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A. Introduction 
It is well documented that the length of rupture is proportional to the overall size of an earthquake. Thus an  
important question in assessing seismic hazard is what happens to rupture when it encounters a geometric 
complexity along a  fault system. There are numerous types of geometric complexities which can act as 
“earthquake gates” by either terminating or allowing through-going rupture. In this study, we will only 
consider the branch fault type of complexities. A branch system is composed of a main fault that is 
intersected by a secondary fault at a particular angle. For an earthquake initiated on the main or secondary 
fault, the rupture could propagate along both faults, causing a large earthquake. As an example, The 1979 
M 6.5 Imperial Valley earthquake was one of the largest earthquakes to occur in Southern California in the 
20th century. Faulting models have concluded that slip occurred on the main Imperial Fault as well the 
branching Brawley Fault, and although the slip on the branching segment didn’t contribute greatly to the 
total moment, it did have significant implications for the ground motion (Archuleta, 1984). Another 
example is the 1992 M 7.2 Landers Earthquake. This event ruptured several branching fault segments in a 
complex rupture sequence (Aochi & Fukuyama, 2002; Wald & Heaton, 1994). However, for a rupture 
initiated on the main fault, the branch segment does not always rupture. This was the case for the 1857 M7. 
9 Fort Tejon Earthquake which is believed to only ruptured the San Andreas Fault even though the Garlock 
Fault intersects the San Andreas in this region (Zielke et al., 2012). Alternatively, an earthquake rupture 
initiated on the branch fault could only propagate on the branch fault without triggering the main fault. This 
was the case for the 1989 Loma Prieta earthquake (Dietz & Ellsworth, 1990) and the 2010 Haiti earthquake 
(Calais et al., 2010). This highlights the importance of understanding the dynamic around branch fault 
systems. 

Previous modeling studies have investigated the impact of branching ruptures across strike-slip 
faults (Aochi et al., 2000, 2002; Aochi & Fukuyama, 2002; Kame et al., 2003; Poliakov et al., 2002). In 
general, these studies indicate that the speed of the rupture as it encounters a segment boundary and the 
level and orientation of the dynamic stress fields which can cause clamping or unclamping effect on a fault 
segment (Oglesby, 2005) are important factors that control whether a rupture will continue propagating 
beyond complex junctions. However all these branched fault studies either assumed a 2D case or vertical 
faults and didn’t examine how a dipping fault might influence the outcome of the rupture. This is 
particularly important since the dip angle of some complex fault system such as for the San Andreas fault 
(SAF) in Southern California varies significantly between several locations along strike. A great example 
is the San Andreas and Garlock faults which intersect each other at 55° angle. Fuis et al., (2012) indicate 
that the SAF appears to dip the southwest (55°-75°) northwest of the junction with the Garlock fault near 
the Big Bend area and the dip rotates to the northeast immediately southeast of the junction. Furthermore, 
Douilly et al., (2020) reveal that a slight change in fault geometry (including a non-vertical dip angle for 
all the segments at the branch) or a change in stress orientation could significantly impact the through-going 
rupture along the branched system of the eastern San Gorgonio Pass. Therefore in this study, we conduct a 
3D parameter study consisting of a main a secondary planar segments in similar configuration as the San 
Andreas and Garlock fault, to investigate the effects of varying dip angles on the main and branch faults 
under various stress conditions. Results indicate that under certain stress orientations shallower dip angle 
may promote through going rupture, while under other stress orientations a shallower dip may hinder 
propagation. 

 
B. Methods 

The main goal of our study is to highlight the effects that varying dip angle has on rupture propagation 
along branch faults. The planar fault system consists of a 40 km main fault and a 20 km branch fault 
segment embedded in a larger elastic medium with a seismogenic depth of 12km. The angle (θ) between 
the main and branch faults is held constant at 50°, which is the approximate angle between the San Andreas 
and Garlock fault intersection that helped motivate this parameter study (Figure 1).  
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The two geometric parameters that are varied in this study are the dip on the main fault (fM)  and the dip 
on the branch fault (fB). We consider a total of 9 geometries with different dipping angles as detailed in 
Table 1. 
 

