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Abstract

Elastodynamic considerationssuggestthat the accelerationof ruptures to
supershearvelocities is accompaniedby the releaseof Rayleigh wavesalong
the fault from the stressbreakdown zone. Thesewavesgeneratea secondary
slip pulse trailing the rupture front, but manifest almost entirely in ground
motion perpendicular to the fault in the near-sourceregion. We construct a
spontaneouslypropagating rupture model exhibiting thesefeatures,and use
it to explain ground motions recordedduring the 2002Denali Fault earth-
quake at pump station 10, located 3 km from the fault. We show that the
initial pulseson both the fault normal and fault parallel components are due
to the supershearstressreleaseon the fault while the later arriving fault
normal pulsesresult from the trailing subshearslip pulseon the fault.

In tro duction

On November 3, 2002,a M w 7.9 earthquake shook central Alaska. Rupture
initiated at 22:12:41.0UTC on the SusitnaGlacier thrust fault beforesubse-
quently transferring onto the Denali fault. After propagating240km easton
this fault, the rupture branched onto the Totschunda fault. Only oneinstru-
ment, pump station 10 (PS10), maintained by the Alyeska Pipeline Service
Company, recordednear-sourceground motions. PS10 is located approxi-
mately 70 km east of the epicenter along the Denali fault near the Trans
Alaska Pipeline. Figure 1 provides a schematic map of the fault geometry.
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Finite fault inversionsand geologicalconsiderationssupport a right-lateral
strike-slip mechanismon a nearly vertical fault nearPS10(Eberhart-Phillips
et al., 2003). Situated only 3 km north of the fault, the station recorded
a particularly interesting sequenceof strong ground motion pulsesas the
rupture extendedpast it. Figure 2 shows the instrument-corrected records,
which have been rotated into fault normal (FN) and parallel (FP) compo-
nents (Ellsworth et al., 2004).

A single one-sidedpulse (labeled A in Figure 2) characterizesthe FP
component. The pulse is narrow (approximately 3 s rise time) and roughly
symmetric. The FN component contains two similarly narrow pulses,the �rst
(B) concurrent with A. The second(C) arrives2.6 s later and is only slightly
smallerin amplitude. Furthermore,about 6.5safter the initial pulse,a broad
motion (D) beginson the FN component, comprisingof motion toward and
then away from the fault.

We focus on several features. First, the FP amplitude is approximately
1.5 times larger than FN. This is not typical of large strike-slip earthquakes,
asdiscussedby Archuleta and Hartzell (1981); Hall et al. (1995). As several
authors have suggested(Ellsworth et al., 2004;Aagaard and Heaton, 2003)
and wecorroborate, this is accounted for by supershearrupture speeds.How-
ever, kinematic analyseswhich allow slip only onceat the rupture front have
failed to explain pulsesC and D. We show that thesepulsesarise naturally
in dynamic modelsthat exhibit a transition from sub-Rayleigh to supershear
rupture speeds;assuch, they are a uniquely transient feature not present in
steady-statesolutions. A considerationof the dynamicsof such a transition
suggeststhat the breakdown in stressoccurring behind the rupture front re-
leasesinterface wavesalong the weakenedfault that trail the faster-moving
supershearfront. Theseare essentially Rayleigh wavesdispersedby friction,
although, depending on the stabilit y of the frictional sliding and rupture
pulse width, these may be accompaniedby a stressdrop. These interface
wavescauseadditional slip but carry almost all of their energyin FN motion
(pulse C), hencetheir absencefrom the FP component.

As is well known, mode II cracks are allowed to propagate within two
steady-statevelocity regimes: either below the Rayleigh wave speed (sub-
Rayleigh) or between the S and P wave speeds(supershear). Propagation
betweenthe Rayleigh and Swave speedsis associated with energygeneration
rather than dissipation within the breakdown zone, indicating that these
velocities should be rejected as unphysical. Theoretical studies suggested
the possibility of supershearruptures, beginningover three decadesagowith
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a study by Burridge (1973)of the self-similarly expandingmodeII crack with
a critical stressfracture criterion. His analytical solution showed that as a
sub-Rayleigh crack extends, a peak in shearstresstraveling at the S wave
speeddevelopsaheadof the crack tip. For prestresslevels su�cien tly close
to the critical stress,this peak exceedsthe critical level and could initiate a
supershearrupture. This was later con�rmed by the numerical experiments
of Andrews (1976), which extendedthe fracture criterion to a more realistic
condition requiring �nite energydissipation for crack growth.

