio of shear
stress to normal stress at the instant of tailcrack development.
Hence, it is possible to determine whether or not a fault is
dilating at the instant it is shearing laterally based on the
geometry of its tailcracks. Using this line of reasoning, Kat-

Fig. 10. Examples of strike-slip faults. (a) Unnamed right-lateral, ridge-like strike-slip fault cutting Yelland Linea in Argadnel Regio,
from Galileo mosaic 12ESWEDGE_03. (b) A portion of the band-like strike-slip fault Astypalaea Linea in the southern antijovian
region. White solid lines are fault segments that slipped right-laterally, producing dilational pull-aparts along linking cracks (white
dashed lines). A ridge that was offset by 77 km (gray) illustrates the fault kinematics. From Galileo mosaic 17ESSTRSLP02.

Kalousová 

Sládková 

Souček 
Kalousová 
Běhounková 

Zdroj: Europa book. Zdroj: JPL NASA.

Zdroj: NASA/JPL/DLR

vnitřní struktura Europy

Kalousová 

mailto:kalous@karel.troja.mff.cuni.cz
mailto:sladkova@karel.troja.mff.cuni.cz
mailto:soucek@karel.troja.mff.cuni.cz
mailto:kalous@karel.troja.mff.cuni.cz
mailto:behounek@karel.troja.mff.cuni.cz
mailto:kalous@karel.troja.mff.cuni.cz


Enceladus

• aktivní gejzíry tryskající ze 
zlomů na jižním pólu, 
tzv. Tygřích pruhů


• jejich aktivita se mění na 
několika časových škálách


• nejkratší odpovídá eliptické 
dráze Enceladu okolo Saturnu

• 3D model ledové slupky 
• slupka je namáhaná slapovými silami (eliptická dráha okolo 

Saturnu)

• série článků popisující vylepšení modelu: Souček a kol., 2016, 

Běhounková a kol., 2017, Souček a kol., 2019

• žádný dosud publikovaný model nevystihl realitu přesně

• připravujeme vylepšení modelu zahrnující tření na zlomech 

(Tygřích pruzích) 

• tloušťka ledové slupky Enceladu 
je proměnlivá


• model vnitřní struktury Enceladu 
na základě modelu tvaru a 
gravitačních dat  
(Čadek a kol., 2019) 

➡např. model tloušťky ledové 
slupky

= −n r n rσ ρ V· ( ) ( ) ,wi/w i/w (12)

where σ is the stress tensor, V is the total potential, v is the velocity of
flow, p is the pressure, I is the identity tensor, η is the viscosity, and •τ

denotes transposition of a tensor. Eqs. (8)–(10) are the momentum
equation in quasi-static approximation, the continuity equation for an
incompressible material and the constitutive equation for a viscous
fluid, respectively. The boundary conditions (11) and (12) are pre-
scribed on the real boundaries of the ice shell. Eqs. (8)–(12) are solved
in FEniCS software package (http://fenicsproject.org, Alnaes et al.,
2015), a finite element solver which allows the irregular shape of the
ice shell to be captured.

As already shown by Kvorka et al. (2018), the velocity of flow at the
base of an ice shell strongly depends on the viscosity of ice at tem-
peratures near the melting point (which is primarily determined by the
size of ice grains), the effective thickness of a low-viscosity layer at the
base of the shell (which depends on the temperature profile), and to
some extent also on the maximum viscosity of ice considered in the
model. In the present study, we use the temperature and viscosity dis-
tribution derived from equations (56) and (57) in Beuthe (2018):= − − − −T r φ T T( , ϑ, ) ,r r φ r φ r φ r φ r r φ r φ
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where T is the temperature, =T 273i/w K is the melting temperature of
ice, =T 59s K is the temperature at the surface, =E 59.4 kJ mol−1 is the
activation energy for diffusion creep of ice, R is the gas constant, and η0
is the viscosity of ice at temperature Ti/w. If we neglect the effect of
stress and assume a grain size of 1 mm, η0≈ 3× 1014 Pa s (Goldsby and
Kohlstedt, 2001).