Geometries 1 2 3 4 5 6 7 8 9 
Main Dip (fM) 90° 90° 90° 75° 75° 75° 55° 55° 55° 
Branch dip (fB) 90° 75° 55° 90° 75° 55° 90° 75° 55° 

Table 1: List of all geometries 
 
For all 9 geometries described above, we build a three-dimensional finite element mesh using the Cubit 
software (www.csimsoft.com) and the model space is discretize with tetrahedral elements with an element 
size 100 m on the fault surfaces and the mesh increases geometrically away from the faults. The meshes 
are then incorporated into the 3D finite element code FaultMod (Barall, 2009) which has been validated 
through the Southern California Earthquake Data Center community rupture code verification (Harris et 
al., 2009; 2018). To implement the dynamic rupture models, we consider a suite of horizontal stress 
orientation angles with respect to the main fault (Ψ = 20°, 40°, 65°). For each stress orientation, we estimate 
the regional stress tensor following the procedures detailed in Douilly et al., (2013, 2015, 2017, 2020) and 
we also add a fixed lithostatic overburden pressure of 12.5 MPa to prevents the faults from opening. We 
assume that the regional stress field is globally unchanged inside our domain and derive the initial shear 
and normal tractions on each fault. The frictional behavior consists of the linear slip-weakening friction law 
(Andrews, 1976; Ida, 1972) where we assume a slip-weakening distance, static friction and dynamic friction 
of 0.4 m, 0.6 and 0.15 respectively.  
 

C. Results 
We run at least 56 scenarios for rupture nucleated on the main and branch faults (Figure 2). Rupture is 
nucleated by increasing the shear stress in a patch of elements with radius R = 2250 m to a level 10% above 
the failure stress of the fault . We observed several outcomes that can arise after the forced nucleation.  

1. Rupture dies out soon after nucleation 
2. Rupture continues solely on the fault where nucleation occurs. 
3. The rupture causes some measurable slip on the non-nucleated fault 
4. Both faults completely rupture 

 

Figure 1: Schematic top and side views of the fault 
configuration. The red arrows mark the stress 
orientation. Ψ is the angle between the main fault and 
the stress orientation. θ is the angle between the two 
faults and f marks the dip angle.     
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In the following, we breakdown some key observations that can be seen from the suite of simulations. 
 

C.1. Stress Scenario of 20° 
 Varying the dip along the main fault while holding the branch fault vertical changes the rupture 
behavior along the system. For a nucleation on the vertical main fault, the rupture only propagates on the 
main fault passing the branch intersection without causing any slip on the branch fault. However, by 

decreasing the main 
fault dipping angle to 
55° while keeping the 
dip of the branch fault 
the same does 
facilitate the branch 
fault to fully rupture 
for the same stressing 
angle (Figure 3). A 
dipping main fault also 
cause more slip to 
develop as opposed to 
the vertical case. 
Rupture also triggers 
the branching fault 
segment for a steeper  
dipping angle (fM = 
75°) but the rupture 
speed is slower and 
thus causing a delayed 
triggering of the 

branch fault compare to the scenario where the main fault is dipping at 55°. These geometries also yield 
different rupture behavior when rupture is nucleated on the branch fault. As the dip of the main fault 
becomes progressively shallower, the slip magnitude on the main fault increases. There is also a delay in 

Figure 2: Rupture patterns on each geometry for Ψ = 20°, 40°, 65°. The 
black star marks the nucleation. Faults that ruptured are marked in red  

Figure 3: Screenshots of slip at different  time step on two different geometries 
(geometry 3 in the upper panels and geometry 9 in the lower panels) for Ψ = 
20°. In both cases the branch fault is dipping at 55° but the main fault is 
vertical in the upper panels and has a 55° dip in the lower panels. For both 
scenarios the rupture is nucleated on the main fault. The rupture is faster when 
the main fault dips at 55° as opposed to vertical case. Also the rupture only 
propagates on the branch fault when the main fault is dipping at 55°.  
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rupture on the main fault when it is vertical and the rupture speed is much less than for the cases with a 
dipping main fault.  
 Under this low angle of stress when rupture is nucleated on the branching segment it always 
ruptures the main fault. More slip is observed on the main fault when the nucleating branch fault has a 
shallower dipping angle. 
 

