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Introduction:  Titan has a complex and dynamic 

geology with a varied surface morphology developed 
from fluvial, aeolian, and possible cryovolcanic and 
tectonic activity. Surface observations, however, have 
yet to reveal large-scale, morphologically distinct 
characteristics of strike-slip faulting (i.e., en echelon 
structures, fault duplexes, and offset features) that have 
been observed for other ocean worlds such as Europa, 
Enceladus, and Ganymede [1,2]. Nevertheless, optimal 
shear failure conditions may exist within Titan’s 
shallow subsurface where the inferred presence of a 
porous ice layer saturated with liquid hydrocarbons 
provides a unique environment for zones of frictional 
weakness [3], shear heating [4] and potentially, the 
promotion of cryovolcanism [5,6]. Models of this 
shallow subsurface suggest that hydrocarbon-saturated 
porous ice is underlain by a clathrate-ice mix to depths 
of ~1 km [3]. Here, we examine Titan’s ability to host 
shear deformation, including considerations for how the 
presence of near-surface liquid hydrocarbons and the 
crustal porosity of the ice significantly reduce the 
resistance to shear failure of strike-slip faults subjected 
to diurnal tidal stresses. 

Methods:  We conduct a sensitivity analysis of 
Titan’s shear failure tendencies guided by Coulomb 
failure laws [7] and tidal stress mechanisms [8]. The 
Coulomb failure criterion considers stresses that 
facilitate (tensile) and resist (compressive) shearing 
motions of a fault (i.e., the resolved normal and shear 
tidal tractions), simultaneously accounting for the 
coefficient of friction of ice, overburden, and pore fluid 
pressures. To model this behavior, we calculate the 
Coulomb stress, tc, as  

tc = |ts | - µf (sn + rgz) 
where ts is resolved shear stress acting on the fault, sn 
is resolved normal stress, µf  is the coefficient of friction, 
and rgz is overburden pressure (where r is the material 
density, g is satellite gravity, and z is the observation 
depth along the fault plane). To include hydrostatic pore 
pressure effects, the overburden stress is further scaled 
by 1- λ, where λ is the pore fluid pressure ratio.  

For this study, we examine optimal failure 
conditions at multiple example regions spanning Titan’s 
low and mid-latitudes (Figure 1): (1) Mithrim Montes 
(Xanadu), (2) Dolmed Montes, (3) Misty Montes, and 
(4) in SE Xanadu. Regions 1-2 are classified as 
‘hummocky’ terrain (hilly or mountainous) while 

regions 3-4 are classified as ‘labyrinth’ terrain (elevated 
plateaus and remnant ridges) [9]. Using the SatStress [8] 
tidal stress model (Figure 1) for Titan-appropriate 
rheology [5], we compute the diurnal tidal stress tensor 
and resolve shear and normal stresses onto a suite of 
shallow fault planes (< 1 km depth) with azimuthal 
orientations consistent with mapped observations 
[9,10]. We explore candidate coefficients of friction (µf 
= 0.3-0.5) [11] and hydrostatic pore fluid pressure ratios 
for Titan (l = 0.67-0.9) [3].  

 
Figure 1.  Diurnal tidal stress on Titan as a function of orbital 
position. Maximum diurnal principal stresses (s1) in kPa for  a) 
0º, b) 90º, and  c) 180º orbital positions. Regions 1-4 are 
demonstrative locations where we examine shear failure 
conditions within Titan’s shallow subsurface.  
 

Results and Discussion:  Diurnal tidal stresses on 
Titan (~ +/- 30 kPa) (Figure 1) suggest a limited but 
intriguing range of resolved shear and normal stress 
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variations that could permit shear failure (Figure 2). 
Using the stress field of Mithrim Montes (location 1) 
within the Xanadu mountain region as an example, we 
illustrate where the magnitudes of frictional stress 
(rightmost side of equation) and absolute value of shear 
stress overlap, and hence where the Coulomb criterion 
is met and a finite slip-window could be permitted. At a 
shallow fault depth of 100 m and for an inferred NW-
SE oriented fault subjected to an intermediate (λ=0.75) 
pore fluid pressure ratio, this preliminary model (Figure 
2a) suggests shear failure (with a left-lateral sense) is 
achievable under diurnal tidal stresses subject to ice 
friction ranging from µf = 0.3-0.5, where the shear 
failure window narrows as ice friction increases. 
Likewise, for an assumed coefficient of friction of µf = 
0.4 (Figure 2b), shear failure could be feasible for 
intermediate to high pore fluid pressure ratios (λ >0.75). 

For regions 2-4 (results not shown here), similar 
opportunities for right and left-lateral slip also result. At 
Dolmed Montes (2), right-lateral slip satisfies the 
Coulomb failure criterion for µf = 0.3-0.5 and λ >0.75. 
At Misty Montes (3), both right- and left-lateral slip 
satisfy the Coulomb failure criterion for µf = 0.3-0.4 and 
λ >0.75. Finally, at (4), right-lateral slip satisfies the 
Coulomb failure criterion for µf = 0.3-0.4 and λ >0.75, 
and left-lateral slip for µf = 0.3 and λ >0.75. Under 
circumstances that allow for optimal values of µf  and l, 
examined ‘labyrinth’ regions such as Misty Montes 
have larger windows for strike-slip faulting, whereas in 
assessed ‘hummocky’ terrains such as Mithrim Montes, 
the possibility for Coulomb failure might be more 
limited. Moreover, if ‘labyrinth’ terrains formed as 
cryomagmatic intrusions rising within the ice shell [6], 
additional shear deformation could have supported the 
exchange of subsurface and surface materials and the 
accumulation of organic-rich sediments as inferred from 
Cassini data [5,6].  

In general, these results indicate that the crustal 
porosity of ice and the presence of near-surface liquids 
on Titan can significantly reduce the resistance of shear 
failure of faults subjected to diurnal tidal stresses. 
Furthermore, the optimal combination of tensile and 
shear tractions could permit finite slip windows where 
the Coulomb criteria is met. At Mithrim Montes for 
example, the left-lateral modeled slip direction agrees 
with the inferred left-lateral shear direction of 
previously mapped structures within the Xanadu range 
[12]. While a conservative hydrostatic pore pressure 
ratio (λ ~0.67) limits opportunities for shear failure, 
ratios could well exceed this value (λ >0.67) in fold belts 
and where permeability is restricted as a result of 
clathrates of methane and water within the crust [3]. 

Although clear interpretations of modes of 
tectonism on Titan are hampered by a paucity of suitable 
remote sensing data, these exploratory models of 
Coulomb failure allow us to explore optimal conditions 

of possible shear failure on Titan in preparation for 
future remote sensing missions, as well as to better 
understand potential connections to cryovolcanism. 
Additional testing of the sensitivity of shearing depths 
on Titan will also be important for understanding the 
evolution of its surface and how these behaviors 
compare to processes on other icy satellites. 

 
Figure 2.   Diurnal tidal stresses at Mithrim Montes (Xanadu 
mountains, -2ºS, 127ºW; parallel ridges oriented NW-SE), as a 
function of orbital position for  a) candidate coefficients of ice 
friction (µf) and  b) candidate pore fluid pressure gradients (l). 
Demonstrative fault depths of 100 m are assumed here. Possible 
strike-slip windows are indicated in gray. 
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