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Abstract We examine the long-period near-source ground motions from simulations of

M 7.4 events on a strike-slip fault using kinematic ruptures with rupture speeds that range
from subshear speeds through intersonic speeds to supersonic speeds. The strong along-
strike shear-wave directivity present in scenarios with subshear rupture speeds disappears
in scenarios with ruptures propagating faster than the shear-wave speed. Furthermore, the
maximum horizontal displacements and velocities rotate from generally fault-perpendicular
orientations at subshear rupture speeds to generally fault-parallel orientations at supersonic
rupture speeds. For rupture speeds just above the shear-wave speed, the orientations are
spatially heterogeneous as a result of the random nature of our assumed slip model. At
locations within a few kilometers of the rupture, the time histories of the polarization of the
horizontal motion provide a better diagnostic with which to gauge the rupture speed than
the orientation of the peak motion. Subshear ruptures are associated with significant fault-
perpendicular motiobeforefault-parallel motion close to the fault; super-shear ruptures are
associated with fault-perpendicular motiafter significant fault-parallel motion. Consistent

with previous studies, we do not find evidence for prolonged super-shear rupture in the long-
period (>2s) ground motions from the 1979 Imperial Valley earthquake. However, we are
unable to resolve the issue of whether a limited portion of the rupture (approximately 10 km

in length) propagated faster than the shear-wave speed. Additionally, a recording from the
2002 Denali fault earthquake does appear to be qualitatively consistent with locally super-
shear rupture. Stronger evidence for super-shear rupture in earthquakes may require very
dense station coverage in order to capture these potentially distinguishing traits.

Introduction Olson and Apsel (1982) inferred that the rupture in the

. o 1979 Imperial Valley earthquake propagated faster the shear-
Observations of crustal earthquakes indicate that faulf,ave speed from their source inversion. However, Hartzell

ruptures tend to propagate at around 80% of the shear-wayg,q Heaton (1983) argued that the waveforms could be sim-
speed (e.g., (Heaton, 1990)), which is a little below the theyateq with a rupture speed that varied between 70% and
oretically limiting speed. On some occasions the ruptureg gy, of the shear-wave speed and that the estimate of super-

appear to propagate at a speed that exceeds the shear-waygar rypture by Olson and Apsel was the result of exces-
speed. Two well-studied cases of plausible super-shear rugye smoothing of the distribution of slip in the inversion.

ture include the 1979 Imperial Valley, California, earthquakea chleta (1984) maintained that trial and error matching
(Olson and Apsel, 1982; Spudich and Cranswick, 1984;

, . of the waveforms with a zone of super-shear rupture simi-
Archuleta, 1984) and the 1999 Kocaeli (Izmit), Turkey, ¢ tg the one proposed by Olson and Apsel created a better
earthquake (Anderson, 2000; Bouctedral.,, 2000; Bouchon

_ _ ' Ay fit than the one obtained by Hartzell and Heaton. Addition-
et al, 2001; Sekiguchi and Iwata, 2002; Treoal, 2004), 41y Spudich and Cranswick (1984) examined the data from

although there is still much debate about the robustness @fe 213m E| Centro differential array and found evidence in
the conclusions that the rupture speeds were super-shear {pg, high-frequency> 1.5Hz) motion consistent with super-
these cases (Hartzell and Heaton, 1983; Archuleta, 1984t ear propagation of the leading edge of the rupture, al-

Thio et al, 2004). Other possible cases of super-shear ruy g gh the location of the super-shear rupture lies slightly
ture include the 2001 Kunlunshan, Tibet, earthquake (BoUsorth of the region suggested by Archuleta.

chon and Vallee, 2003) and the 2002 Denali Fault, Alaska, |4 the 1999 Kocaeli earthquake Bouchenal. (2001)

earthquake (Ellswortkt al, 2004; Dunham and Archuleta, ¢,nd that the shear-wave arrival for the Sakarya (SKR)

2004). recording is consistent with 50km of super-shear rupture.
Digital records of fault-parallel (east-west) and vertical ac-
celerations were obtained at Sakarya about 1km north of
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the fault rupture and 40km east of the epicenter. Unfortuspeed along the surface enabled ruptures to propagate stably
nately, this station did not have a synchronized clock. Furnear the Eshelby speed.

thermore, the fault-perpendicular (north-south) component The four cases of suspected super-shear rupture in real
malfunctioned. Second time integrals of the SKR recordearthquakes mentioned earlier occur on strike-slip faults.
show a fault-parallel displacement that is dominated by a 5%Vhile it is clear that a rupture propagating at slightly be-
linear ramp, which Bouchost al. interpreted as the near- low the shear-wave speed for this geometry creates strong
field shear wave radiated from the fault adjacent to the stadirectivity in the shear wave radiated along the strike of the
tion. A key feature of the SKR displacement record is thafault, what happens to the ground motions when the rupture
the displacements are very small prior to the onset of thaccelerates to faster speeds? Does the mechanism for direc-
ramp. Bouchoret al. simulated the SKR displacements with tivity break down? How do the characteristics of the ground

a super-shear rupture speed that produces near-nodal dilataetions change? We investigate these issues by computing
tional waves and very short S-P times. However, Bouchoithe long-period near-source ground motions using kinematic
et al’'s simulated dilatational-wave displacements are muchuptures by forcing the rupture to propagate at a given rup-
larger than those in the SKR record. If their interpretation isure speed. We examine the characteristics of the ground mo-
correct, then SKR experiences near-nodal dilatational wavagns and look for features that undergo significant changes
even smaller than those produced along the strike of verticals the scenarios vary over a wide range of rupture speeds. We
strike-slip fault in a layered half-space model. Alternatively,then use these features to examine records from the Imperial
Thio et al. (2004) favor onset of rupture on the Sakarya segValley and Denali Fault earthquakes to see if the evidence
ment from triggering by the arrival of the dilatational wave, supports super-shear rupture.