The temperature model involves several simplifications. First, we
assume that the surface temperature is constant while it actually varies
by about 11 K from pole to equator (Beuthe, 2018). Second, Eq. (13) is
derived from the one-dimensional heat equation under the assumption
that the thermal conductivity is inversely proportional to temperature
( = −k T651 W m / ,1 (Petrenko and Whitworth, 1999)). The value of k at
temperature =T 59s K is about 11 W m−1K− ,1 which may not be relevant
to porous ice expected on Enceladus’ surface (Howett et al., 2010).
Third, the tidal heating in the ice shell is neglected. The heating may be
significant in the south polar region because of the combined effect of
ice shell thinning and faults (Běhounková et al., 2017). In the rest of the
ice shell, however, its effect is likely to be negligible because it is
concentrated in a narrow low-viscosity layer above the ice/water in-
terface. For η0 ranging between 1013 and 1015 Pa s, the thickness of this
layer is about 1/10 of the total ice shell thickness and the volumetric
heating does not exceed ∼ −10 8 W m−3. It can be demonstrated that
dissipative heating of this magnitude localized at the base of the ice
shell cannot substantially change the temperature profile.

In the following, we consider the ice shell model expanded to degree
6 (Fig. 3b). For this model, we compute the normal velocity at the ice/
water interface from Eqs. (8)–(14) and translate it into the jump in heat
flux using Eq. (7). Inspection of Eqs. (8)–(12) suggests that the speed of
ice flow, and therefore also the magnitude of the heat flux jump, scales
with the inverse of viscosity η0.

The jump in the heat flux at the ice/water interface evaluated for= ×η 3 100
14 Pa s is shown in Fig. 4a. The values range from− 13 mW m−2 to 22 mW m− ,2 corresponding to a melting/freezing rate

of a few mm yr−1. If viscosity was 10 times lower, the heat flux jump
would be 10 times larger and its amplitude would exceed 200 mW m−2.
The largest variations in the heat flux jump are found in the latitude
range 40°S–40°N. Although the heat flux jump is on average only
slightly (by 4 mW m−2 if = ×η 3 100

14 Pa s) smaller in the northern
hemisphere than in the southern hemisphere, the relative area of
melting is much larger in the north (72%) than in the south (40%).
Remarkably small (≲ 2 mW m−2) amplitudes of the heat flux jump are

found in the south polar region whereas weakly negative
(≈ −5 mWm−2) values in the antipodal region indicate that the ice shell
melts below the north pole.

The small jump in heat flux around the south pole and the relatively
large anomalies of the heat flux jump at low latitudes reflect the style of
flow in the ice shell. Since viscosity rapidly increases with increasing
distance from the ice/water boundary, the flow is concentrated in a
narrow low viscosity layer at the base of the shell and is approximately
parallel to the boundary. The normal component of the velocity vector,
related to the heat flux jump through Eq. (7), is significantly smaller
than the tangential one and its magnitude depends on the thickness of
the low viscosity layer. As the thickness of this layer is about ten times
larger near the equator than in the south polar region, the flow is more
vigorous at low latitudes than around the south pole, which explains
why the extrema of the heat flux jump are mostly located in the latitude
range 40°S–40°N.

Comparison of Fig. 4a with Fig. 3b shows that there is no clear
correlation between the heat flux jump and the ice shell thickness.
Although the extrema of the heat flux jump at low latitudes coincide
with local extrema in the ice shell thickness, we find no evidence of
extensive melting (or crystallization) at the base of the ice shell below
the south pole where the ice shell reaches its minimum thickness. The
two fields also differ in spectral characteristics. While the spectrum of
the ice shell thickness is dominated by spherical harmonic degrees 2
and 3, representing about 80% of the total power, the heat flux jump is
shorter wavelength and its pattern is characterized by a strong degree 6
component (40% of the total power), with degrees 2 and 3 playing a
minor role (14% and 10%, respectively). The short-wavelength nature
of the heat flux jump is in agreement with the results of the relaxation
tests by Kvorka et al. (2018) who have shown that the heat flux jump
needed to built a topographic anomaly increases with increasing har-
monic degree as the ice thickness variations relax faster with increasing
harmonic degree (cf. Kamata and Nimmo, 2017) . The large power
obtained at degree =ℓ 6 raises important questions about the origin of
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Fig. 3. a) Ice shell thickness ( −r rs i/w) in km obtained from the inversion of
gravity and shape coefficients C20, C22 and C30. The contour interval is 2.5 km.
b) Ice shell thickness expanded to spherical harmonic degree 6. The harmonic
coefficients of the ice water interface that are not constrained by gravity data
are determined from the condition of topographic equilibrium ( =D 1). In both
cases, =R 194c km corresponding to =ρ 2366c kg m−3.
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Zdroj: NASA/ESA/JPL/SSI/Cassini Imaging Team 

