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Introduction:  The material properties of ice and 

relevant ice mixtures directly control dynamics in the 
shells of icy satellites. Currently, the manner in which 
faults rupture and propagate on icy satellites is not well 
known, but probably controls the morphology of sur-
face features like cycloids. Tidally loaded strike-slip 
faults are thought to be present on both Enceladus and 
Europa [e.g., 1, 2]. Knowledge about ice fault mechan-
ics can assist in planning for future missions. In par-
ticular, identification of the source of seismicity in a 
tidally loaded fault system would benefit interpretation 
of seismic observations. 

Although the surfaces of icy satellites are domi-
nated by water ice, near-infrared spectrometry has 
identified non-ice phases on many satellites. Of par-
ticular interest are those phases that display a deep 
eutectic with ice, such as ammonia (Fig. 1). Hydrated 
ammonia has been suggested as a possible component 
on the surface of Enceladus [e.g., 3, 4]. The equilib-
rium phase diagram for ice+NH3 suggests that, even at 
dilute concentrations, a melt phase would be stable at 
some depth in the shell (i.e. at the isotherm represent-
ing the solidus and all temperatures greater). That melt 
would be found at triple junctions between ice grains.  
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Figure 1: schematic of the equilibrium phase diagram for 
the ice + ammonia system based on [5]. At 1 atm, the eutec-
tic composition is 35.4wt%NH3 and the eutectic temperature 
TE is 174 K.  
 

The mechanical and transport properties of par-
tially molten material are heavily dependent on the 
distribution of melt within the aggregate. The effect of 
partial melt on steady-state viscous rheology has been 

studied in many forms [e.g. 6, 7], including studies on 
ice + melt phases [e.g. 8 - 10]. In such studies, a sig-
nificant reduction in viscosity is observed with a small 
amount of partial melt. The effect of partial melt on 
elastic properties is well known. However the effect of 
an equilibrium melt phase on the frictional behavior of 
ice has received less attention.  

Rate- and state- dependent friction formulation has 
been widely used to describe earthquakes and fault 
mechanics [11 – 13]. Friction at steady-state velocity is 
described as: 
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where µ is friction, µ0 is the reference friction at the 
reference velocity V0, V is sliding velocity, Dc is the 
critical slip distance required to renew asperity con-
tacts, θ is the state variable that is equal to Dc/V at 
steady state, and a and b are empirically derived fric-
tion parameters. Faults behave in an inherently stable 
way when the friction rate parameter (a-b) is positive. 
This means that the fault strength increases when the 
fault is pushed at faster velocities and earthquakes 
cannot nucleate (referred to as velocity-strengthening 
behavior). On the other hand, if the friction rate pa-
rameter is negative, faults become weaker at faster 
velocities (velocity-weakening behavior) and earth-
quakes can nucleate. Faults will be conditionally stable 
if the shear stiffness of the wall rock is greater than the 
critical stiffness of the fault, which is determined by 
friction parameters and normal stress:  
 

kC = σ (b − a)
DC    

(2) 

where σ is normal stress [14].  Faults will fail in unsta-
ble, stick-slip motion (earthquakes) if the critical stiff-
ness is greater than the wallrock stiffness. Using rate-
state formulation, we report initial results from friction 
experiments on ammonia-ice mixtures that are de-
signed to explore the effect of partial melt at planetary 
conditions. 

Experimental method:  Samples of polycrystal-
line ice were made using a modified standard ice 
method [15] of grinding and sieving bubble free seed 
ice that is packed into a rectangular die, pulling a vac-
uum and flooding with deionized water, all while at an 
equilibrium (273 K) temperature. The flooded die is 
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then placed on a cold plate in an insulated box to finish 
freezing. Ammonia ice samples were made in the same 
way (using the same seed ice) but the floodwater was 
instead dilute (10wt%) NH3 liquid solution. Such sam-
ples were placed on dry ice to freeze with a final drop 
into LN just before loading.  

Friction experiments were conducted in double di-
rect shear configuration using a servo-hydraulic biaxial 
apparatus described elsewhere [16]. A new cryogenic 
chamber was developed using circulating LN within a 
methanol+water reservoir to obtain conditions consis-
tent with icy satellites (~120<T(K)<230). While nor-
mal stress was held constant, a sinusoidally-varying 
driving stress was applied to represent the tidal shear 
stress on pre-existing faults. The frictional response 
was measured as a function of frequency, amplitude, 
normal stress, and temperature. 
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Figure 2: Transient friction tests of pure ice and ice with 
~3wt%NH3 (a) Sample with melt has reduced average fric-
tion and demonstrates stick-slip behavior (velocity weaken-
ing) at both 10s and 100s forcing periods. (b) At 10s periods 
a double stick-slip occurs on every cycle.  
 
     Preliminary Results:  Figure 2 shows results from 
two frictional tests: one in which the sliding block was 

pure ice and one in which it contained ~3wt%NH3, but 
otherwise all other conditions were the same (station-
ary blocks were made of ice in both tests). The median 
friction for the pure ice sample was approximately 
0.72, which is consistent with previously reported 
steady-state friction values for ice at this temperature 
and median velocity [17]. The sample containing am-
monia showed significant reduction in friction. At T = 
223, the ammonia would be found as a melt phase. 
Strikingly, the sample containing melt exhibited dis-
tinct stick-slip events (velocity weakening) during 
every cycle when forced at the highest amplitudes.  

This study is ongoing. We will map stability in 
terms of composition, frequency, amplitude, and nor-
mal stress so that results can be scaled and applied to 
icy satellite fault systems. Additionally, we intend to 
explore a wider temperature range, examining the effi-
ciency of frictional heating at subsolidus conditions.  

Discussion/Conclusions: Our results indicate a 
profound difference in fault stability, with a small 
quantity of partial melt demonstrating earthquake-like 
stick-slip events. Thus, we provide a possible source of 
seismicity on icy satellite faults systems at depth. This 
could provide valuable information for planning of 
missions, in particular ones with lander-based seis-
mometers on board. Developing a rate-and-state for-
mulation for ice and ice mixtures will allow an assess-
ment of the likely style of rupture propagation on icy 
satellites. Studying the rheological response of ice un-
der melt-bearing conditions is required to be able to 
model the origin of features in which melting is 
thought to play a role, such as double ridges and chaos 
terrains on Europa, and the “tiger stripes” on Ence-
ladus.  
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