not super-shear rupture on the Sapanca Lake segment. Nev-

ertheless, if the the SKR record is correct, then there is strong Methodology

support for at least a super-shag@parentrupture speed.

Arguably stronger evidence for super-shear rupture We employ the finite-element method to solve the three-
comes from the 2002 Denali fault earthquake. In this evenflimensional dynamic elasticity equation with a kinematic
all three components were successfully recorded within gource. We select a kinematic source because we want to ex-
few kilometers of the fault at pump station 10 along the@mine the effect of rupture speed on the near-source ground
Alyeska pipeline. As we will discuss in detail later, the po- motions for a continuous range of rupture speeds from subs-
larization of the motion is consistent with super-shear ruphear speeds to supersonic speeds. While a dynamic (sponta-
ture. Finally, through kinematic forward modeling of the N€oUS) rupture source can generate more physically realistic
2001 Kunlunshan earthquake, Bouchon and Vallee (2003pptures (assuming the constitutive relations governing the
concluded that regional surface wave observations were belult rupture are chosen correctly), the rupture speeds are
fit with super-shear rupture over several hundred kilometergestricted only to those allowed by the assumed fault consti-

Whereas these earthquake case histories genera”y pr%].tive relationS; the rUthre SDQEd depends on the ratio of the
vide only circumstantial evidence for the existence of superstrain energy release rate to the fracture energy associated
shear rupture in earthquakes, laboratory experiments witith the friction model (Day, 1982; Madariaga and Olsen,
propagating mode-Il cracks and numerical models of earth2000). On the other hand, these dynamic rupture models do
quake ruptures actually corroborate the existence of rupallow behavior not present in most kinematic source models,
tures that propagate at Super-shear Speeds_ Experiment3Wh as bifurcation of the rupture into SUper-Shear and subs-
Rosakiset al. (1999) and Xiat al. (2004) demonstrated that hear slip pulses (see for example Aagaardl. (2001) and
shear cracks could propagate at intersonic speeds in homalf@inham and Archuleta (2004)). This means that by choos-
(a brittle polyester resin) from either projectile impact load-ing to use kinematic sources for ruptures propagating at var-
ing or shear loading with nucleation controlled by an explodious speeds with only a single slip pulse, we are focusing on
ing wire. Analytical models of steady-state rupture demonthe seismic radiation from the leading edge of the rupture.
strate that mode-II shear cracks can indeed propagate stably These simulations follow the same methodology and use
at this Speed (Freund7 19797 Broberg7 19947 Broberg7 1995?716 finite-element model from our pl’eViOUS work that ex-
Samudralat al, 2002). Numerical simulations of dynamic amined the effect of fault geometry on near-source ground
earthquake ruptures support extrapolation of these labor&otions (Aagaaret al., 2004). The length scale of the dis-
tory findings to earthquake ruptures (Burridge, 1973; An-<Cretization allows accurate propagation of waves with peri-
drews, 1976; Das and Aki, 1977; Das, 1981; Day, 1982). Fopds of 2s and longer. The domain encompasses a region
example, Andrews (1976) demonstrated that mode-II shed®0km long, 80km wide, and 40km deep as shown in fig-
cracks could accelerate from subshear rupture speeds to tHee 1. We will focus on the results from a layered half-space
Eshelby speed. More recently, Madariaga and Olsen (Zoo(yyith a spatially heterogeneous slip distribution, but we will
established that the ratio of the the energy release rate to tiéso refer to results from a uniform half-space with spatially
fracture energy controls the speed of propagation in theséniform slip to highlight the principal observations. Figure 2
numerical models with higher values allowing super-sheafnd table 1 display the variation in the material properties as
rupture speeds. Aagaaedl al. (2001) found large slip rates
near the free surface combined with a high apparent rupture
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Figure 1. Geometry of the simulation domain. The center of the fault lies 10km south of the center of the domain. We will

examine shear-wave polarization at the sites denoted by the dots, which sit at distances of 0km and 6 km from the fault trace near
the northern end of the rupture.
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Figure 2. Dilatational wave speed/f), shear wave speeds], and mass density) as a function of depth for the layered
half-space.

a function of depth for the layered half-space. For the uniboth sets of simulations, we use a uniform peak slip rate of
form half-space we use the material properties from a deptB.0 m/s. With spatially heterogeneous slip, this creates vari-

of 9.0km in the layered half-space. ations in the slip duration.
The kinematic source uses the integral of Brune's far-  The hypocenter lies approximately mid-depth one quar-
field time function, ter of the distance along the strike of the fault. Figure 4 dis-

