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Summary: Repeated cyclic loading can weaken 

many materials, causing them to experience brittle 
failure at much lower stresses than under static loading 
[1-5]. This process, called fatigue, is fundamental to 
engineering and may be highly relevant to icy satellites 
that experience cyclic tidal stresses during their eccen-
tric orbits [6].  

We hypothesize that under certain conditions, the 
near surface of an icy satellite can become fatigued due 
to diurnal tidal stresses, which could have a profound 
influence on ice shell rheology and geological evolu-
tion. Fatigue could explain why the surfaces of some 
satellites appear to fracture in response to tidal stresses 
[7-10] that are orders of magnitude lower than typical 
yield strength values of ice [11-13]. Here we describe 
the basic mechanisms of fatigue, develop an analytical 
model for the fatigue of an icy satellite surface, and 
discuss some of the possible geological consequences. 

Introduction: The tensile strength of water ice is 
crucial in controlling what types of processes can frac-
ture the surfaces of icy bodies. Laboratory experiments 
suggest a tensile strength at least 1 MPa [11-13]. Yet 
there is compelling evidence that the surfaces of some 
icy satellites are breaking in response to daily tidal 
stresses less than 100 kPa. For example, the timing of 
water vapor eruptions on Enceladus coincides with the 
timing of maximum tensile stresses from tides [8] and 
cycloids on Europa appear to form in response to daily 
tidal stresses [7,9-10]. One possibility that could re-
solve this discrepancy is that the yield strength of the 
surface may have been reduced as a result of fatigue 
from cyclic tidal forces.  

The basic mechanism of fatigue is that microscopic 
flaws slowly grow into larger cracks under the action 
of cyclic stresses. These cracks concentrate stresses 
near their tips as 𝜎!"#~   𝑎, where 𝑎 is crack length [1]. 
The stress environment near the crack is described by 
the stress intensity 𝐾! = 𝜎 𝜋𝑎, where 𝜎 is the far-field 
tensile stress perpendicular to the crack. Unstable 
crack growth (fracture) occurs when the stress intensity 
equals the fracture toughness 𝐾!" [14]. Fracture will 
then occur when a crack reaches the critical length 

𝑎!" = 𝐾!"! / 𝜋𝜎! .                    (1) 
An important property of ice is that it has a very 

low fracture toughness compared to other geologic 
materials (this is why you can break ice with your 
teeth), with 𝐾!" = 80 – 120 kPa m1/2 [15-16]. Once 
failure is reached, a specimen is said to be fatigued.  

Approach: To ascertain whether an icy satellite 
surface can become fatigued, it is important to know: 
1) the initial length of microcracks, 2) the magnitude 
of the daily tidal stress, and 3) the rate at which mi-
crocracks will grow. Here we assume that the initial 
crack length 𝑎! ≈ 𝑑, the grain size, which may be 1 – 
10 mm for convecting ice shells [17].  The magnitude 
of daily tidal stresses is a strong function of planet-
satellite distance as well as the Love number ℎ!, which 
describes the radial deformation of the satellite in re-
sponse to a tidal stress at harmonic degree 2 [18]. For 
Europa, the magnitude of the daily tidal stress ~50 kPa 
[7,19].   

Laboratory experiments on fatigue suggest that the 
growth rates of microcracks in most brittle material 
conform to the Paris Law [1-3], 

!"
!"
= 𝐶∆𝐾!! ,  (2) 

where 𝑁 is the number of loading cycles, ∆𝐾 is the 
change in stress intensity over one cycle and 𝐶 and 𝑚 
are empirical constants. No direct measurements of 𝐶 
and 𝑚 exist for water ice, but microcrack growth rates 
of other brittle geologic materials can be used to con-
strain these values. For example, wet quartz was found 
to have microcrack growth rates of 𝑚  =15 and 𝐶 =1017 
MPa-m m1-m/2 [20].  

With estimates for these parameters, one could de-
termine how long it would take a small flaw in an ice 
shell to grow from its initial length to the critical 
length for fracture. In other words, it is possible to cal-
culate the fatigue lifetime of a satellite.  

Preliminary Calculations: Here we consider 𝐶 
and 𝑚 free parameters and determine the range of val-
ues that would lead to fatigue on the surface of Europa. 
In this simplified preliminary calculation, we assume 
an initial crack size of 10 mm, a tidal stress magnitude 
of 40 kPa, and presume that cracks will grow to the 
critical length for failure over a period of 106 to 109 
years. Figure 1 shows the range of 𝐶 and 𝑚 that lead to 
the fatigue of the surface of Europa under these condi-
tions.  These results suggest that the surface of Europa 
could become fatigued if microcrack growth rates in 
ice are comparable to wet quartz. However, we empha-
size that different microcrack growth mechanisms can 
operate in different materials under various conditions, 
so fatigue data on ice remain essential [1]. 
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Figure 1: Preliminary calculations of the microcrack 
growth rates required for the surface of Europa to 
become fatigued. The x-axis represents the variable m 
(non-dimensional), and the y-axis represents the vari-
able C, (MPa-m m1-m/2 s-1) from equation 2. Calcula-
tions assumed an initial flaw a=10 mm, and a tidal 
stress of 40 kPa. 

 
Discussion: Because cyclic tidal stresses of at 

least some magnitude occur on all satellites, fatigue is 
a process that could be important throughout the solar 
system. Here we have introduced the basic framework 
and key variables needed to assess the rate of fatigue 
on icy satellites. Preliminary analyses show that it is 
vital to constrain microcrack growth rates through la-
boratory experiments to draw stronger conclusions 
about the fatigue lifetimes of satellites.  

One laboratory study on the fatigue of water ice 
found that microcracks stopped growing before frac-
ture occurred [5]. The authors interpreted that plastic 
deformation near the crack tip arrested crack growth. It 
is important to note that all of their experiments were 
performed at ~267 K. Plastic deformation in the litho-
spheres of icy satellites, where temperatures T~120 K, 
will be much less significant. We are currently design-
ing laboratory experiments to measure the growth rate 
of microcracks in ice at temperatures, frequencies and 
stresses appropriate for icy satellites. 

What are the consequences of a satellite becoming 
fatigued? If small flaws that are prevalent through out 
the near surface are continually growing into large-
scale cracks, one might expect the majority of the sur-
face to be dominated by tensional fractures. The tensile 
strength in the cracked portion of the surface would 
then be reduced towards zero, but the stress required to 
cause strike slip motion would still increase with depth 
due to frictional resistance. This change in lithospheric 
strength would have a profound influence on geologic 
resurfacing. Physical processes that typically generate 
weaker stresses may become capable of deforming the 
surface. Thus fatigue broadens the possible formation 

mechanisms for the wide range in morphological fea-
tures seen on the surfaces of icy moons.  
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