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Introduction: The general observation concerning icy 
satellite tectonics prior to Cassini was that most satellites 
exhibit evidence for extensional tectonism, whereas 
contractional tectonism is rare [1]. However, since Cassini 
has progressively unveiled Titan’s surface beginning in 
2004, many studies suggest contractional tectonism may 
have formed Titan’s mountains. Studies have focused on: 
topography [2-4], morphology [3-7], comparative studies 
with Earth’s tectonic features [7], and structural and stress 
field analysis [3,8,9]. In particular, models by Mitri et al. [4] 
suggest volume change due to internal cooling can result in 
contractional tectonism to form folds on Titan. Thus, Titan 
may be the only icy satellite on which contraction has oc-
curred in many locations, and in fact may be the predomi-
nant style of tectonism. 

However, Pappalardo and Davis [10] have argued that 
in order to form compressional structures on icy satellites, 
relatively large stresses (>5 times that required to form ex-
tensional structures, in the case of Ganymede) are required, 
and sources of such stresses probably do not exist for most 
icy satellites. Dombard and McKinnon [11] calculated that 
fold formation on Europa requires driving stresses of ~9-10 
MPa, whereas extension only needs 0.1~1 MPa of stress. 
Therefore, a paradox has emerged that there is no stress 
source large enough to explain the contractional structures 
observed on Titan. 
      In this study, we provide a solution for this paradox: 
fluid overpressures associated with liquid hydrocarbons (e.g. 
methane, ethane) significantly reduce the shear strength of 
the icy crust of Titan and enable contractional structures to 
form without the requirement of large stresses. 
Overpressured subsurface liquid hydrocarbons on Titan can: 
(1) offset the normal stresses on icy rock surfaces and sup-
port the weight of thrust sheets, and (2) decrease friction 
strength in the detachment fault zone and enable icy rock 
sheets to slide to form folds. Therefore, if the fluid pressure 
is high enough to offset the normal stress, the force needed 
to form thrust faults must only exceed the cohesive strength 
of icy rock, which is only the order of 0.1 ~1 MPa [12]. 
Then, only small stresses are needed to overcome sliding 
friction to form fold-thrust belts. 

We discuss liquids on Titan and the strength of ice and 
then use the Critical Wedge Mechanism [13] to test if crus-
tal conditions on Titan favor the formation of folds and 
thrusts. 
      Subsurface liquid hydrocarbons: Titan’s atmospheric 
pressure of 1.5 bars and temperature of 94 K allow hydro-
carbons to be stable on the surface as liquids in lakes [14] 
and river channels [15] which is a unique condition among 
icy satellites. Recent studies [16,17] strongly suggest that 
methane liquids also flow below Titan’s surface. Moreover, 
Griffith et al. [18] discovered possible tropical lakes, and 
concluded that these low latitude lakes on Titan are best 
explained as supplied by subterranean aquifers. Thus, Titan 

has a hydrologic cycle that likely includes a ground “me-
thane” system similar to Earth’s groundwater system. Be-
cause Titan’s upper crust is below the liquid methane table 
[19], the porosity of rocks must be filled with fluid. If the 
permeability is restricted and the fluid is trapped, the pore 
pressure may exceed hydrostatic pressure which means the 
fluid is overpressured. 

Analogy of Strength Paradox on Earth: On Earth, 
many large thrusts require displacements of rock over hori-
zontal distances up to 100 km but the stresses needed to 
satisfy this requirement exceeds the crushing strength of 
granite, a condition that spawned the strength paradox in 
the field of structural geology. However, Hubbert and 
Rubey [20] provided a solution for this paradox. Given 
sufficiently high fluid pressures, thin fault blocks can be 
pushed over nearly horizontal surfaces to form large 
overthrusts. They demonstrated the fundamentals of the 
fluid pressure model in their now-famous beer can experi-
ment. This solution to the paradox involved modifying the 
Mohr-Coulomb law of frictional shear strength [20]:  

                           τ =  C +  µ( σN −  Pf )               (1)         
where τ is the failure stress required to cause slip, C is co-
hesion, µ is the coefficient of internal friction, σN is normal 
stress and Pf is fluid pore pressure. When fluid is unable to 
escape from a porous, but impermeable subsurface horizon, 
fluid pressures (Pf) support most of the weight of the over-
lying rock or ice, which reduces the frictional resistence to 
sliding of this horizon to near zero. When the fluid pressure 
is high enough to offset all the normal stress (σN), the shear 
stress (τ) needed to form the thrust fault must only exceed 
the cohesive strength of rock and then a small push can 
easily overcome the sliding friction to form overthrust 
sheets and related folds.  

Here we adapt the fluid pore pressure effect for condi-
tions on Titan to explain the formation of thrusts and folds. 
By adjusting equation (1) for Titan, the cohesive strength of 
icy clathrate rock with possible impact pre-fractures is ~0.1 
to 1 MPa [12]. Therefore to form the contractional struc-
tures on Titan a large stress (>10 MPa) is not necessary. 
Only a stress of ~0.1 to 1 MPa is required to form thrust 
faults. Even Titan’s diurnal tidal stress~ 0.026 MPa, may be 
able to overcome sliding friction to form folds and thrusts.       

