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The purpose of this study is to investigate the relationship between 
the shear and normal stresses resulting from tidal deformation of 
the icy shells of Ganymede (Figure 1).

On Ganymede, strike-slip tectonics is common, for example where a 
prominent fault o�sets Dardanus Sulcus (Figure 2). Strike-slip 
tectonism may be important to the structural development of 
Ganymede’s surface and in the transition from dark to light 
(grooved) materials [Pappalardo and DeRemer, 2003]. Ganymede 
may be subject to both diurnal and NSR stresses  (Figure 1).

NSR on Ganymede may explain the lack of a strong leading-trailing 
hemisphere asymmetry in crater density [Zahnle et al., 2003] and 
global groove terrain patterns [Collins, 2009].

Ganymede

Figure 1a: Diurnal Stresses: As a 
tidally locked satellite orbits its 
parent planet, variations in 
gravitational tidal forces, due in 
part to the satellite’s eccentric 
orbit, act to deform the moon’s 
surface.

Figure 1b: NSR Stresses: These 
stresses may arise if a satellite 
has an outer icy shell that is 
decoupled from its interior. As 
the outer shell rotates, the 
surface migrates eastward 
relative to the tidal bulge and 
will result in an additional source 
of stress within the viscoelastic 
icy shell. 

Figure 2:  (a) Ganymede’s Dardanus Sulcus  (13°W, 18°S), with (b) corresponding 
sketch maps and inferred shear sense.  Interpretations of Galileo imaging are 
consistent with ~45 km of right-lateral o�set along a NE–SW trending fault 
(~150 km in length) that appears bright against dark terrain. 

SatStress
To calculate both diurnal and NSR stresses, we utilize SatStress, a 
numerical code that calculates these stresses at any point on the 
surface of an icy satellite (http:// code.google.com/p/satstress). 
Primary model parameters are provided below.
 

 

Ganymede

Diurnal period

Eccentricity (e)

NSR period

Ice Density (ρ)

Gravity (g)

Observation depth (z)

Coe�cient of friction (μf)

7.15 days

0.0013 - 0.05*

1.42 x 105 years

1000 kg/m3

1.428 m/s2

1 - 2 km

0.2 - 0.6**

*Values represent present 
(0.0013) and modeled past (0.05) 
eccentricity [Showman and 
Malhotra, 1997].

**Includes new results of ice 
friction as a function of ice 
temperature and sliding velocity 
[Fortt and Schulson, 2012].

The icy fractured surface of Ganymede o�ers many candidate faults for studying 
both past and potentially present tectonic activity.  On Ganymede, strike-slip 
tectonics is likely common, for example, where a prominent fault o�sets Dardanus 
Sulcus. First, we investigate the role of orbital eccentricity in the development of 
Ganymede’s Dardanus Sulcus. We consider both tidal diurnal and 
non-synchronous rotation (NSR) stresses, as applicable, and compute Coulomb 
failure conditions. We consider tidal stress scenarios for both present (0.0013) and 
possible past high (~0.05) eccentricity. We �nd that NSR shear stress resolved 
along the Dardanus fault is su�cient to induce failure to ~1.4 km depths for μf  
~0.3.  For past high eccentricity, diurnal stress would have modulated NSR stress 
by ~100 kPa through Ganymede’s tidal cycle, which might have also induced 
shear heating and tidal walking mechanisms. We also investigate the role of a 
shifting NSR bulge and �nd that failure is limited to ~40˚ of a full NSR rotation 
period.  Together, these tidally driven failure models for Ganymede are providing 
key insights into the frictional and orbital constraints of strike-slip fault systems of 
outer planet satellites.

For Ganymede, we study shear failure conditions for two 
end-member models (Figure 3):  

 

Coulomb Stress Approach
We use the Coulomb stress equation to determine the failure 
potential of a fault segment as a function of orbital position.

Coulomb shear failure will occur when the resolved shear stress is 
greater than the frictional stress. 

SatStress tensor components are resolved into shear stress 
(τs) and normal stress (σn) based on discrete fault segment 
positions of varying orientation.

Figure 3: Two models for 
Ganymede: (1) Ganymede today 
(present-day eccentricity e = 
0.0013), and (2) Ganymede in 
the past (using a conservative 
past high eccentricity e = 0.05 
(Figure 4)).  Diurnal love 
numbers are also provided.
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Figure 5: Coulomb stress schematic and equation.