D(x,y,z1t) —(t—to(x,Y,2)) t—to(x,Y,2) plays the. relative location of.the hypopenter_as weII_ as t.he
m =1- W W propagation of the rupture using an anisotropic specification

= (XY, o4 4 of the rupture speed. By using kinematic ruptures, we can
T(X,Y,2) = M’ force the ruptures to propagate at any given speed, includ-

Dmaxe ing those that would be unstable for dynamic shear cracks.
(A The relative rupture speed in the mode-Il and mode-IlI di-
for the slip time history with the final slipl(x,y,2)), peak ~ rections depends on the fract_ure energy, with the spe.e_d inthe
slip rate Pmay), and slip starting timet(x, y, z)) as parame- mode-lil (perpendicular to slip) dlrectlon more sensitive to
ters. For the layered half-space with spatially heterogeneotige level of fracture energy compared with the mode-II (par-
slip, we low-pass filter a uniform random distribution using@!l€l to slip) direction (Andrews, 1976; Day, 1982; Freund,
a first order (single pole, causal) Butterworth filter. The av-1990; Madariagat al, 1998). This means that faster rup-
erage slip is Dm with a maximum value of. Zm, which  ture speeds in our kinematic ruptures correspond to smaller
results in events with a moment magnitude of 7.4. For thdracture energies. With mode-Ill rupture more sensitive to
uniform half-space the slip is.2m over the entire fault. In the fracture energy than mode-Il rupture, the ratio of the
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Table 1
Control points describing linear variation of material properties with depth in the layered half-space

Depth | Mass | Dilatational-Wave| Shear-Wave
Density Speed Speed
(km) | (kg/m?®) (km/s) (km/s)
0 1943 3.37 1.91
4.0 2400 441 2.62
9.0 2600 5.53 3.15
19.2 2600 6.44 3.72
33.4 3000 7.28 4.21
40.0 3000 7.28 4.21
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Figure 3. Distribution of final slip created from low-pass filtering a random distribution. The average slif s @ith a
maximum value of 7L m, yielding a moment magnitude of 7.4.

mode-Il to mode-Ill rupture speed generally increases witltomponents of the velocity of the ground surface after the
faster rupture speeds. The precise nature of this relatiomupture has propagated about 65km down the length of the
ship between the relative rupture speeds, however, has yktult for each of the six scenarios.
to be determined. For this reason, we choose a mode-Ill The two ruptures that propagate at or below the shear-
rupture speed that is 20% slower than the mode-Il rupturgrvave speed in the mode-Il direction generate significant
speed, which is consistent with the relative speeds geneshear-wave rupture directivity by reinforcing the far-field
ally observed in numerical models of subshear rupture. Alshear wave radiated along the strike of the fault (see
though this results in mode-IIl rupture speeds that exceed thgomervilleet al. (1997) for a thorough discussion). This
shear-wave speed (which is theoretically impossible) in théar-field shear wave, which has particle motion perpendicu-
cases where the mode-II rupture speeds exceeds 1.25 timas to the fault and was generated by slip at locations earlier
the shear-wave speed, this is not a significant issue becauisethe rupture, arrives before the near-field shear wave, which
the earthquakes are dominated by mode-II rupture. Table Ras particle motion parallel to the fault and was generated by
gives the rupture speeds for each simulation. The infinitslip at locations nearby. Thus, a site close to the surface rup-
rupture speed corresponds to simultaneous rupture of the eture undergoes large-amplitude fault-perpendicular motion
tire fault. Thus, the only variation in the kinematic sourceprior to fault-parallel motion. With the horizontally layered
in each suite of models (uniform half-space and the layeredhedium, these shear waves with fault-perpendicular parti-
half-space) is the change in rupture speed; the slip time higle motion develop into large-amplitude Love waves. The
tories are kept constant at each point on the fault except fanisotropic rupture speed and the depth dependent structure
the time at which slip begins, corresponding to changes idiminish the sharpness of the abrupt shear-wave arrival for
the rupture speed. rupture at the shear wave speed, so the maximum particle
velocities do not approach extremely large values (relative to
Results the theoretical limit of infinite velocities in continuum mod-
els of ruptures propagating in the mode-Il direction precisely
We begin our analysis of how increasing the rupturegt the shear-wave speed).
propagation speed from subshear speeds through intersonic As the rupture speed increases into the intersonic range,
speeds to supersonic speeds affects near-source ground Mige sharp arrival of this shear wave forms a Mach cone em-
tions by examining the snapshots of the particle velocitie%natmg from the leading edge of the rupture. The rup-
on the grOUnd surface for six of the rupture SDGEdS. Two NUPRure propagates faster than the shear-wave Speed so that
tures fall into each of the three regimes (subshear, intersonigg |ocations near the fault trace, the shear wave radiated
supersonic). The snapshots for both the uniform half-spacglong the strike of the fault (from locations earlier in the
and layered half-space display very similar trends, so we willypture) arrives after the shear wave radiated perpendicu-