Zdroj: NASA/
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Zdroj: JPL NASA

Titan• Titan je na pólech zploštělejší, 
než odpovídá jeho rotaci 


• Možné příčiny: 

• důsledek atmosférických 

procesů – slupka v polárních 
oblastech je nasáklá 
etanovými srážkami  
(Choukroun a Sotin, 2002, 
Čadek a kol. - v revizi)


• variace tepelného toku 
z oceánu (Kvorka a kol., 2017) 

hustotní anomálie na Titanu

Čadek 
Kvorka 

• Pod povrchem se může nacházet izolační 
vrstva z metanových klatrátů – vliv na 
konvekci v ledové slupce  
(Kalousová a Sotin, 2020a) 


• Pod oceánem se nachází další vrstva ledu, 
která může na spodní hranici tát ➡ 
mechanismus transportu volatilních prvků 
z jádra (Kalousová a Sotin, 2020b) 

Kalousová 

Zdroj:ESA/NASA/JPL/
University of Arizona.

vnitřní struktura Titanu

• jediný měsíc s hustou 
atmosférou (dusík, metan) 
a kapalnými útvary na 
povrchu 


• komplexní organické 
sloučeniny, přítomnost 
oceánu 

➡podmínka pro vznik života 


• mise Cassini-Huygens (2004): 
přistání na povrchu, Dragonfly 
(start 2026) 
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• dosud nejvzdálenější ledový 
svět, který máme možnost 
zkoumat 


• primární cíl mise New Horizons 
(2015), první detailní fotografie 
povrchu


• plánovaná Pluto Orbiter Mission 
(start 2028, přílet 2046, do té 
doby nezbývá než modelovat)


• množství geologických útvarů 
značí bohatou deformaci 
v historii 

Otevřené otázky  
• vnitřní struktura je stále nejasná  

(jádro – oceán(?) – ledová slupka) 

• extenzní zlomy značí nárůst 

objemu

• oceán, který zamrzá? 


• kráter Sputnik Planitia: jak ovlivnil 
impakt vývoj tělesa? 


• více v bakalářské práci M. 
Kihoulou


• jaké jsou zdroje tepla a jak Pluto 
chladne? 


• téma pro novou bakalářskou 
práci! 

Kihoulou Kalousová 
Čadek Souček 

Zdroj: NASA

Zdroj:NASA/Johns Hopkins University 
Applied Physics Laboratory/Southwest 

Research Institute/Alex Parker

vnitřní struktura Pluta

Pluto
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Exoplanety

Zdroj: NASA / 
JPL-Caltech / R. 
Hurt, IPAC

= planety mimo sluneční soustavu

•Jaké exo$cké podmínky na těchto světech 
panují?


•Najdeme někdy „druhou Zemi“, nebo je 
náš domov zcela jedinečný?


• Jsou některé z těchto planet obyvatelné?

•Důležité aspekty:  
povrchová teplota, střídání dne a noci, vnitřní zdroje tepla, složení atmosféry… 

•Planety obíhající v těsné blízkos$ mateřské hvězdy jsou pod silným vlivem slapové 
interakce:

➡ slapové zahřívání (+ vulkanismus), slapové uzamčení (konec střídání dne 

a noci), vývoj oběžné dráhy (putování blíže ke hvězdě)

Modelování slapů na exoplanetách: 
• Běhounková a kol., 2010 a 2011 
• Walterová a Běhounková, 2017 a 2020

Modelování podmínek v nitru 
terestrických exoplanet: 

•Čížková a kol., 2017

• doposud bylo objeveno více než 
4000 exoplanet (viz NASA Exoplanet 
Archive)


• přibližně 150 jich je terestrických 
(podobně jako Země, Venuše, 
Merkur nebo Mars)

Běhounková Walterová Čížková 
Zdroj: ESO/M.Kormesser
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