• At today’s eccentricity (0.0013): Diurnal stress cannot drive strike-slip; NSR stress can 
cause continuous creep along strike-slip faults
• For past eccentricity (0.05): In past high eccentricity period, NSR + diurnal stress 
could have driven continuous creep or lock-slip fault motion
• Tidal walking may have been possible at Dardanus Sulcus during a high-eccentricity 
phase for tidal diurnal stresses only at very shallow depths given assumptions from 
the shell tectonics model [Rhoden et al., 2012].
• As the NSR bulge shifts, failure will be limited to certain locations within the rotation 
of the ice shell, slowing down the progression of o�set development at Dardanus 
Sulcus to 10s - 100s Ma.
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Shear Failure Potential at Dardanus Sulcus
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Resolved diurnal tidal stress at Dardanus Sulcus
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σn Figure 6. Diurnal stresses 
at Dardanus Sulcus.   
Solid lines represent 
Ganymede today (e = 
0.0013) and dashed lines 
represent past high-
eccentricity Ganymede 
(e = 0.05).  Peak absolute 
stress magnitudes for 
Ganymede today are 
much smaller than those 
possible in the past.

Figure 7. Diurnal + NSR stress 
and the Coulomb failure 
criterion    at   Dardanus  Sulcus. 
(a) Present-day Ganymede (e = 
0.0013) 
(b) Past high-eccentricity 
Ganymede (e = 0.05). Shear 
failure is manifested as both 
continuous creep in (a), and 
windows of locking and 
slipping (gray shaded windows) 
in (b).   For these cases, we 
assume an example parameter 
set that could potentially 
support     strike-slip     faulting: 
μf  = 0.3 and observation depth 
z = 1.6 km.

Coulomb failure from diurnal + NSR stresses: Application of 
the Coulomb failure criterion shows that faults could succumb 
to right-lateral shear failure (the observed sense at Dardanus 
Sulcus) throughout the orbital cycle (Figure 7).   
Today: Continuously creeping faults are feasible on Ganymede. 
Past: Creeping or (for speci�c parameters) lock-slip faulting 
feasible.

Diurnal stress variations: Diurnal stresses at Ganymede today 
are quite small  (~2 kPa) and could not drive Coulomb failure.  
Diurnal stresses during a past period of high eccentricity may 
have also been too small to drive failure, but the larger 
magnitudes (~20 kPa) could have played an important role 
controlling locked and slipping faulting episodes (see Fig. 7b). 
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Figure 4: Showman and 
Malhotra [1997] showed that 
Ganymede’s eccentricity 
once could have been altered 
by Laplace-like resonances 
among Ganymede, Europa, 
and Io to as high as ~0.07. 

Figure 8. Maximum 
principal NSR stresses 
(tensile positive) for 
Ganymede at di�erent 
NSR bulge shift 
positions. The white box 
indicates the location of 
Dardanus Sulcus.

Figure 9. Average stress as a function of NSR bulge position. The gray 
boxes indicate failure windows. Because the NSR bulge pattern is 
symmetric about 180˚, only the �rst half of the rotation is shown. 

Estimating slip and age:  How long would it take to accumulate a 45 km o�set at Dardanus Sulcus?         

Shear stress drop:  ~400 kPa
Strain rate:  10-16 - 10-14 s-1?
Fault separation (zone):  10-100 km?
NSR period: 104 - 106 yrs?

Shifting of the NSR bulge:  We also evaluate failure behavior as a function 
of a shifting NSR bulge. As the NSR bulge rotates, stresses at Dardanus 
Sulcus transition from a tensile state (0˚ NSR bulge position shift, present day 
con�guration) to a compressive state (by ~90˚ NSR bulge position shift).

Stresses arising from a rotating NSR bulge will limit 
Coulomb failure to NSR bulge positions of 0˚ - 10˚, 
170˚ -190˚, and 0˚ - 350˚ (due to symmetry).

• Stress drop is converted to slip per failure event, 1.1 m (assuming a 10 km fault zone). 
• Assuming a strain rate of 10-14 s-1, slip rate is estimated at 3.2 mm/yr. 
• If slip is con�ned to intermittent failure windows limited by a rotating NSR bulge, a 45 km o�set would require up 
to 128 Ma to accumulate. If a 100 km fault zone is assumed, a minimum of 12.8 Ma is needed.
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