only show the ground velocities for the layered half-spacejar to the fault (from locations nearby). Consequently, a
Figure 5 displays the fault-perpendicular and fault-parallel
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Figure 4.Progression of the leading edge of rupture as shown by contours of slip starting time for the uniform half-space (top)
and the layered half-space (bottom) for a rupture propagating at 85% of the local shear-wave speed in the mode-II direction and
20% slower in the mode-lll direction. In both cases, the rupture propagates predominantly in the mode-II (horizontal) direction.
In the layered half-space the rupture propagates faster at depth and drives the rupture along the surface. The hypocenters indi-
cated by the stars sit 3Dkm and 272km along strike at depths of Ikm and 112 km, respectively. Roughness in the contours
for the layered half-space arise from generating contours from an unstructured finite-element mesh with significant variations in
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Table 2
Rupture speeds in the mode-1l and mode-Ill directions for each simulation.
Rupture Speeds)
mode Il [ mode Il
0.850 0.680
0.925 0.740
1.000 0.800
1.10 0.883
1.21 0.966
1.41 (/2) 1.13
1.57 1.26
1.73 (/3) 1.39
2.60 2.08
3.46 (2/3) 2.77
0] o)

site near the surface trace of super-shear rupture experiencggear wave at several sites as a function of the shear-wave
its large-amplitude fault-perpendicular motiedter fault-  speed in more detail later.

