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Introduction: To better understand the role of 
tidal stress sources and implications for faulting on 
Europa, we investigate the relationship between shear 
and normal stresses at Agenor Linea (AL). AL is 
located in the southern hemisphere, centered at ap-
proximately 220ºW, 45ºS. AL is ~1500 km long, E–
W trending, 20–30 km wide, and forks into two 
branches at its eastern end. Based on predictions of 
stress orientations and photogeologic evidence, AL is 
primarily a right-lateral strike-slip fault [1]. Our pre-
vious work [2] has shown that that a combination of 
both diurnal and non-synchronous rotation (NSR) 
stress is required to allow failure along AL, but that 
not every fault segment slips under the modeled con-
ditions. Given that AL is continuous along its length 
at Galileo resolution, our model must be missing an-
other source of stress needed to cause slip along the 
segments that did not fail from tidal stress conditions 
alone. Thus, we investigate the possible role of 
stress-triggered faulting [3] from slipped fault seg-
ments by iteratively calculating the stresses and dis-
placements accumulated at successive diurnal orbital 
positions. 

Tidal stress modeling: Tidal stresses are calcu-
lated using SatStress, a numerical code that calculates 
tidal stresses at any point on the surface of a satellite 
for both diurnal and NSR stresses [4]. We adopt 
SatStress model parameters appropriate to a spheri-
cally symmetric ice shell of thickness 20 km, under-
lain by a global subsurface ocean: shear modulus G = 
3.5 GPa, Poisson ratio ν = 0.33, gravity g = 1.32 m/s2, 
ice density ρ = 920 kg/m3, satellite radius r = 1.56 x 
103 km, satellite mass m = 4.8 x 1022 kg, semi-major 
axis a = 6.71 x 105 km, and eccentricity e = 0.0094 
[2]. To simulate the diurnal + NSR tidal stress field, 
we assume an NSR period of 1.4 x 105 yr, using Love 
numbers of h2 = 1.8 (real) and -4.2 x 10-3 (imagi-
nary), and l2 = 0.47 (real) and -2.8 x 10-3 (imaginary) 
[3]. We resolve stress tensor components onto 388 
discrete fault segments of length ~4 km and of vary-
ing orientation into both normal and shear stress 
components..  

Faults fail (or rupture) when the shear stress on 
the fault exceeds its frictional resistance. To assess 
shear failure at AL, we adopt a model based on the 
Coulomb failure criterion [5]. This model balances 
stresses that encourage and resist the motion of a 
fault, simultaneously accounting for both normal and 
shear tidal stresses, the coefficient of friction of ice, 

and additional stress at depth due to the overburden 
pressure. In this model, tidal shear stresses drive 
strike-slip motions, while normal stresses control a 
fault’s frictional resistance to failure. To model this 
behavior, we calculate Coulomb failure stress, 
(ΔCFS), τc = |τs| - µf (σn + ρgz), where τs and σn are 
the shear and normal stresses, ρgz is the overburden 
pressure (z is the vertical depth of the fault plane), 
and µf is the effective coefficient of friction. In this 
study we assume µf = 0.6 [6] and consider a range of 
fault depths z down to 4 km.  

Our previous work [2] has shown that a combina-
tion of both diurnal and NSR stress is required to 
achieve failure along AL. This result is sensitive to 
fault depth, with the western end of the fault failing at 
shallow depths (< 3 km) and the eastern end failing at 
3–4 km depths. 

Displacements: Coseismic displacements are 
calculated for fault segments that meet the conditions 
for shear failure  (i.e., the Coulomb failure criterion).  
We evaluate displacements resulting from both a 
complete stress drop (i.e.,  ~3 MPa) and also from a 
conservative (10%) stress drop; resulting maximum 
displacements can be ~5–50 m, depending on the 
assumed stress drop model.  Displacements are calcu-
lated by converting the accumulated strain into co-
seismic slip, which is done by dividing the stress 
drop on each failed segment by the shear modulus, 
and multiplying by the average distance between 
linea. 