Seismologicalobservations suggestthat supershearpropagation has oc-
curred, at least locally, in a number of crustal strike-slip events. Archuleta
(1984) concludedthat rupture velocities exceedingthe S wave speed were
necessaryto explain records from the 1979 Imperial Valley event. Strong
motion recordingsof the 1999 Izmit and D•uzce events suggestsupershear
growth, at least in one direction (Bouchon et al., 2000, 2001). Waveform
modeling of regional recordsfrom the 2001Kunlunshan earthquake also in-
dicatessupershearvelocities (Bouchon and Vall�ee,2003).

Recent laboratory studiesby Rosakisand coworkers(Rosakiset al., 1999;
Xia et al., 2004)providedexperimental veri�cation of supershearcrack growth.
Several numerical (Geubelle and Kubair, 2001;Fukuyama and Olsen,2002;
Dunham et al., 2003)and analytical (Huang and Gao,2001,2002;Samudrala
et al., 2002;Kubair et al., 2002;Guo et al., 2003) studies have focusedon
properties of and mechanismsfor triggering supershearpropagation.

Elasto dynamic Considerations

The allowed velocity regimesand supershear transition mechanism follow
from a study of the waves that transmit shearing forces from within the
breakdown zone to the unbroken material aheadof the rupture front. To
illustrate this, we considera semi-in�nite mode II crack constrainedto the
plane y = 0 in a homogeneouselastic medium, with �elds depending on x
and y only. The medium is characterizedby a shearmodulus � and P and S
wave speedscp and cs. At time t = 0, the crack tip, which is moving along
the positive x-axis at velocity V, passesthe origin.

To solve for the �elds within the medium, we must specify boundary con-
ditions on the material directly on either sideof the fault. In order that the
fault doesnot open, we require continuity of normal displacement. Continu-
it y of shearand normal tractions acrossthe interfacefollowsfrom momentum
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conservation. Furthermore, at each point on the fault, we must specify ei-
ther slip or sheartraction. In contrast to a kinematic sourcerepresentation,
in which the slip �eld is speci�ed at every point on the fault, we follow the
usualdynamic representation by specifying sheartraction behind the moving
crack tip and slip (identically zero) ahead. We require the stress�eld to be
nonsingularat the tip, which is accomplishedby introducing a �nite length
or time scaleover which the breakdown in stressoccurs, as in the cohesive
zonemodelsof Ida (1972); Palmer and Rice (1973); Andrews (1976).

We then consideran advanceof the crack tip over an in�nitesimal time
interval dt. As the crack extends,the sheartraction relaxesbehind the crack
tip. The exact processby which this occursdependson the speci�c friction
law or fracture criterion. The linearity of the governing equations allows
us to construct the breakdown in stressas a superposition of line tractions
(extending in�nitely in the z-direction), each applied at somedistancex =
� L behind the crack tip with amplitude F (force/length) and having step-
function time dependence.Sincethe sheartraction at time t = dt is speci�ed,
then F (x) = [� xy (t = 0; x) � � xy (t = dt; x)] dx, wheredx = Vdt and � ij are
the components of the stress�eld createdby slip. This is illustrated in Figure
3. The regionof nonzerostressdrop, in contrast to the actively slipping area
in the kinematic representation, is the only sourceof elastic waves in the
dynamic representation.

Letting ui be the components of the displacement �eld created by slip,
we formally de�ne this mixed boundary value problem as

ux(t; x; y = 0) = 0 for V t < x < 1

� xy (t; x; y = 0) = � F H (t)� (x + L) for � 1 < x < Vt (1)

� yy(t; x; y = 0) = 0 for � 1 < x < 1 ;

where H (t) is the step function and � (x) is the delta function. The last
equation, which states that the normal stressis unchangedby slip, follows
from symmetry conditions that arise when requiring the continuity of both
normal stressand normal displacement.

Our approach to understandingdynamic crack growth is similar to that
taken by Freund (1972a,b),and our problem is related to his so-calledfun-
damental solution in the limit that L ! 0. The advantage to keeping L
�nite is conceptual,a�ording us an insight into the elastodynamic processes
occurring within the breakdown zone.
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We could further generalizethis model by placing the stressdrop some
distanceo� of the fault within a damagezone. In this casethe superposi-
tion would be over the volume containing the o�-fault damage,rather than
localized to the area of the fault within the cohesive zone. Consideringthe
problem from this perspective, the transmission of forces to the unbroken
area aheadof the crack tip occurs with the broken fault behind the crack
tip playing the role of an interfacial waveguidefor the elastic wavesemitted
from within the damagezone. Sincewe have posedthe problem within the
framework of a mixed boundary value problem, the transition between the
regionsin which we specify sheartraction and thosein which we specify that
slip vanishes(i.e., the crack edge),acts asa di�racting boundary. The waves
releasedby the stressdrop overtake the crack tip and di�ract o� of it (see
Figure 4).