parallel motion. Additionally, the directivity induced rein- We now turn to the maximum horizontal displacements
forcement of the far-field shear wave propagating along thand maximum peak-to-peak velocities displayed in figure 6
strike of the fault decreases substantially. This leads to a dée show how the spatial distribution of the shaking changes
crease in the amplitude of motion in the fault-perpendiculawith rupture speed. We determine the maximum peak-to-
component. Meanwhile, with nearby areas of the fault ruppeak velocity by finding the maximum amplitude between
turing within a shorter time window, the shear wave radiatecconsecutive peaks in the velocity time histories after resolv-
perpendicular to the fault begins to grow in amplitude. Thising the horizontal velocity into all possible horizontal orien-
process continues as the rupture speed moves into the dations with a two degree resolution. For the bandwidth of
personic regime. For an infinite rupture speed (simultaneoutese simulations (¥2s), the maximum peak-to-peak am-
rupture of the entire fault), this shear wave radiated perperplitude of a time history resolved into any given direction
dicular to the fault (as opposed to the shear wave radiategenerally corresponds to the difference between the maxi-
along the strike of the fault) dominates the near-source manum velocity and minimum velocity. The maximum veloc-
tion. We will examine the variation in the polarization of the ity distributions for rupture propagation at or below the shear
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wave speed exhibit the tear-drop shape associated with rumotion before fault-parallel motion. Rupture at the shear-
ture directivity along the strike of the fault. The maximum wave speed accentuates this feature. At both sites, as the rup-
peak-to-peak velocities for mode-Il rupture at the shearture speed increases above the shear-wave speed, the fault-
wave speed are particularly large (approachingdyas one parallel motion increases in amplitude and arrives earlier rel-
expects for this case of maximum along-strike directivity. Asative to the fault-perpendicular motion. These features are
mentioned earlier in the discussion of the snapshots of vepresent at sites all along the fault (except very close to the
locity on the ground surface, the anisotropic rupture speedpicenter). However, this polarization becomes weaker with
in the layered medium, as well as the limited bandwidth ofincreasing distance from the rupture due to the decreasing
the model, prevents the velocities from approaching the theénfluence of the far-field shear wave with fault-perpendicular
oretical limit of infinite amplitude. motion relative to the other phases. The striking similarity of
For ruptures propagating between the shear-wave arttiese trends in the layered half-space and the uniform half-
dilatational-wave speeds (intersonic speeds), the lack of ruspace indicate that they are tied to the effect of the rupture
ture directivity in the along-strike direction greatly dimin- speed on the radiation of the seismic waves at the leading
ishes the prominence of the tear-drop shape in the distribiedge of the rupture; they are relatively independent of the de-
tion of the maximum amplitudes; peak-to-peak velocities areails of the geologic structure (layered versus uniform half-
generally less than 28, and they decay less rapidly with space) and spatial variations in slip (low-pass filtered random
distance perpendicular to the fault. As the rupture speedlip versus uniform slip).
moves into the supersonic range, the displacements and ve- Figure 10, which displays the overall maximum fault-
locities within one fault width (20km) of the fault increase parallel and fault-perpendicular displacement and peak-to-
from about 2m and 21t to about Zm and 3nis, respec- peak velocity on the ground surface, summarizes this change
tively, due to the nearly simultaneous rupture. That is, then polarization of the motion as a function of rupture speed.
motions are dominated by a planar shear wave propagatiri§ecause only the largest offsets along the fault trace con-
perpendicular to the fault. trol the overall maximum fault-parallel displacements, we
In addition to the changes in the spatial distribution offind very little change in the overall maximum fault-parallel
the shaking, we also observe changes in the orientation of triisplacements as the rupture speed increases to intersonic
maximum motion as briefly outlined in our discussion of theand supersonic speeds. This explains why the uniform half-
snapshots of velocity. Figure 7 shows the orientation of thepace with uniform slip has a much smaller maximum fault-
maximum horizontal displacements and peak-to-peak velogarallel displacement than the layered half-space with ran-
ities in the layered half-space. The uniform half-space simdom slip. The fault-perpendicular displacements, on the
ulations display the same general trends but exhibit less spather hand, are sensitive to the amount of rupture directiv-
tial variation due to the uniform slip. For ruptures speeds aity induced reinforcement of the far-field shear wave radiated
or below the shear-wave speed, the maximum peak-to-pealtong the strike of the fault, so that the overall maximum dis-
velocities close to the fault exhibit a very strong preferenceplacement is largest for rupture speeds near the shear-wave
toward a fault-perpendicular orientation (except near the epspeed. The overall maximum fault-perpendicular peak-to-
center). Increasing the rupture speed into the intersonipeak velocity displays a similar trend; the overall maximum
range rotates the orientation of the maximum amplitudes topeak-to-peak fault parallel component increases with rupture
ward the fault-parallel direction. For rupture at the Eshelbyspeed, following the rotation of maximum motion from fault
speed {/2 times the shear-wave speed), even though we camerpendicular to fault parallel directions.
identify a gross shift away from a fault-perpendicular orien- ~ While the distribution of slip and slip rate are identi-
tation, the orientation of the maximum motion is spatiallycal in all of the simulations, the profound differences in di-
very heterogeneous due to the random distribution of sliprectivity mean that the radiated energy varies with rupture
As the rupture speed increases further, the spatial variabilitypeed (Haskell, 1964). Figure 11 shows how rupture speed
in the orientation of the peak motion disappears. When thaffects the energy dissipated at the absorbing boundaries on
rupture speed approaches infinity, all locations have similathe truncated edges of the domain (radiated energy). By con-
motions parallel to the strike of the fault; only areas near theinuing the simulation until there is negligible kinetic energy
ends of the fault have significant fault-perpendicular compoleft in the domain, the boundaries absorb all of the energy ra-
nents. diated into the far-field. In the layered half-space, the depth
As discussed earlier, super-shear rupture speeds preariation of the rupture speed resulting from the depth de-
duce large-amplitude fault-parallel motiobefore fault-  pendent structure reduces the amount of directivity. As a
perpendicular motion at locations close to the fault; this igesult, the local maximum in the radiated energy near the
the opposite of what happens at subshear rupture speed$iear-wave speed is smaller for the layered half-space than
The polarization of the horizontal motion for two sites lo- for the uniform half-space.
cated near the northern end of the rupture (figures 8 and 9) The radiated energy reaches a local minimum at the Es-
illustrates this trend. For subshear rupture in both the layhelby speedy2 times the shear-wave speed). This is con-
ered half-space and the uniform half-space, the site along trséstent with stable propagation of dynamic shear cracks at
fault trace experiences large-amplitude fault-perpendiculathis rupture speed with “subsonic-like” behavior (Freund,
1979). The sharp arrival of the shear wave associated with
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the Mach cone generates large velocities so that the energytwo other cases of strike-slip events with suspected super-
radiated by intersonic ruptures exceeds the energy radiatethear rupture, the 1979 Imperial Valley, California, and the
by ruptures propagating below the shear-wave speed. As tt#02 Denali Fault, Alaska, earthquakes, ground motions
rupture speed increases to infinity, the radiated energy gradwere recorded within a few kilometers of the fault trace near
ally increases to its asymptotic limit; when the rupture speedhe areas with suspected super-shear rupture.
is infinite, most of the energy is in the far-field shear wave, In the Imperial Valley earthquake, five stations within a
propagating as a plane wave perpendicular to the simultané&w kilometers of the fault (figure 12) recorded the ground
ous rupture. motions. The portion of the fault between station EMO and
the strong motion array contains the portion of the rupture
Discussion suspected of propagating faster than the shear-wave speed.
We applyvg baseline corrections (Boore, 2001) to the un-

This set of simulations illustrates that as the SUStaine@Ol‘rected acceleration time histories (PorceﬂaL, 1982;
rupture speed increases from below the shear-wave speedi@rter, 1982) before integrating to obtain velocity time his-
near the dilatational-wave speed, three changes take plaggjies. The records are then low-pass filtered using a fourth-
(1) at locations within a few kilometers of the surface rup-order (four poles, causal) Butterworth filter with the pass-
ture, the shear wave with fault—parallel partiCIe motion ar-pand extending to.8Hz. Because the Ve|ocity records con-
rives before, rather than after, the shear wave with faulttain numerous oscillations even after low-pass filtering, the
perpendicular motion; (2) rupture dlreCt|V|ty along the Strikemaximum peak-to_peak Ve|ocity measured using consecu-
of the fault is lost, so that the maximum horizontal peak-to+jve peaks is considerably smaller than the peak velocity, so
peak velocities no longer increase along the strike of the fauly find the orientation of the maximum motion we use the
away from the epicenter, and they decay less rapidly withheak velocity as opposed to the peak-to-peak velocity (which
distance from the fault; and (3) the orientations of the maxwe used in the earlier discussion and has a similar orienta-
imum peak-to-peak velocities rotate from being predomtion for the simulations). The maximum velocities at all five
inantly fault-perpendicular to being predominantly fault- stations are closely aligned to the fault-perpendicular direc-
parallel. tion. This suggests that most of the energy arriving at the