Stress-triggered faulting: When failure occurs, 
stress on the fault is reduced (i.e., stress drop; Fig. 1, 
blue) and is increased in areas immediately adjacent 
to the ruptured fault portion (Fig. 1, red). Where 
stresses are increased (positive ΔCFS), those seg-
ments are brought closer to failure; that is, following 
the failure, less stress is required to cause the seg-
ment to rupture. Where stresses are decreased (from 
fault rupture; negative ΔCFS), those segments are 
moved farther from failure, i.e., requiring more stress 
to fail. If the ΔCFS increase on another adjacent or 
nearby fault segment is enough to cause shear stress 
to exceed the frictional resistance of that segment, 
then that fault is said to have had triggered failure [3].  

Displacements calculated from Coulomb failure 
models are used as inputs into the elastic half-space 
dislocation model COULOMB [7,8].  This model 
calculates triggered shear and normal stresses on 
mapped fault segments, where a fault surface is ideal-
ized as a rectangular plane for which the sense of 
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slip, magnitude of displacement, fault dip angle, 
depth of faulting, and fault length are specified.  
Where slip has occurred, negative ΔCFS is calculat-
ed; positive ΔCFS values indicate segments where 
failure is promoted (Fig. 1). Segments within these 
red zones are more likely to fail through triggered 
faulting. 

 

 
Figure 1. Calculated stress drops resulting from Coulomb failure 
derived displacements from tidal stresses at m = 0º. White (zero 
ΔCFS) corresponds to zero displacement, red (triggered stresses) 
corresponds to stress increases occurring adjacent to slipping por-
tions, and blue (stress decreases) coincide with those patches that 
have previously slipped. 
 

Results: Positive ΔCFS values along AL are cal-
culated at the western tip and the intersection of the 
branches with the main fault at 1 km depth and along 
portions of the southern branch at 2 and 3 km depths 
(Fig. 1), suggesting that the fault growth and/or sub-
sequent slip may occur here. Positive ΔCFS values 
are also calculated at the boundaries of long slipping 
patches, (such as in the middle of z = 1 km (Fig. 1)), 
indicating these “slip gaps” may be closed through 
stress accumulation and release during subsequent 
orbital positions. Over Europa’s diurnal orbital peri-
od, the magnitudes of NSR + diurnal stresses do not 
vary much (~50 kPa) [2]. However, if fault segments 
are close to failure, additional triggered stresses and 
small diurnal fluctuations may be enough for non-
slipping segments to meet the Coulomb failure crite-
rion, leading to triggered slip. Thus, we investigate 
this concept further by iteratively calculating Cou-
lomb failure stresses and subsequent displacements 
and stress changes occurring throughout an orbital 
cycle. 

Stresses from faulting at perijove (m = 0º mean 
anomaly position) result in triggered slip of 69 addi-
tional segments (Fig. 2).  Tidal stresses from 
SatStress at each orbital position shown in Fig. 2 (m 
= 0º, 5º, 10º, 15º, and 20º) are added to any subse-
quent triggered stresses from faulting (COULOMB). 
These results suggest that more triggered failure oc-
curs at the 2 km depth than at other depths. However, 
based on our limiting modeling assumptions, strike-
slip failure (either initial tidally-driven failure or sub-

sequent triggered failure) does not occur everywhere 
along strike or at depth for AL.  Failure at 1 km depth 
is likely inhibited by tensional normal stresses, which 
invalidate the Coulomb failure criterion. At depths of 
3 and 4 km, the overburden stress is likely too high 
for the shear stresses to overcome, and thus faulting 
is inhibited. 

 
 

 
Figure 2. Displacement magnitude and sense (right lateral [RL,+] 
or left lateral [LL, -]) from combined triggered and tidal stresses at 
different orbital positions, or mean anomaly (m = 0° at perijove). 
Small black dots show segments that did not undergo triggered 
failure. Results shown only for those conditions where triggered 
faulting occurred. Depth of lower fault tip given by z.  
 

Discussion: Some portions of AL do not fail un-
der the prescribed conditions even with the addition 
of triggered stresses. We speculate that these seg-
ments may have experienced alternative opportunities 
for failure given (1) a different NSR period (uncer-
tainties in Europa’s NSR period are large 104–107 yrs 
[e.g., 4]), (2) a rotation of the NSR tidal bulge [e.g., 
9,10], and (3) a lower coefficient of friction for fail-
ure [e.g., 5], or may have been pre-existing structures 
that were assimilated during lateral AL growth. Fu-
ture work will be aimed at investigating the role of 
unreleased stress from a hypothetical 10% stress drop 
model. Such stored stresses (several MPa) may help 
to fill in the remaining “slip gaps” along strike. 
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