The solution to our problem de�nes the Green function for somedistri-
bution of shear tractions applied on the sliding surfaceof a moving crack.
Known as a transient weight function, it has a known analytical solution
in the Fourier-Laplacedomain (Freund, 1974;Brock, 1982;Kuo and Chen,
1992;Freund, 1989;Broberg, 1999). However, since the problem possesses
a characteristic length, the solution is not self-similar and requiresmultiple
integrations to invert the transforms and extract the space-timehistory of
the velocity and stress�elds. Inversionof thesetransforms is, to the best of
our knowledge,absent from the literature except for the useof asymptotic
theoremsto study the evolution of the stressintensity factor. Consequently,
we present insteada numerical solution using the boundary integral method-
ology proposedby Geubelle and Rice (1995). The slip velocity and shear
traction on the interface are shown as a function of position and time in
Figure 5 for a stationary crack tip. A similar solution is obtained for sub-
Rayleigh crack speeds;only whenthe crack velocity exceedssomewave speed
doesthe wavefront pattern changesincethesewaveswill no longer overtake
the crack tip.

Up until the arrival of the P wave at the crack tip, the solution is self-
similar and identical to that of Lamb's problem (a shear line force applied
on the surfaceof a traction-free half-space),which is used to validate the
numerical method (seethe inset in Figure 5). As such, the main featuresare
well known. The line forceemits P and S waveswith cylindrical wavefronts,
aswell asplanar headwavesand an interfacial Rayleigh wave. A point on the
fault beginsto slip in the direction of the applied traction at the simultaneous
arrival of the P wave and a head wave traveling along the interface at the
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P wave speed. This head wave is a radiating S wave excited by evanescent
P waves trapped on the fault surface. Forward sliding continues until the
arrival of the S wave, at which point slip reverses,with the interface sliding
in the direction opposite the applied traction. Reversesliding ceaseswhen
the Rayleigh wave arrives; positive slip velocity peaksat and decays after
its arrival, with slip reaching the steady-statevalue only asymptotically as
is characteristic in two dimensions.

There is a direct correlation between the allowed propagation velocity
regimesand the direction of slip relative to the applied traction, as pointed
out by Das (2003). For a given distribution in time and spaceof sheartrac-
tions (i.e., a prescribed rupture history), we could calculate the slip velocity
history, which would be equivalent to that generatedin Lamb's problem plus
a correction to account for di�ractions o� of the crack tip, which are further
discussedbelow. The rate of energydissipation at each point on the fault is
the product of the sheartraction and slip velocity, from which we seethat
only when the fault slips in the direction of the applied traction is energy
dissipated. Reversemotions, which we have allowed in our problemto render
it linear, are typically prevented by friction; otherwise, this processwould
unphysically createenergy.

Let us now take the steady-state limit of our problem. In this case,it
is more appropriate to consider�xing the distanceL in a frame that moves
with the crack tip; such an analysiswasconductedby Burridge et al. (1979)
in their study of the stabilit y of supershearpropagation velocities. In the
steady-state limit, only motions for which the apparent velocity along the
fault matchesthat of the crack tip remain (i.e., thosehaving a ray parameter
of V � 1). For sub-shearpropagation velocities, this implies that the driving
force is carried only by evanescent P and S waves on the fault surface. A
reversalin the direction of the shearingforcecarriedby thesewavesoccursat
the Rayleigh speed,resulting in the velocity rangebetweenthe Rayleigh and
S wave speedsbecomingforbidden. In the supershearregime, the P wave
remains evanescent but the S wave switches from evanescent to radiating.
The angle that the S wavefront makes with the fault is the Mach angle
arcsin(cs=V). The associated shear�elds retain a �nite amplitude at in�nit y
along the Mach cone. The only velocity at which the S wave vanishesis the
well known

p
2 times the S wave speed(Eshelby, 1949). The signi�cance of

this velocity appears clearly in the expressionfor the traction components
on a 
at surfacedue to incident plane waves(e.g., (Aki and Richards, 2002,
p.132)). In our case, the situation is reversed, with traction changeson
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the surfaceexciting somesuperposition of plane waves. Our sourceis the
application of a sheartraction, with the normal traction remainingconstant.
It follows from the expressionsin Aki and Richards (2002) that changesin
sheartraction moving at V =

p
2cs will not excite S waves.