As mentioned earlier, these simulations use a uniformtations corresponds to a rupture propagating near the shear-
mode-Il rupture speed, whereas the rupture speed in reglayve speed.
earthguakes fluctuates and may be super-shear over only part The velocity waveforms support predominantly subs-
of the rupture. Can the three diagnostics for super-shear rupegr rupture propagation. Stations EMO, E06, and EO7 all
ture help to interpret records from suspected cases of sup&ixperience large-amplitude fault-perpendicular motion that
shear rupture in real earthquakes? It might be possible to ingrrives prior to the largest fault-parallel motion, consistent
fer super-shear rupture if the maximum ground velocities arjith subshear rupture as illustrated by the close correspon-
nearly fault parallel for stations close to the fault. Of coursedence to seismograms from similar locations in the simula-
this requires that the energy arriving at the site (which is retions with ruptures propagating at or below the shear-wave
lated to the velocity amplitude) from the super-shear portiospeed. Note that all of the simulations use a uniform mode-lI
of the rupture exceeds that arriving from the subshear portiompture speed. Stations E05 and E08 do not fit the subshear
of the rupture. If only a small portion of the rupture jumps pattern as well, but they are more distant from the fault; sta-
to super-shear speeds (regardless of how close this occufgn E05 may also be affected by the nearby branching of the
to the recording site), this condition will likely not be met. yrypture. Thus, we find the orientation of the motion and the
In such cases, the near-source ground motions may be relgaveforms are consistent with most of the energy being gen-
tively unaffected by super-shear rupture. Thus, the presenggated by subshear rupture. This generally agrees with the
of slip heterogeneity means that it would be difficult to ar-opservations of predominantly subshear rupture in more de-
gue for super-shear rupture based on the orientation of peakjled studies (Olson and Apsel, 1982; Hartzell and Heaton,
ground motions at only a few stations. On the other hand, theggs: Archuleta, 1984: Spudich and Cranswick, 1984). Un-
ground motion time histories recorded close to the portion ofortunately, the results presented here do not help resolve the
the fault where the rupture may have propagated faster thagsye of whether a limited portion of the rupture (approx-
the shear wave could be affected and may exhibit significar]fnatew 10km in length) propagated faster than the shear-
fault-parallel motion prior to fault-perpendicular motion.  \wave speed.

The 1999 Izmit, Turkey, earthquake has been simulated  Archuleta (1984) argued that the region of super-shear
with super-shear rupture. Unfortunately, there was only ongypture may be too far to the south for detection with obser-
near-source station (Sakarya, SKR) along the fault trace ifations of the polarization of the motion using the EI Centro
the direction of the suspected super-shear rupture (east gfrong-motion array. Spudich and Cranswick (1984) investi-
the epicenter), and it failed to accurately record the northgated the apparent velocity of high frequency dilatational-
south (fault-perpendicular) motion. Consequently, we cangyave phases recorded on the El Centro differential array.

not examine the orientation of the maximum velocity or theThey found that these apparent velocities were consistent
polarization of the shear-wave motion at this station in or-

