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Uniform stress case Depth-dependent stress case

Fault length along strike (km) 60

Fault width down dip (km) 15

Initial normal stress, MPa 120.0 min[1.0+16.2z,120], z is depth (km)

Initial 𝑺 1.6

Static friction coefficient 𝝁𝒔𝒕𝒂𝒕𝒊𝒄 0.677

Dynamic friction coefficient 𝝁𝒔𝒍𝒊𝒅𝒊𝒏𝒈 0.525

Characteristic slip distance 𝑑*, m 0.4

Abstract
Supershear rupture propagation (i.e., the propagation of an earthquake
rupture at a speed higher than that of the shear wave in the local earth
material) has long been theoretically predicted, and has been observed in
an increasing number of recent earthquakes as seismological techniques
have advanced and data availability has grown. Supershear rupture can
have important implications for ground motion, and it also can indicate the
physical conditions and processes taking place during earthquakes. There
are many different mechanisms that can lead to the propagation of
rupture at supershear speed, including the Burridge-Andrews mechanism
that depends on the level of stress on the fault, mechanisms that depend
on the presence of heterogeneities like stress barriers, fault bends, and
stepovers, and a mechanism that depends on wave conversions at the
Earth’s free surface. Focusing on 3D dynamic models of the free-surface
supershear mechanism, we discuss how different definitions of rupture
velocity (and supershear rupture in particular) may lead to different
classifications of ruptures as supershear or not. Much of the discrepancy
hinges on whether a daughter crack ahead of the primary rupture front
can be a reliable indicator of supershear rupture, and whether the
apparent along-strike rupture velocity is truly indicative of large-scale
supershear rupture. We discuss which definitions of supershear rupture
are more consistent with the physical observables most commonly
associated with supershear rupture, such as Mach cones and strong fault-
parallel ground motion pulses that arrive before fault-normal pulses. The
results may have implications for interpreting numerical models as well as
observational evidence for supershear rupture.

Method
We use the 3‐D finite difference method (Zhang et al., 2014) to perform
spontaneous dynamic earthquake rupture models in a homogeneous,
linearly elastic half‐space under slip weakening friction.

We display two different examples of initial stress assignment:
• Uniform shear and normal stress
• Depth-dependent shear and normal stress
• 𝜎$%&'() = 𝑚𝑖𝑛 1.0 + 16.2𝑧, 120 , where 𝑧 is depth in km and stress

is in MPa.
• 𝑆 = *!"#"$%+&'()#*,++

++,*!*$,$&-+&'()#*
= 1.6 in all models, setting the value of initial shear

stress 𝜎-
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• By all definitions of rupture speed, the uniform stress model (left) produces an unambiguous free-surface-induced supershear
rupture via a horizontally-propagating daughter crack.

• The depth-dependent model (right) produces different degrees of supershear rupture by different rupture speed definitions. By
the 2D Tangent definition, the daughter crack is supershear in the horizontal direction only right at the surface, and otherwise
is propagating downward at subshear speed (at an angle similar to that of a converted horizontal P to S wave; the mirror
image of the S to P conversion that induces supershear rupture (Kaneko and Lapusta, 2010).

• The 1D Horizontal Tangent definition implies both daughter cracks are supershear in the horizontal direction, but this may be
merely an apparent rupture velocity.

• For the depth-dependent case, the 1D and 2D Secant definitions imply supershear rupture speed near the surface to a greater
depth than the 1D Tangent definition.

• The “kink” in rupture times due to the presence of a daughter crack does not necessarily mark the zone on the fault of
supershear rupture, and may not indicate supershear rupture at all.

• It is possible for a significant area on the fault to have an average horizontal supershear rupture velocity, even though the local
rupture velocity is subshear in this area; this result could lead to discrepancies between Mach cone generation and
supershear rupture estimation via methods like back projection.

• The presence of a daughter crack is not sufficient to determine whether a rupture is supershear in a given location.
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Rupture Speed Along Constant-Depth Lines

• The uniform stress model (top), with its large area of supershear 2D Tangent rupture speed, produces noticeable
Mach cones for both S and Rayleigh waves.

