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INTRODUCTION AND MOTIVATION 

California’s San Andreas Fault System is dominated by right-lateral strike-slip faulting. 
However, a large number of smaller orthogonal or conjugate left-lateral structures also exist. 
Some, such as the Garlock Fault or Pinto Mountain Fault, are large enough to be mapped 
without having had a historic earthquake. However, the existence of other smaller orthogonal 
structures is often highlighted only when they rupture in conjunction or sequence with a larger 
mapped fault. The 2019 Ridgecrest sequence, which included a M6.4 rupture on a left-lateral 
fault followed 34 hours later by a M7.1 earthquake on an orthogonal right-lateral fault, 
exemplifies this. The Ridgecrest example raises questions as to what conditions led to the 
source faults rupturing in two closely-spaced earthquakes as opposed to one single larger 
event. That extends to broader questions about general behaviors of orthogonal or conjugate 
strike-slip faults: what conditions might make them rupture together versus separately, and 
how likely is a rupture on one fault to activate a large cross-fault? 

At a most basic level, there are three possible rupture behaviors at an orthogonal or 
conjugate fault junction: a rupture occurs on one fault and the second remains uninvolved, a 
rupture begins on one fault and propagates through the fault junction onto the second fault, or 
a rupture occurs on one fault and then a second occurs later on the other fault. The number of 
specific earthquakes that fall into the first category is uncountable, since orthogonal structures 
that did not get involved would not have even been mapped as related to the earthquake. The 
second category is exemplified by extreme events such as the M8.6 2012 Off-Sumatra 
earthquake, which zig-zagged through a grid of three orthogonal faults (Meng et al., 2012), but 
also includes smaller and still-significant events like the 1992 M6.5 Big Bear earthquake, which 
is inferred to have ruptured two conjugate fault planes of similar size (Jones et al., 1993). The 
2019 Ridgecrest sequence has called a lot of recent attention to the third case. However, this is 
not the only time such a sequence has happened in California alone; the 1987 M6.2 Elmore 
Ranch earthquake ruptured a left-lateral fault, and was followed 11.5 hours later the M6.6 
Superstition Hills earthquake on an orthogonal right-lateral fault (Hudnut et al., 1989). 

The orthogonal fault question is therefore essentially an earthquake gate question: 
which conditions allow rupture to propagate through the junction and through both 
component faults versus confining rupture to one fault or the other, and is this a persistent 
behavior or does it change with time? Dynamic rupture modeling of individual earthquakes is 
an ideal method for addressing the first question, as it allows the physics of the rupture process 
to determine the eventual rupture extent, and allows us to see exactly what is happening on 
the fault as the rupture progresses. 
 
METHODS AND MODEL SETUP 

I use the 3D finite element software FaultMod (Barall, 2009) to conduct my dynamic 
rupture simulations. I implement linear slip-weakening friction in a homogeneous fully-elastic 
half space. I nucleate my ruptures by raising the shear stress to over the yield stress at a chosen 



hypocenter, then forcing propagation over an area larger than the critical patch size required 
for self-sustaining rupture. I chose stress and material parameters consistent with other 
dynamic rupture modeling fault geometry parameter studies (e.g. Harris and Day, 1993; Lozos 
et al., 2013). 

 

Along-strike shear stress 40.0 MPa (high stress case); 12.0 MPa (low stress case) 

Down-dip shear stress 0 MPa 

Normal stress 66.6 MPa (high stress case); 19.98 MPa (low stress case) 

Principal stresses (high stress case) V = 67.8 MPa; NS = 108.4 MPa; EW = 27.2 MPa 

Principal stresses (low stress case) V = 20.0 MPa; NS = 32.0 MPa; EW = 8.0 MPa 
Static coefficient of friction 0.75 

Dynamic coefficient of friction 0.51 (high stress case); 0.3 (low stress case) 

Slip weakening parameter 0.4 m 

VP 6000 m/s 

VS 3464 m/s 

Density 2700 kg/m3 
Hexahedral element size 200 m in the near field, 600 m in the far field 

Forced nucleation zone radius 3000 m 

 
I generated my fault meshes using the commercial software Trelis. I created two T-

shaped fault geometries: both with one 60 km-long vertically-oriented vertical strike-slip fault, 
one with a 30 km-long horizontally-oriented vertical strike-slip fault on the left, and other with 
the horizontal fault on the right. Both faults have a 12 km basal depth. 

Trelis and FaultMod do not accommodate geometries with two mutually crossing 
continuous faults. One fault is always considered throughgoing, while the other is considered 
discontinuous at the exact point of intersection. I therefore also created two different +-shaped 
geometries, each with two 60 km-long vertical strike-slip faults: one in which the vertically-
oriented fault is continuous and the horizontally-oriented one is discontinuous at the junction, 
and one in which the horizontal fault is continuous and the vertical one is discontinuous. Both 
faults have a 12 km basal depth here as well. 

I test each geometry under uniform traction, with arbitrarily-assigned initial stresses on 
each fault, and under a regional stress field, in which initial on-fault stresses come from how 
the maximum horizontal compressive stress (SHmax) orients onto each fault. Under both initial 
stress conditions, I test cases in which the vertically-oriented fault is right-lateral and the 
horizontally-oriented fault is left-lateral, and vice versa. I also test nucleation points at the far 
end of each branch of the fault system. 

 
RUPTURE BEHAVIORS 
My models produce five different types of slip distribution: 
 Single-fault ruptures. Rupture stays on the nucleation fault. The cross fault does not 
respond at all. This may correspond to real cases of rupture passing through a cross fault 
without activating it (e.g. the right-lateral M7.3 1992 Landers rupture crossing the left-lateral 
Pinto Mountain Fault without activating it). 
 Multi-fault ruptures. Rupture propagates through the entire nucleation fault and the 
cross fault. This behavior corresponds to multi-fault events such as the M8.6 2012 Off-Sumatra 
earthquake, which ruptured through a network of several orthogonal strike-slip faults. 