der to look for evidence of super-shear rupture. However,
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with a small patch of super-shear rupture, although that inmore in-depth analysis by Ellswortt al. (2004) and dy-
terpretation may not be unique. Unfortunately, the diagnosaamic rupture modeling of Dunham and Archuleta (2004).
tics we develop here are not appropriate for detecting suchn this case, the super-shear rupture appears to have been of
localized patches of super-shear rupture. sufficient duration and to have occurred close enough to the
In the 2002 Denali Fault earthquake the ground mo+ecording station for the recorded motion to exhibit the char-
tion was recorded within a few kilometers of the fault alongacteristics of super-shear rupture found in our simulations.
the Alyeska pipeline at pump station 10. This location sits
about 65km along the fault from where the strike-slip rup- Conclusions
ture began. We again low-pass filter the velocity record
using a fourth order Butterworth filter to match the band- ~ We simulated kinematic ruptures df 7.4 events on a
width of the simulations ($25s). To compare the velocity Strike-slip fault with different rupture speeds, including rup-
record from pump station 10 to our suite of strike-slip sim-tures that propagate below the shear-wave speed (subsonic),
ulations with uniform rupture speeds, we place the simulabetween the shear-wave speed and the dilatational wave-
tion epicenter at the junction of the Susitna Glacier and Despeed (intersonic), or above the dilatational wave-speed (su-
nali faults (where the rupture transitioned from oblique slipP€rsonic). Increasing the rupture speed to values faster
on the Susitna Glacier fault to predominantly lateral slip onthan the shear-wave speed reduces the rupture directivity in-
the Denali fault). An 8s delay applied to the pump stationduced reinforcement of the far-field shear waves propagat-
10 time histories accounts for the dilatational wave traveling down the fault, resulting in smaller amplitude directivity
time from the hypocenter{15s) (Ellsworthet al, 2004), Pulses. As the rupture speed is increased through the inter-
delayed rupture on the the Denali Fault9s (Chen Ji, per- sonic range, the rupture begins to more effectively reinforce
sonal communication), and differences in the nominal sheaghear waves radiated perpendicular to the fault. As a result,
wave speed in Alaska (Ellswortt al., 2004) compared to the maximum velocities remain relatively uniform along the
the simulations-25s). strike of the fault, but the displacements and velocities de-
The timing of the shear-wave arrival would be consis-cay less rapidly with distance perpendicular to the fault. Ad-
tent with an average rupture speed from the Susitna Glaciélitionally, the orientation of the maximum horizontal dis-
fault to pump station 10 at 80% of the shear-wave speed. Oplacements and peak-to-peak velocities rotate from predom-
the other hand, the velocity waveforms suggest that the efdantly fault perpendicular to predominantly fault parallel di-
ergy arriving at pump station 10 may have been generater@ctions in regions close to the fault. However, these changes
by |Oca||y Super-shear rupture_ Figure 13 shows that the oriay be difficult to observe if there are a limited number of
entation of the peak velocity lies closer to the fault-parallelobservations; heterogeneity in the distribution of slip creates
direction than the fault-perpendicular direction (consistentluctuations in the orientation of the peak motion. A more
with our simulations of super-shear rupture). Furthermorefobust characteristic for super-shear rupture is the arrival of
the first large velocity pulse on the fault-parallel componenfault-parallel motion prior to fault-perpendicular motion at
has an amplitude at least as large as the fault-perpendiculgites very close to the rupture. This was evident from its
component (using either the average fault orientation or thelear display in the simulations of both a layered half-space
local fault orientation). Examining the velocity time his- With random slip and a uniform half-space with uniform slip.
tories from the corresponding location in the simulations Based on these simulation results, we examined long-
for the various rupture speeds, we find a mode-I| ruptureperiod near-source recordings from the 1979 Imperial Val-
Speed between 10 and 20% above the shear-wave Speed dﬁy and 2002 Denali Fault earthquakes, in which others have
vides the best overall qualitative fit. The relative amplitude§ound some evidence for super-shear rupture. In the Impe-
of the fault-parallel and fault-perpendicular components aréial Valley earthquake, the long-period ground motions con-
more closely fit by mode-Il rupture speeds 20-40% above thEin much more energy in the fault-perpendicular direction
shear-wave speed, but the nearly simultaneous arrival of tfg€ompared with the fault-parallel direction, suggesting pre-
two Components is more C|ose|y fit by rupture Speeds C|oséj'0minant|y subshear rupture. This is consistent with preVi'
to the shear-wave speed. ous studies that found the rupture remained below the shear-
A kinematic source inversion (Chen Ji, personal comWave speed or only a limited portion of the rupture exceeded
munication) indicates that the average rupture speed rébe shear-wave speed. The polarization of the velocity wave-
mains subshear but allows a short duration of super-shefprms are also consistent with subshear rupture, suggesting
rupture near this location, with shorter durations allowingsuper-shear rupture if it occurred, was limited to a small por-
faster rupture speeds. Detailed modeling by Ellswetthl. tion of the fault away from the locations which recorded the
(2004) and Dunham and Archuleta (2004) suggests the ru,ground motion very close to the fault rupture. On the other
ture Speed may have exceeded the shear-wave Speed byhj:ﬂ'ld, in the 2002 Denali Fault earthquake, the recording
to 50—60% over a distance of about 15km just west of pumﬁlosest to the fault exhibits characteristics found in the simu-
station 10. Thus, the orientation of the maximum veloc-lations with rupture above the shear-wave speed: orientation
ity and the polarization of motion appears consistent wittPf the peak velocity away from fault-perpendicular direction
Super-shear rupture |mmed|ate|y to the west of pump Statioﬂnd nearly simultaneous arrival of Iarge-amplitude motion in
10 in the Denali Fault earthquake and agrees with the mucthe fault-perpendicular and fault-parallel directions. Thus,
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these simulations and recordings provide additional suppotay, S. M. (1982, December). Three-dimensional simulation of sponta-
for the existence of super-shear ruptures in earthquakes but neOIUS_fUFIJthe{ The fe/f;eCt of nonUTfOT‘ Efesztf&’“e“” of the Seis-
illustrate the difficulty in obtaining definitive evidence with-  Melogical Society of America &), 1881-1902.