C.2. Stress Scenario of 40° 
 Increasing the stressing angle from Ψ = 20° to 40° does facilitate throughgoing rupture for some 
cases. For rupture initiating on the main fault and for Ψ = 20°, varying fB while keeping the main fault 
vertical does not facilitate throughgoing rupture on the branch fault. However for Ψ = 40°, rupture was 
only able to trigger the branch fault for fB = 55°. This show the importance of dipping angle on rupture 
propagation across branch fault system. For the cases where rupture is nucleated on the main fault and the 
main fault is vertical, rupture is able to propagate onto the branch fault as the dip of the branch fault 
becomes shallower. For the case where both the main and branch fault are vertical, the rupture remains 
solely on the main fault. Upon changing the dip of the branch fault to 75°, there is some measurable slip 
on the branch fault, but it is relatively localized and does not propagate all the way across the fault 
surface. However, for a branch fault dipping at 55° the rupture is able to fully propagate through the 

branching segment (Figure 4). This is most likely due to the fact that shallower dipping angle increases 
stress in the up-dip component and thus cause the fault to be closer to failure. Another key effect is that 
when the dipping branch fault begins to slip, it causes an unclamping on the main fault which leads to 
higher slip near the branching intersection.  

Furthermore, there is a noticeable difference in rupture behavior when rupture is nucleated on a 
dipping main fault. As stated earlier, nucleation on the vertical main fault causes some slip on the 75° 
dipping branch fault, but the rupture quickly dies out. Once the main fault dip angle is changed to 75° and 
55°, the 75° branch fault fully ruptures with larger slip. 
 For the cases when rupture is nucleated on the branch fault, the rupture quickly dies when the dip 
angle of the branching fault is 90° or 75°. For fB = 55°, rupture is able to propagate bilaterally along the 
main fault. 
 
 
 

Figure 4: Screenshots of slip at different time step on two different geometries 
(geometry 3 for the upper panels and geometry 1 for the lower panels) for Ψ = 40°. In 
both cases the main fault is vertical but the branch fault is vertical in the lower panels 
and has a 55° dip in the upper panels. For both scenarios the rupture is nucleated on 
the main fault but the rupture only propagates on the branch fault when the branch 
fault is dipping at 55°.  
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C.3. Stress Scenario of 65° 

Under this stress condition, 
adding a dip angle to the 
main fault actually makes it 
less likely to rupture. In fact, 
when rupture is nucleated on 
the main fault, it only fully 
ruptures the main fault for 
the vertical case. For a 
nucleation on the vertical 
main fault, the branch fault 
always slips when the 
rupture front reaches the 
branch intersection. There is 
progressively more slip on 
the branch fault as the dip 
angle becomes shallower, 
with the greatest amount of 
slip occurring for fB = 55°. 
Furthermore, as slip on the 
branch fault increases, more 
slip on the main fault is also 

observed past the branch intersection. This behavior is consistent with the pattern recognized in the stress 
scenarios of 40°, and is most likely due to an unclamping on the main fault caused by the slipping branch 
fault. When rupture is nucleated on the branch segment, more slip is observed on the more vertical main 
faults compare to the shallower dipping ones. 

In addition, we observe that if rupture is nucleated on a shallower dipping branch fault, it is more 
likely to rupture the main fault. This is also the case for Ψ = 40° where rupture only triggers the main fault 
only when fB = 55°. In this stress scenario (Ψ = 65°), rupture initiated on the branch fault always propagates 
on the main fault for fB = 55° but for fM = 55°, rupture dies out on the main fault (Figure 5).  

 
D.  Conclusion 

 Our results indicate that varying the dipping angle of a branch fault system does have significant 
impact on rupture propagation. Under lower stressing angle, for rupture initiating on the main fault, 
varying fB while keeping the main fault vertical does not facilitate throughgoing rupture on the branch 
fault but for Ψ = 40°, rupture was only able to trigger the branch fault for fB = 55°. On the other hand, for 
rupture nucleated on the branch fault for higher stressing angles (Ψ > 40°), rupture only jumps to the main 
fault when the dip of the branch fault is shallower (fB = 55°). We also observe for higher stressing angles, 
that the shallower dip angle on the main fault actually hinders rupture propagation on these systems. In 
general we observe greater slip magnitude on shallow dipping branch faults. This is significant because 
we also observe that increased slip on the branch fault, causes an unclamping on the main fault near the 
branching intersection. These results highlight the importance of implementing accurate dipping angles 
when assessing likely rupture scenarios in complex fault systems.  
 
 
 
 
 
 

Figure 5: Screenshots of slip at different time step on two different 
geometries (geometry 3 for the upper panels and geometry 9 for the 
lower panels) for Ψ = 65°. In both cases the main fault is vertical but 
the branch fault has a 55° dip in the upper panels and is vertical in the 
lower panels. For both scenarios the rupture is nucleated on the branch 
fault. The rupture is able to propagate onto the main fault for both cases 
but it dies out when the main fault dips at 55°. 
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