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Overview:  Europa’s surface is dominated by ex-

tensional deformation.  While regions of possible con-

traction have been identified, an apparent imbalance 

between extensional and contractional surface strain 

exists [1].  Here we examine one mechanism of ac-

commodating contractional strain: folding of Europa’s 

lithosphere.  Our initial finite-element simulations of 

contraction of an ice lithosphere indicate that produc-

ing even low-amplitude folds (~200 m) requires rela-

tively large strains (5-10%), even at high lithospheric 

thermal gradients [2].  The strain magnitudes required 

to produce folding of an ice lithosphere are larger than 

those previously assumed, and suggest that much larger 

local contractional strains can be “hidden” in relatively 

low-amplitude, harmonic deformation. 

In an effort to produce large amplitude folds with 

smaller amounts of strain we also investigate several 

plausible but novel aspects of the behavior of an ice 

lithosphere, such as strain weakening, semi-brittle de-

formation, and dropping the uncertain viscous flow 

mechanism dislocation-creep C.   While each of these 

affects the final deformation, none allow for simple, 

large-amplitude folds at strains less then 4%. 

Europa’s strain imbalance:  The majority of Eu-

ropa’s tectonic features are associated with unambigu-

ous, large extensional strains.  The formation of dila-

tional bands alone may have required ~5% local exten-

sion [1].  In contrast, while regions of possible surface 

convergence have been identified [3], few tectonic 

features that accommodate large contractional strains 

have been observed.  One of the few apparent contrac-

tional features is the long-wavelength (25 km), moder-

ate-amplitude (~200 m peak-to-trough) undulating fold 

at Astypalaea Linea [4].  While the existence of the 

fold implies contraction of the lithosphere, the local 

strain inferred is small: 0.004 to 2% [4,5].  If these 

strain estimates are correct, lithospheric folding alone 

cannot accommodate Europa’s extensional strain.  

Thus, there is an apparent imbalance between exten-

sional and contractional surface strain on Europa.   

Modeling Fold Formation:  To better understand 

the formation of folds on icy satellites we use the fi-

nite-element model Tekton to simulate the contraction 

of an ice lithosphere.  The model includes elastic, vis-

cous, and plastic deformation.  The viscous rheology 

includes dislocation creep (regimes A, B, and C) and 

the grain-size-sensitive mechanisms (with 1 mm grain 

size) [6].  For plasticity, we use a Drucker-Prager yield 

criterion, which approximates Mohr-Coulomb failure.  

We assume a constant surface temperature of 80 K 

(appropriate for the Astypalaea region) and impose a 

thermal gradient through the model’s viscosity struc-

ture.  Nominally, we utilize a domain 80 km long and 

24 km deep, with a horizontal resolution of 167 m and 

a variable vertical resolution (maximum 167 m).  A 

~10 m, semi-random topographic perturbation is im-

posed at the top of the domain.  Contraction results 

from the imposition of a constant velocity boundary 

condition on the right boundary and a fixed boundary 

condition on the left.  The bottom boundary is free-slip 

in the horizontal and fixed in the vertical.  Nominally, 

we impose up to 10% contractional strain over 10
5
 

years, resulting in a strain rate of 10
-13

 s
-1

.   

General Results: Figure 1 shows the surface pro-

file of a simulation of contraction of an ice lithosphere 

with a thermal gradient of 25 K km
-1

.  After 2% strain 

(Fig. 1, top), the maximum strain inferred for the Asty-

palaea fold, negligible deformation has occurred.  Pro-

ducing a fold with 200-m peak-to-trough amplitude 

(consistent with estimates of the Astypalaea fold) re-

quires roughly 6% contraction (Fig. 1, bottom).  Be-

cause the amplitude of the fold instability grows nearly 

exponentially [4], by 10% contractional strain the fold 

has a peak-to-trough amplitude of ~1 km. 

Increasing the thermal gradient in the lithosphere 

increases the growth rate of the fold instability.  Figure 

2 shows contours of maximum fold amplitude as a 

function of thermal gradient and total strain.  Clearly, 

large amplitude folds (>1 km, peak-to-trough) can be 

produced at high thermal gradients and large strains.  

However, even at the highest thermal gradients evalu-

ated (45 K km
-1

) the production of moderate-amplitude 

folds (200 m) required at least ~5% strain. 