• The depth-dependent stress model (bottom), with its very small near-surface area of supershear 2D Tangent
rupture speed, produces almost no noticeable Mach cone.
• The larger areas of supershear rupture as defined by the other rupture velocity definitions (right panels of

figure to the left) are not necessarily associated with Mach cone generation.
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Difference in 2D Tangent 
Speed Linked to (lack of)
Mach Cone Observations?

1D Average Horizontal 
speed Linked to Back
Projection Observations?

Mach Cone Generation is Associated
With 2D Tangent Speed

Obvious Mach Cones

Almost No Mach Cones

Fault-Normal Particle Velocity
And Slip Rate

Fault-Normal Particle Velocity
And Slip Rate

Large Fault-Parallel Ground Velocity Pulses 
are Associated with 2D Tangent Speed

Fault-parallel pulses arrive early
and exceed early fault-normal amplitude.

Spectral decay of supershear
model is close to w-1.

Spectral decay of largely subshear
model is close to w-2.Muted fault-parallel early pulse
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• In the uniform stress model on the left, the rupture speed near the surface is supershear by almost all definitions, and exceeds the
Eshelby speed (𝑉+,- = 2𝑉.), which is typically the threshold for stable supershear rupture.
• Rupture speed at 7.5 km depth is lower initially, but all estimates are supershear by 35 km along strike.

• In the depth-dependent model on the right, at the surface all estimates of rupture speed are supershear, but 𝑉/01 is somewhat
oscillatory, and only 𝑉/23451 is above the stable Eshelby speed.
• 𝑉/01 is clearly subshear at any significant depth, although the horizontal and averaged speeds are still supershear at 0.2 km depth.
• At 7.5 km depth, only 𝑉/51 is supershear for any significant distance.
• Note—higher-resolution models produce slightly more stable (sub-Eschelby) supershear 𝑉/01 immediately at the surface, but

almost identical results otherwise.

• Ground motion from the uniform stress model produces obvious fault-parallel pulses from the supershear daughter
crack stronger than the similarly-timed fault-normal motion, consistent with supershear rupture.
• A pulse from the trailing parent crack follows.
• Spectral decay is close to w-1.

• Ground motion from the depth-dependent model produces a muted early fault-parallel arrival from the largely
subshear daughter crack.
• A pulse from the trailing parent crack follows.
• Spectral decay is close to w-2, particularly in the fault-normal component.
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A daughter crack does not 
necessarily imply supershear

Conclusions
• In 3D, there is some ambiguity about the most useful definition of rupture speed.

• An earthquake may be largely supershear by one definition, and largely subshear by another.
• Different definitions may be linked to different observables associated with supershear rupture.

• The 2D gradient may be linked to the formation and amplitude of Mach cones (or lack thereof).
• The 1D average horizontal rupture speed may be linked with back-projection observations of supershear

rupture.
• The presence of a daughter crack may not necessarily indicate the presence of supershear rupture.

Kink = boundary between 
main and daughter crack 
arriving first
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Multiple Definitions of Rupture Speed
1-D Local Horizontal (Tangent) Rupture Speed 𝑉/51 𝑦, 𝑧 =

1
𝜕
𝜕𝑦 𝑡/(𝑦, 𝑧)

2-D Local (Tangent) Rupture Speed 𝑉/01(𝑦, 𝑧) =
1

||∇ 6,8 𝑡/ 𝑦, 𝑧 ||

1-D Average Horizontal (Secant) Rupture Speed 𝑉/23451 𝑦, 𝑧 =
𝑦 − 𝑦*

|𝑡/ 𝑦, 𝑧 − 𝑡/ 𝑦*, 𝑧 |

2-D Average (Secant) Rupture Speed 𝑉/,492:; 𝑦, 𝑧 =
𝑦 − 𝑦* 0 − 𝑧 − 𝑧* 0

𝑡/ 𝑦, 𝑧