out a dense seismic network along the surface trace of tH@Jnham, E. M. and R. J. Archuleta (2004). Evidence for a supershear tran-
faul sient during the 2002 Denali earthquaBelletin of the Seismological
ault. Society of American press.
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Figure 5. Snapshots of the fault-perpendicular and fault-parallel components of the velocity on the ground surface. The solid
line delineates the fault trace and the asterisk identifies the epicenter. The snapshots for each rupture speed correspond to the
time at which the rupture at the surface has propagated approximately 65km down the fault, except for the case of an infinite
rupture speed for which the snapshot is taken@s &fter the initiation of rupture. As the rupture speed increases, the amplitude
of the shear wave radiated along the strike of the fault decreases whereas the amplitude of the shear wave radiated perpendicular
to the fault increases.
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Figure 6. Maximum horizontal displacements and peak-to-peak velocities on the ground surface for six rupture speeds. The
solid line delineates the fault trace and the asterisk identifies the epicenter. Increasing the rupture propagation from subshear
speeds to supersonic speeds shifts the distribution of shaking from a tear-drop shape associated with larger amplitudes along the
strike of the fault away from the epicenter to an elliptical shape associated with very large amplitudes along the entire strike of
the fault at distances out to one fault width from the fault trace.
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Figure 7. Orientation of the maximum horizontal displacements and peak-to-peak velocities for six rupture speeds. The solid
line delineates the fault trace and the asterisk identifies the epicenter. The maximum motion rotates from predominantly fault per-
pendicular (FN) to fault parallel (FP) orientations as the rupture propagation moves from subshear speeds to supersonic speeds.
Figure 8 shows the velocity time histories for the sites designated by the X'’s.
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Figure 8. Fault-parallel (FP) and fault-perpendicular (FN) velocity time histories at two sites (see figures 1 and 7) for seven
different rupture speeds in the uniform half-space with uniform slip (left) and the layered half-space with random slip (right).
The sites lie 0km or 6 km east of the fault near the north end (100km along strike). These time histories illustrate that for sites
near the rupture, at subshear propagation speeds the energy arrives with strong fault-perpendicular motion. As the rupture speed
increases, the energy arrives with increasingly earlier and larger fault-parallel motion, whereas the fault-perpendicular motion

decreases.

For submission to BSSA

DRAFT July 23, 2004



Near-Source Ground Motions From Simulations of Sustained Intersonic and Supersonic Fault Ruptures 15

Uniform half-space, Uniform slip Layered half-space, Random slip
2.0 2.0
0 km E of Fault _

E 1.5 1.5
o)
a 10 1.0
3
3 4
g 05 0.5 ; i
() :
e_ ’I ’
é‘.l’ 0.0 0.0 T .
— TR |:
3 N
w _ — (.

0.5 0.5 N ,

’ ~. _

-1.0 -1.0 ‘

2.0 2.0
E 1.5 1.5
g
a 1.0 1.0
3
3
2 05 0.5
o
e
T 00 0.0
5
()
L 05 -0.5

-1.0 -1.0

-05 00 05 10 15 20 25 -05 00 05 10 15 20 25

Fault-Parallel Disp. (m) Fault—Parallel Disp. (m)

Figure 9.Displacement trajectories at two sites (same sites as in figure 8) for four different rupture speeds in the uniform half-
space with uniform slip (left) and the layered half-space with random slip (right). The trajectories begin at the origin (denoted
by the 0’s) and end at the X's. The trajectories demonstrate that sites very close to the fault experience fault-parallitenotion
fault-perpendicular motion for subshear rupture whereas for super-shear rupture, the sites experience fault-paralefaretion
significant fault-perpendicular motion. Beginning at distances of around 6 km from the fault, the effects of the dilatational wave
become significant and this feature disappears.
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uniform slip and the right column shows the values for the layered half-space with random slip. The maximum motions rotate
from predominantly fault perpendicular to fault parallel as the rupture speed increases to intersonic and supersonic speeds. The
two models display very similar behavior, although the random spatial variation in slip in the layered half-space results in a much
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Figure 11.Far-field radiated energy as a function of rupture speed for both the uniform half-space with uniform slip and the
layered half-space with random slip. The maximum in the shear-wave radiation pattern along the strike of the fault results in

a significant increase in the radiated energy for rupture speeds approaching the shear-wave speed. In the layered half-space,
the depth variation in the shear-wave speed limits the amplitude of the peak in radiated energy for a rupture propagating at the
shear-wave speed. The local minimum for intersonic rupture occurs at the Eshelby speed. Approaching supersonic speeds the
radiated energy increases due to effective reinforcement of the shear waves radiated perpendicular to the fault.
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Figure 12.Orientation of the peak velocity (upper left) and comparison of velocity waveforms from the 1979 Imperial Valley
earthquake for four stations in the El Centro strong-motion array (stations E05 to E08) and station EMO. The triangles identify
the station locations and the vectors show the amplitude and orientation of the maximum velocity. The solid line indicates the
fault trace and the asterisk identifies the epicenter. The dashed line and open circle show the comparable geometry for the simula-
tions. The maximum velocities are generally aligned with the fault-perpendicular direction and the stations generally experience
significant fault-perpendicular (FN) motion prior to fault-parallel (FP) motion, implying most of the energy was generated while
the rupture propagated slower than the shear-wave speed.
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Figure 13.Orientation of the peak velocity (top) and comparison of velocity waveforms from the 2002 Denali Fault earthquake
for the pump station 10 record. The triangles identify the station location and the vector shows the amplitude and orientation
of the maximum velocity. The thick solid line indicates the fault trace and the asterisk identifies the epicenter. The dashed
line and open circle show the comparable geometry for the simulations. The data are shown with fault-parallel (FP) and fault-
perpendicular (FN) components relative to the local fault orientation (LO) and the average fault orientation (AO). An 8s time
delay applied to the data to allows a more direct comparison with the simulations. The orientation of the peak velocity and the
velocity waveforms fit the pattern for rupture above the shear-wave speed.
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