The Mechanical Behavior of Ice Lithospheres: 

The large strains necessary to produce even moderate 

amplitude folds in an ice lithosphere may offer a partial 

solution to Europa’s strain imbalance: large contrac-

tional strain can be accommodated by the ice litho-

sphere without producing large amplitude deformation 

(i.e., crypto-contraction).  However, an alternative pos-

sibility is that our understanding of the behavior of ice 

lithospheres at planetary scales is incomplete.  To ex-

plore this possibility we have investigated a number of 

novel but plausible mechanisms that may increase the 

growth rate of fold instabilities in ice lithospheres. 

One of the greatest uncertainties in modeling the 

deformation of ice is its strength at planetary scales.  

Laboratory measurements of ice strength suggest that it 

2298.pdf41st Lunar and Planetary Science Conference (2010)



is relatively weak (a cohesion of 3.4 MPa in compres-

sion and 1.2 MPa in tension [7]).  However, theoretical 

models of cycloid formation require even weaker ice 

(at least in tension) [8].  Our nominal models use a 

cohesion of 3.4 MPa.  Figure 3 shows contours of av-

erage fold amplitudes as a function of thermal gradient 

and cohesion after 5% strain.  In general, fold ampli-

tudes decrease as the cohesion decreases.  Only if ice is 

very strong in compression (independent of internal 

friction) can large amplitude folds form at small 

strains; this is unlikely on geological time scales. 

In addition to the effects of ice strength, we have 

investigated the role of semi-brittle deformation, and 

strain localization via material weakening during plas-

tic deformation.  Neither of these processes produces 

large amplitude deformation consistent with the Asty-

palaea folds at strains smaller then ~5%. 

The Importance of rheology: Our understanding 

of the deformation of ice lithospheres is constrained by 

accurate knowledge of ice rheology.  Several investiga-

tors have questioned the validity of the dislocation-

creep C regime, in which the power-law index n = 6 

[6].  Because the C regime dominates the near surface 

behavior of the cold ice in our simulations, its exis-

tence (or lack there of) plays a pivotal role in control-

ling the surface deformation.  In the C-regime’s ab-

sence, the lower power-law index and activation energy 

of the B-regime (which then dominates at low T) is 

more favorable to large amplification. We find that 

eliminating the questionable C regime as a flow 

mechanism increases average fold amplitudes by a fac-

tor of 5 after 5% strain.  Thus, without the C regime, 

creating Astypalaea-like folds requires only 3.5% strain 

(and large thermal gradients), bringing our results more 

in-line with those of [4] and [5]. 

Implications: Our modeling indicates that the for-

mation of moderate-amplitude folds in an ice litho-

sphere requires larger contractional strains then was 

previously appreciated.  An exploration of novel 

mechanisms potentially capable of increasing ampli-

tude growth failed to generate Astypalaea-like folds at 

smaller strains.  Only the removal of the dislocation 

creep C regime yielded significant increases in fold 

amplitudes.  Hiding significant contractional strain in 

long-wavelength, low-amplitude undulations of Eu-

ropa’s surface remains plausible and may help explain 

Europa’s apparent surface strain imbalance. 

References: [1] Kattenhorn S. A. and Hurford, T. (2009) 

in Europa, UA Press, 199-236. [2] Bland M.T. and 

McKinnon W.B. (2009) DPS 41, #66.06. [3] Sarid A.R. et 

al. (2002) Icarus, 158, 24-41. [4] Prockter, L.M. and Pap-

palardo R. T. (2000) Science, 289, 941-943. [5] Dombard A. 

J. and McKinnon W. B. (2006) J. Struct. Geo., 28, 2259-

2269. [6] Durham, W. B. and Stern L. A. (2001) AREPS, 29, 

295-330. [7] Beeman M. et al. JGR, 93, 7625-7633. [8] 

Hoppa G.V. et al. (1999) Science, 285, 1899-1902. 

 

 
Figure 1: (Top) Profile of the surface deformation af-

ter 2% contraction for a simulation with a thermal 

gradient of 25 K km
-1

.  (Bottom) as in top panel but 

after 6% strain. 

 
Figure 2: Contours of maximum fold amplitudes (m) as 

a function of thermal gradient (heat flux) and strain 

(for a nominal strain rate of 10
-13

 s
-1

).  Producing 

Astypalaea-like folds requires ~5% strain even for 

thermal gradients of 45 K km
-1

. 

 
Figure 3: Contours of average fold amplitude (m) after 

5% extension as a function of ice cohesion and thermal 

gradient. The vertical dashed line marks the nominal 

strength of ice in compression (3.4 MPa [7]).  For a 

given thermal gradient lower cohesions result in 

smaller fold amplitudes. 
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