We now return to the generaltransient problem and considerthe di�rac-
tion pattern that emergeswhensteady-stateconditionsarenot satis�ed. This
can occur when the crack tip acceleratesbetween two steady-stateregimes
or when the magnitude of the stressdrop is spatially heterogeneous.A sim-
ple illustration of this phenomenonis the growth of an initially steady-state
crack into a regionof increasedstressdrop (an asperity), as in the numerical
study of Fukuyama and Olsen (2002). If we constrain the crack velocity to
remain constant through this process,then the resulting �elds can be con-
structed as a superposition of the �elds carried by the original steady-state
crack and the �elds generatedby the additional stressdrop within the asper-
it y applied somedistancebehind the moving crack tip, the remainderof the
fault behind the tip being traction-free. This additional solution is exactly
the transient di�raction problem we have solved. If we relax the constant ve-
locity condition and allow the crack to grow spontaneouslyaccordingto some
fracture criterion, then provided that the additional energyreleasedwithin
the asperity is su�cien t, the di�racted P and S waves will initiate supers-
hear growth. If this energy is su�cien tly concentrated (by an abrupt large
amplitude asperity), then the crack tip will be driven forward continuously
by thesedi�racted wavesto a supershearvelocity. If the asperity amplitude
is smaller, yet still large enough to provide su�cien t energy to power the
supershearrupture, then the di�racted S wave peak will build up gradually
aheadof the crack tip and the supersheartransition will be discontinuous.

Another sourceof thesetransient featuresis the presenceof an additional
di�racting boundary, such as the secondcrack tip (see,e.g., Figure 1 of Es-
helby (1969)) or the healing front in a rupture pulse model. The multiple
di�ractions betweenthe two expandingcrack tips generatethe S wave stress
peak that appearsin analytical self-similarsolutions for sub-Rayleigh cracks
(Burridge, 1973; Broberg, 1994, 1995; Freund, 1989; Broberg, 1999). The
supershear transition appearing in the numerical experiments of Andrews
(1976) on a bilaterally extending crack with homogeneousstressdrop oc-
curs by this mechanism. For an expanding crack, these di�ractions have
signi�cant amplitude only during nucleation, wherethe characteristic length
controlling the development of thesefeaturesis the nucleation zonesize,as
found by Andrews (1976). In this casethe S wave peak builds up gradu-
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ally, resulting in a discontinuous triggering of the supershearrupture some
distanceaheadof the original sub-Rayleigh rupture.

For supershearpropagationvelocities, the Rayleigh and S wavesreleased
within the breakdown zonewill not overtake the crack tip. As self-similar
analytical solutions in this velocity regimereveal (Burridge, 1973;Broberg,
1994,1995),slip is not concentrated uniquely at the rupture front, asit is for
sub-Rayleigh ruptures. A secondpeakin slip velocity travelsat the Rayleigh
speed. Similarly, spontaneouslypropagatingcracks that acceleratefrom sub-
Rayleigh to supershearvelocities leave behind a secondaryslip pulseat the
Rayleigh speed. This feature emergesnaturally from our representation of
crack growth as Rayleigh waves generatedwithin the breakdown zonethat
never reach the faster-moving crack tip. If the supersheartransition is trig-
geredby an asperity, then theseRayleigh wavesderive their energyfrom the
additional stressreleasewithin the asperity. As we later discuss,the signa-
ture of theseRayleigh waves in seismicradiation manifestsalmost entirely
in ground motions perpendicular to the fault plane.

The e�ect of friction on the fault will be to dispersetheseRayleigh waves.
The dispersion relation for a linearized version of rate and state friction is
given by Rice et al. (2001). Depending on frictional parametersand sliding
conditions, larger wavelengthsmay unstably grow into the nonlinear regime
until a stressdrop occurs. In this way, the Rayleigh wave could be viewed as
a secondaryrupture.