Furthermore, because the subsurface liquid hydrocarbon 
layer in Titan’s icy crust is most likely located above a 
depth of 15 km [19], thrust and crustal deformation do not 
involve the entire thickness of the icy crust. This type of 
deformation is called “thin-skinned” tectonics. Since thin-
skinned structures are usually wedge shaped [21], we then 
evaluate Titan’s crustal parameters and slopes of mountains 
to test if the thrust-folds can form in a critical wedge setting. 
      Critical Wedge Mechanism: The critical wedge mech-
anism [13] is a well-established process for driving fold-
and-thrust belt formation on Earth, such as the Himalaya 
foothills and the mountain belts of western Taiwan. The 
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wedge model requires high fluid pressure [20] in the sub-
surface to weaken the deforming rocks; without high fluid 
pressures, folds and thrusts would not form. Nahm and 
Schultz [22] applied critical wedge to explain the formation 
of Thaumasia Highlands on Mars; however, the wedge 
model was unable to explain the mountains belts on Mars 
because there is little subsurface water. 

A critical wedge model can be described using equa-
tions that characterize the physical properties and geometry 
of the wedge (Figure 1). The surface slope α of a mechani-
cally homogeneous wedge is related to the dip angle of the 
decollement β. Equations are modified from Suppe [23]: 

 
 

            β = (𝐅 − α[(1 − (ρf/ρ) ) + 𝐖])/𝐖           (2)  
                   F = 𝜇𝑏(1 − 𝜆) + 𝑆𝑏/𝜌𝑔𝐻                   (3)       
       𝑊 = 2(1 − 𝜆)[𝑠𝑖𝑛𝜙/(1 − 𝑠𝑖𝑛𝜙)] + 𝐶/𝜌𝑔𝐻   (4) 
 
 

The explanation of the parameters in equations (2)-(4) and 
basic physical/mechanical properties of Titan are listed in 
Table 1. The application of the critical wedge model to 
Titan is tested by comparing measured slope angles of the 
fold and thrust belts across Titan to the values required by 
thrusting in a critical taper wedge setting [22]. The topo-
graphic data and slope of mountains on Titan are generated 
by the SARTopo technique [24]. Fluid pore pressure ratio 
(λ) is defined by the density of icy crust and fluid: λ = Pf / 
ρgz. On Titan, λ is 0.67 and here we consider an 
overpressured fluid. Thus, we use λ = 0.7 to 1 in our calcu-
lation. The calculated decollement base (1.5-2 km) is above 
the liquid methane table which decreases the shear strength 
in decollement. In calculation, we assume the coefficient of 
friction in wedge is larger than that in decollement (µ > µb).   

      Results: Thus far, we have evaluated 10 regions of pos-
sible fold-and-thrust belts in a critical wedge settings on 
Titan. The average slopes of 10 mountain are all below 1.5o. 
In our calculation, we input the measured slope α with vary-
ing µb (0.3-0.8), µ (0.3-0.8) [26] and λ (0.7-1) to calculate 
the range of dip angle β values (equation 2). On Earth, 0o ≤ 
β ≤ 10o is considered to be a reasonable range [12,22]; thus, 
we adopt this for our calculations. Of the 560 cases for 10 
mountain belts, 400 cases (71%) of β values were found 
where 0o ≤ β ≤ 10o. Thus, our results indicate that these 10 
mountain belts were very likely formed in a critical wedge 
setting. The calculation results for the 200oW mountain belt 
are shown in Figure 2. The graphs show the calculated  
decollement dip angle β versus the wedge friction coeffi- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

cient µ with the friction coefficient of the decollement vary-
ing µb. 
      Dussions and Conclusions: The high pore fluid pres-
sure estimated for Titan predicts that under contractional 
stress conditions a critical wedge should form. Furthermore, 
the critical wedge model is applicable for Titan because: (1) 
the pore fluid pressure ratio without overpressures on Titan 
is λ = 0.67, while on Earth λ = 0.37, which indicates that the 
environment on Titan is more favorable for the formation of 
a critical wedge than Earth. (2) On Titan, the reaction of 
fluids (methane) with potential surface materials (clathrates 
or organics) makes the near-surface crust weaker and easier 
to break [24] to form thrusts and folds than a pure water ice 
crust. (3) The calculated decollement depths (1.5-2 km) lie 
within the cohesive boundary (2-5 km), thus the brittle-
ductile transition boundary (2-3 km) [25] is favorable for 
formation of the critical wedge on Titan. 
      In summary, hydrocarbon liquids on Titan facilitate the 
formation of fold-and-thrust belts without large stresses. 
This has played a key role in Titan’s tectonic evolutionary 
history. We expect the results will lead to a reevaluation of 
the geological significance of fluids in planetary litho-
spheres; a process that appears to be unique to Earth and 
Titan in our solar system.   
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Table 1 

Parameters Description Values and sources 
µ Wedge friction coefficient 0.3, 0.4, 0.5, 0.6 [27] 

Φ Angle of internal friction for 
the wedge 

16.7o, 21.8o, 26.6o, 
31o (Φ = tan-1µ) 

ρ Density of the wedge  
material 

900 kg m-3 (water 
ice) [28] 

λ Pore fluid pressure ratio 0.7-1 

α Surface slope Measured 

C Wedge cohesion 1 MPa [12] 

W Wedge strength Calculated 

H Wedge thickness Measured 

Sb Decollement cohesion 1 MPa [12] 

µb Decollement coefficient of 
friction 

0.3-0.8 in 0.1 incre-
ments 

F Decollement strength Calculated 

β Dip angle of decollement Calculated 

g Acceleration due to gravity 1.352 m s-2 [29] 

ρf Density of the overlying fluid 600 kg m-3 [30] 

 
 

Figure 1. (Top) Schematic geom-
etry of a critical taper orogenic 
wedge. Modified from [13,22,23]  
Figure 2. (Left) Shaded areas 
show the calculated dip angle β 
range in reasonable values 
which indicate the critical 
wedge is very likely to form on 
Titan. 
 

   

1851.pdf44th Lunar and Planetary Science Conference (2013)


