
EART163 Homework #2     Due Tues 16th April 2019 

 

1. Enceladus is a small icy moon of Saturn which has puzzling, large surface depressions which 

are not obviously associated with any surface geology. An example topographic profile across 

one of these depressions is shown below. 

 

Figure 1. Topographic profile across Enceladus depression. Vertical scale is in km. 

 

a) Estimates of Enceladus’s elastic thickness are about 1 km. Deduce the flexural parameter and 

explain whether you think these depressions could be supported elastically. Numbers you will 

need: g=0.11 ms-2, E=9 GPa, m=1000 kg/m3 and Poisson’s ratio=0.3 [3] 

b) One possible explanation for these depressions is that they are regions where porosity has 

been removed. Consider two columns of equal mass, but different densities. Find an approximate 

expression for the difference in column height h, as a function of the column density  and 

height h and the density difference between the two columns, . Hint: assume that << [2] 

c) Use your answer to b) to write down an expression for the change in elevation h if a column 

of initial constant porosity  and height h+h loses all its porosity. [1] 

d) If Enceladus had an initial surface porosity of 20%, how deep would this porosity have had to 

extend to explain the topography seen in Figure 1? [2] 

e) If porosity doesn’t survive at temperatures higher than 140 K, how thick is the total ice shell 

on Enceladus? You can assume a linear temperature gradient with a surface temperature of 80 K 

and that ice melts at 270 K. [1] 

f) The topography could instead be due to ice shell thickness variations. If the densities of ice 

and water are 900 and 1000 kg/m3, what ice shell thickness variations does Figure 1 suggest? [2]  

g) What are the maximum topographic stresses which Enceladus must be supporting? How does 

this compare with the yield stress of ice? Is this a problem? [3] [14 total] 

 

2. In class we talked about the elastic layer being defined by some temperature. Here we’ll 

develop one way of estimating what this temperature is, by thinking about two characteristic 

timescales. 



a) The first timescale is the Maxwell time M, which tells us how fast stresses relax. Write an 

expression for the Maxwell time in terms of viscosity  and rigidity G. [1] 

b) The second timescale is the deformation timescale e, which tells us how fast strains 

accumulate. Write an expression for the deformation timescale in terms of the strain rate d/dt. 

[1] 

c) Now we can define a dimensionless number D= M/e. If stresses relax rapidly compared to 

how fast strains accumulate, is D big or small? And is our material behaving elastically or 

viscously? [3] 

d) Let’s assume that experiments show that the transition from viscous to elastic deformation 

happens at D~1. On Earth we have d/dt=10-15 s-1 and G=100 GPa. What value of the viscosity 

defines the transition from viscous to elastic behaviour? [2] 

e) We can write an expression for the viscosity  as follows: 
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Here 0 is the viscosity at a reference temperature T0, Q is the activation energy and R is the gas 

constant. 

Using your answer to d), find the temperature defining the transition from viscous to elastic 

behaviour. You will need 0=1021 Pa s, Q=300 kJ/mol, T0=1400 K and R=8.3 J/mol K. [4] 

f) How does your temperature compare with the melting temperature of 1400 K? [1] 

g) On the Earth, the thermal gradient is about 25 K/km and the surface temperature is 250 K. 

What elastic thickness would you predict for the Earth, based on your answer to e? Is this 

reasonable? [2] [14 total] 

 

3. (Bonus/Grad Students) 

In class we discuss the simplest kind of viscous relaxation. A more general expression is given 

by Melosh in his 1989 textbook for the case of a viscous layer overlying a rigid interior. The 

relaxation timescale in this case is: 
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Here k=2/,  = wavelength,  is the viscosity,  the density, g is gravity and d is the layer 

thickness. 

a) Show that in the short-wavelength limit, this expression reduces to something very similar to 

the expression given in class. [2] 



b) Show that in the long-wavelength limit this expression reduces to a different, but still simple 

form. It may help to remember that cosh(x)=1+(x2/2) when x is small. [4] 

c) How does the relaxation timescale in the long-wavelength limit compare to the relaxation 

timescale in the short-wavelength limit? [1] 

d) The Melosh expression also works in the upside-down case, where you have a viscous fluid 

lying beneath a rigid layer. This situation is what happens at the base of conductive ice shells and 

the continental crust on Earth.  

A complication is that the viscosity is varying exponentially with temperature. But you can 

approximate the fluid layer thickness d as the distance over which the viscosity increases by a 

factor of e. Use equation (1) above to derive the temperature change T=To-T which corresponds 

to a factor of e change in viscosity, as a function of Q,R and To. [You can assume that the 

difference between T and To is small compared to To]. [2] 

e) For ice, Q=50 kJ/mol and To=270 K. What T corresponds to a change in viscosity by a factor 

of e? [1] 

f) On Europa, the shell thickness might be 20 km and the temperature contrast between top and 

bottom is 200 K. Using your T value from e) and assuming a linear temperature gradient, how 

thick is the fluid layer d? [1] 

g) If the viscosity at the base of the ice shell is 1014 Pa s, how long does it take topography at the 

base of the shell to relax on a wavelength of 1000 km? Take g=1 ms-2. [2] 

h) The surface age of Europa is ~50 Myr. Do you predict Europa will have long-wavelength 

topography, and why (or why not)? [2] [15 total] 