Extensionof this analysisto three dimensionalcrack propagation is com-
plicated. The representation of the breakdown zoneconsistsof a superpo-
sition of point shear tractions applied somedistance behind an arbitrarily
shaped moving crack edge.Curvature of the crack edgefocusesor defocuses
the radiation releasedby the tractions (Achenbach and Harris, 1978). Such
focusingalonecan be su�cien t to trigger localizedsupershearbursts (Dun-
ham et al., 2003). Furthermore, the driving forceprovided by the stressdrop
becomesdirectionally dependent. Including friction and rotation of the slip
vector introducesanother nonlinearity into the problem. An exact solution
for a point stressdrop in three dimensions,neglectingany di�ractions but
including a linearized treatment of rake rotation under constant friction, is
given by Dunham (2004).
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Spontaneous Mo deling

Weconstructa simplerupture modelexhibiting a transition from sub-Rayleigh
to supershearpropagation, and show that the ground motion explains sev-
eral featuresrecordedat PS10. We usea staggered-grid�nite di�erence code
with secondorder explicit time stepping(Favreau et al., 2002). The method
convergesspatially at eighth order away from the fault and has perfectly
matched layer absorbingboundarieson all sides,except the free surface,to
prevent arti�cial re
ections from contaminating the solution. Slip is con-
strained to be horizontal, renderingthe dynamicsinsensitive to the absolute
stresslevel. Reverseslip is prohibited.

Sincethe station is located only 3 km from the Denali fault and many
tensof kilometersfrom the SusitnaGlacier and Totschunda faults, we model
the rupture processon only onestraight fault segment. The dynamic inverse
problem pushesthe limits of current computational capabilities (Peyrat and
Olsen, 2004), so we use trial and error forward modeling. For simplicity,
and to demonstratethat a supersheartransition is the only feature required
to match the ground motion, we assumethat all material and frictional
properties are uniform with depth.

Weusea simplefriction law that exhibits both slip-weakeningand healing
behaviors. The two parameter law requires that a slip-weakening distance
D and healing time T be speci�ed at each point on the fault. We de�ne the
non-dimensionalizedstressas � = (� xy � � f )=(� y � � f ), where� y and � f are
the yield stressand sliding friction. The stressevolvesfollowing

_� = �
� � v
D

+
1 � �

T
(2)

oncethe fault beginsto slip. Slip velocity is de�ned as � v = vx (y = 0+ ) �
vx (y = 0� ) and reverseslip is forbidden. This friction law was introducedby
NielsenandCarlson(2000),andprovidesa convenient way to includehealing.
For T ! 1 , it reducesto an exponential slip-weakening law. Note that the
slip-weakening distanceD for this model is twice that usedin the standard
linear slip-weakeningmodel (Andrews,1976)having the samefracture energy.

We arti�cially nucleate the rupture by slightly overstressinga region 61
km from the station, chosento match the distanceto the intersectionof the
SusitnaGlacier and Denali faults. As several modelshave suggested(Harris
et al., 1991;Harris and Day, 1993;Kaseand Kuge,1998;Magistraleand Day,
1999;Andersonet al., 2003),ruptures jump betweenfaults almostexclusively
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when the initial rupture reaches the edgeof the original fault. Dynamic
modeling of the transfer from the SusitnaGlacier to Denali fault by Aagaard
et al. (2004)suggeststhat this occursabout 10 s after initiation. The arrival
time of pulsesA and B then placesa lower bound on the averagerupture
velocity from the intersectionof the faults to PS10of 0.75cs, neglectingany
time spent during nucleation on the Denali fault. Assuming that pulsesA
and B are associated with a supershearrupture (propagating at about 1.5cs)
and pulse C with a Rayleigh wave, then the separation in time between
these pulsesrequires the supershear transition to have occurred about 30
km before PS10. Combined with the assumption that slip transfers from
the Susitna Glacier fault to the Denali fault about 10 s after nucleation
(Aagaard et al., 2004),we estimate an initial sub-Rayleigh rupture speedof
about 0.5-0.6cs. In our models, the rupture beginsbilaterally on the Denali
fault, but we introducea barrier 10 km to the west, consistent with surface
slip measurements (Eberhart-Phillips et al., 2003), that arrestspropagation
in that direction. The initial stresslevel is selectedsuch that the rupture is
sub-Rayleigh, and no healing is usedinitially .

