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Introduction: Many icy satellites feature known or 

suspected subsurface oceans [1–3], likely situated atop 
rocky interiors [4], and several are of considerable 
astrobiological significance. Chemical reactions at the 
rock–water interface might support chemoautotrophic 
habitats there [5], and hydrothermal systems and even 
seafloor volcanism could be present within some moons 
[6]. On seafloors on Earth, these processes are 
augmented by the presence of faults [7,8]. Here, we 
combine rock mechanics techniques with remotely 
sensed geophysical data for Europa, Titan, Ganymede, 
and Enceladus to first derive lithospheric strength 
profiles and then determine the differential stresses 
necessary to drive faulting at these seafloors. 

Approach: With recent interior structure models for 
these moons [9], we calculate how overburden pressure, 
P, changes as a function of depth with δP/δr = –rg, 
where r is body radius, r is local material density, and 
g is acceleration due to gravity (given by δg/δr = 4πGr–
2(g/r); G is the gravitational constant) [10]. We next 
assume that porosity changes with depth as 
/(1+{V0/(1–V0)}exp{–λgh}), where  is the 
density of compacted rock, V0 is the void space fraction 
at the seafloor, λ is a constant, and h is depth [11]. 

Fault strength can then be characterized, under the 
assumption that P corresponds to one of the principal 
stress components (i.e., σ1 or σ3) with the equations 
σ1/σ3 = (Sv–Pp)/(Sh–Pp) = ({μ2+1}0.5+μ)2 and σ1/σ3 = 
(SH–Pp)/(Sv–Pp) = ({μ2+1}0.5+μ)2 for normal and thrust 
faults, respectively [12]. Here, σ1 and σ3 are the 
maximum and minimum principal stresses, 
respectively, Sv is the vertical stress, Sh and SH are the 
minimum and maximum horizontal stresses, 
respectively, Pp is pore fluid pressure, and μ is the 
coefficient of friction. We consider values of μ for both 
unaltered (e.g., basaltic) and altered (e.g., serpentinite) 
rock, to account for the prospect that some or even all 
of the rocky interior has been mineralogically hydrated 
by interaction with water [cf. 13]. Finally, to estimate 
the depth interval of the brittle–ductile transition (BDT) 
within these bodies, we consider the strength of any 
lower, ductile component of the lithosphere present with 
ε̇ = C1σnexp–E/RT, where ε ̇is strain rate, C1 is a constant, 

σ is deviatoric stress, n is the stress exponent, E is 
activation energy, R is the universal gas constant, and T 
is temperature [14]. We consider strain rates bracketed 
by 10–14 and 10–20 s–1 and thermal gradients of 2 and 20 
K/km. 

Seafloor Strength: With the equations described 
above, we calculate brittle and ductile strength profiles 
for the rocky interiors of our study moons in Figure 1, 
and report the minimum differential stresses needed to 
drive normal and thrust faulting for lithostatic 
conditions and assuming altered rock at the seafloor in 
Table 1. The minimum BDT depth for each body, taken 
as the shallowest depth where the brittle and ductile 
strength profiles intersect, is also given. In addition, the 
diurnal tidal stress [15] at each seafloor is shown in 
Table 1, as is the decrease in radius (Δr) from interior 
secular cooling [16] necessary to match the calculated 
differential stress required to initiate thrust faulting. 
(We do not consider non-synchronous rotation a likely 
stress mechanism for these rocky interiors.) 

Outlook: Our results indicate that, for Enceladus, 
the rocky portion may be porous and, if permeable, even 
hydrated through to the center—a finding consistent 
with detected rock–water reactions inside the moon [17] 
and with inferences for an unconsolidated silicate 
interior [18]. For Europa, Titan, and Ganymede, 
however, we find that pore spaces close within a few 
hundred to few thousand meters under the rock–
water/ice interface. Moreover, whereas Enceladus can 
undergo thrust faulting under a modest reduction in 

 Normal Thrust Diurnal Δr BDT 
 (MPa) (MPa) (km) (km) 

Europa 85 275 2×10–2 –2.4 16 

Titan 490 1,600 3.8×10–3 –20 15 

Ganymede 970 3,200 0.93 –33 8 

Enceladus 4 13 8×10–4 –0.01 20 

Table 1. Differential stresses needed for normal and thrust 
faulting (i.e., shear stress on an optimally oriented fault 
plane) for altered rock; the diurnal tidal stress at the sea-
floor; and the radius reduction required to initiate thrust 
faulting, and the BDT depth (for 10–20 s–1 strain rate and 20 
K/km thermal flux) we calculate for each study moon. 
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radius, we estimate that the rocky seafloors within 
Europa, Titan, and Ganymede require a radius decrease 
of km to tens of km to fail via thrust faulting. In all 
cases, the rocky interiors are impervious to diurnal tidal 
stresses. Importantly, the consideration of hydrostatic 
conditions at these seafloors makes no meaningful 
difference for the three larger moons as pore fluid 
pressure ceases to influence rock strength at very 
shallow crustal levels. High pore fluid pressure is 
possible within Enceladus, however, depending on the 
assumed porosity at the rock–water interface. 

This approach has yet to consider the effects of 
volume increase during serpentinization [19], thermal 
expansion anisotropy [20], deep-seated volcanism (e.g., 
kimberlite diking [21]), or coupled interior–surface 
deformation [22], but our results so far do not obviously 
support the reactivation of existing fractures, the 
creation of new fractures/pore space, or the occurrence 
of fracture-controlled seafloor volcanism. We therefore 
conclude that, at present, there is little to no circulation 
of seawater through the ocean floors of Europa, Titan, 
and Ganymede beyond the first few hundred meters. 
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Figure 1. Brittle and ductile strength profiles for altered rock and lithostatic conditions. Insets show cutaway interior structure 
models based on [9]. There is no ductile portion within Enceladus for a strain rate of 10–14 s–1 and a thermal flux of 2 K/km. 
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