 Triggered slip. Only the nucleation fault hosts a propagating rupture front, but the cross 
fault has a small patch of triggered slip near the junction. This may be comparable to the M6.4 
2019 Ridgecrest foreshock, which predominantly ruptured a left-lateral fault, but triggered 
aftershock activity (if not full dynamic rupture) on an orthogonal right-lateral fault.  
 Triggered nucleation. In these cases, the forced nucleation fault is too unfavorable to 
host a propagating rupture. However, the cross fault is so favorable that stress changes even 
from the failed forced nucleation are enough to nucleate a full dynamic rupture on the cross 
fault. This is comparable to a smaller earthquake triggering a larger earthquake on a nearby 
fault. 
 Failed nucleation. Here, the forced nucleation fault is also too unfavorable to host a 
propagating rupture, but its effect on the cross fault is too small to nucleate a secondary 
rupture. The closest analogue here is simply a small earthquake, where rupture is confined by 
unfavorable conditions. 
 
UNIFORM TRACTION MODELS 

In these simulations, I arbitrarily assign initial stresses on both faults. Fault orientation 
does not affect initial stresses here, nor is there any sort of regional stress orientation at work. 
The low and high stress cases, described in the table to the left, are both favorable conditions 
for rupture, though the frictional resistance and stress drop are quite different between them. 
Here, I test different combinations of the high and low stress cases on each fault, as well as 
arbitrarily varying the sense of slip on each fault. Figure 1 shows the resulting rupture patterns. 
 

 
Figure 1. Schematics of model rupture patterns under uniform traction. Red lines indicate right-lateral faults and 
blue lines indicate left-lateral faults. For the +-shaped faults, whichever colored line is on top is the throughgoing 
fault. The black dot marks the nucleation point. Yellow highlighting indicates the path of propagating dynamic 
rupture, while green highlighting shows patches of triggered slip. 

 



Several different factors control whether multi-fault rupture occurs: 
 If a stopping phase from rupture on the first fault hits the second fault, the second fault 
will rupture. A stopping phase occurs when rupture hits the end of or a break in a fault. It is a 
large shear stress increase that it overcomes any dynamic normal/yield stress changes in my 
models. All of my model ruptures which nucleate on the short arm of T-shaped fault systems 
propagate onto the second fault for this reason. This is also why ruptures which nucleate on the 
discontinuous fault of a +-shaped system always activate the second fault. 
 The initial stress state on the second fault is also key. A rupture which starts on a lower-
stress fault does not cause enough stress perturbation to rupture a crossing higher-stress fault 
(though it may cause some triggered slip). Similarly, a rupture which starts on a lower-stress 
fault needs a stopping phase to produce more than triggered slip on another low-stress fault. A 
rupture which starts on a higher-stress fault can propagate onto the second fault regardless of 
its initial stress. 

The initial direction of slip on the first fault also strongly affects whether rupture (or 
triggered slip) is promoted or inhibited on the second fault. Considering the static sense of slip 
alone, both compression and extension should be affecting the fault junction, presumably 
canceling each other out (Figure 2a). From a dynamic standpoint, however, before rupture 
reaches the fault junction, the sense of slip on the other side of it is moot. I illustrate an 
example in Figure 2. Here, right-lateral slip above the junction presses on the left-lateral fault, 
increasing normal stress (Figure 2b). By the time the rupture gets into the extensional quadrant, 
the shear stress near the junction has already dropped, and is still not high enough to allow slip 
on the cross fault, even under extension – thus confining rupture to one fault. Starting the 
rupture from the other end of the system, however (Figure 2c), extension acts on the left-
lateral cross fault first, reducing normal stress on it as the high shear-stress rupture front 
approaches. This allows the second fault to begin rupturing before compression activates. In 
this example, both faults fully rupture. 

 

 
Figure 2. Schematics of sense of slip in orthogonal fault ruptures. a) Static sense of slip shows both extension and 
compression acting on the junction point. b) Nucleation north of the junction causes compression to act on the 
cross fault first, preventing it from rupturing. c) Nucleation south of the junction causes extension to act on the 
cross fault first, allowing it to rupture. 

 
REGIONAL STRESS MODELS 

In these simulations, I impose a regional stress field on the fault system, where tractions 
on each fault are controlled by how the angle of the maximum horizontal compressive stress 
(SHmax) resolves onto the angle of the fault. This stress orientation also controls the sense of slip 



on each fault. SHmax = 45°, exactly between the two faults, is equivalent to the uniform traction 
case described above. 

When I rotate SHmax to 30° away from one fault or the other – the angle which should 
produce conjugate (but not orthogonal) strike-slip faults according to Andersonian faulting and 
Mohr-Coulomb friction – one fault becomes significantly more favorable for rupture than the 
other. This prevents multi-fault ruptures across my entire geometrical parameter space; 
rupture does not even nucleate on the less-favorable fault, despite being forced. Triggered slip 
may occur on the less-favorable, fault, however, and a failed nucleation on the less-favorable 
fault may trigger a secondary rupture on the more-favorable one. The occurrence of these 
behaviors follows the same geometrical and kinematic rules as shown in Figure 2 and described 
above. 

 
 

This is the current state of the project as of mid-March 2021. I am currently working toward 
determining the threshold SHmax orientation(s) that allows multi-fault rupture. Once I find those 
orientations, I will complete the manuscript and submit it to a peer-reviewed publication. I 
anticipate being able to submit by early summer 2021. 
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