We distinguish between two types of supersheartransitions observed in
our simulations. In the �rst, the S wave stresspeak that triggers the transi-
tion is releasedduring nucleation(asin Andrews(1976)). Evenfor a properly
resolved nucleation processwith the slip-weakening laws used, an overesti-
mate of the critical crack length (due to usingan inappropriately largevalue
of the slip-weakening distance) will result in a physically premature transi-
tion. If ruptures nucleatefrom much smallerpatchesand the slip-weakening
distance that governs fully dynamic propagation is much larger than that
governing nucleation (as experimental and numerical work indicates), then
numerical results exhibiting this type of transition are incorrect. Instead, a
preferabletype of transition would be one in which nucleation generatesa
negligiblesheardi�raction peakand someother process,such asgrowth into
a regionof increasedstressdrop (Fukuyama and Olsen,2002)or focusingby
rupture front curvature (Dunham et al., 2003),builds the peak to a critical
level. To ensurethis, we trigger the supersheartransition by increasingthe
initial stresslevel in an asperity beginningabout 30 km from the hypocenter
(seeFigure 6), and make sure that di�ractions from the nucleation process
have negligible in
uence on rupture growth.

The short rise times at PS10 are inconsistent with a traditional crack
model, indicating that the actively slipping regionis quite narrow, asappears
to betypical in the earth (Aki, 1968;Archuleta andDay, 1980;Heaton,1990).
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Several mechanismsare known to generaterupture pulses,which are recog-
nizedasan alternative and equally valid solution to the elastodynamic equa-
tion (Freund,1979;Broberg,1999;Nielsenand Madariaga,2004). Strongslip
rate weakening is onepossibility (Cochard and Madariaga,1994;Madariaga
and Cochard, 1994;Perrin et al., 1995;Zhengand Rice,1998). A friction law
containing restrengtheningon a short time scalecan also generaterupture
pulses(Nielsen and Carlson, 2000). Rupture pulsesalso result from inter-
action with geometricalheterogeneities,such as strength heterogeneitiesor
fault borders that transmit arrest phasesto initiate healing (Archuleta and
Day, 1980;Day, 1982;Johnson,1990;Berozaand Mikumo, 1996).

We present three models. The �rst (I) allows slip to 10 km depth and
lacks healing. With theseconstraints, we wereunableto match the short rise
time on the FP component. Decreasingthe slip-weakening distancedoesnot
alter the FP rise time, and actually makesFN pulseB too narrow. Instead,
we tried two approaches to decreasethe rise time. Our secondmodel (I I)
allows slip to 10 km depth but adds a healing time of order one second
(only within the asperity region). In these�rst two models, a healing front
emanatesfrom the westernsideof the Denali fault when the rupture arrests
there, creating a rupture pulseabout 16 km wide. The pulsewidth remains
constant until the rupture encounters the region of high prestress,where
the supersheartransition begins. The third model (I I I) lacks healing, but
restricts slip to 5 km depth. In this case,the rupture pulsewidth is about 8
km, and is controlled by the fault width rather than by the stopping phase
from the westernendof the fault. The model parametersand fault geometry
are summarizedin Table 1 and Figure 6. Snapshotsof the rupture history
of our modelsare shown in Figure 7 and Movies 1-3. Figure 8 comparesour
synthetics to the corrected data. We allow a linear shift in time since the
nucleation processis arti�cial. We scalethe amplitude of our synthetics to
match pulseA identically; this setsthe magnitude of the stressdrop � y � � f

(Table 1).
Let usbeginwith model I. When the rupture enters the regionof increased

prestress,the transient di�ractions appear and acceleratethe rupture from
0:65cs to 1:6cs. It continuesat the supershearvelocity as it passesthe sta-
tion. The supershearrupture takesthe form of a pulseof expandingwidth,
with the healing front trailing at the S wave speed. The fault is locked after
this healingfront until the Rayleigh arrival, in accordancewith the elastody-
namic considerationsdiscussedpreviously. This correspondsto the forbidden
velocity region that occurswhen the slip direction attempts to reverseitself.
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Our theoretical model also predicts a Rayleigh wave behind the supershear
front, which manifestsitself hereasa secondaryslip pulse. This model gives
too largeof a rise time on FP to be consistent with the data. In contrast, we
�nd the width of FN pulsesB and C to be far lesssensitive to the slip du-
ration. However, the dip in amplitude betweenthesepulsesis controlled by
the slip duration, and the strong dip seenin the data suggeststhat the fault
has negligible slip between the supershearrupture front and the secondary
Rayleigh rupture pulse.

There are several featuresthat are not predicted by the two dimensional
theoretical model, which neglectsboth the �nite width of the fault and the
free surface.The propensity of ruptures near the free surfaceto becomesu-
pershearhasbeennotedby several researchers(Aochi, 2002;Gonzalez,2003),
and is related to phaseconversionat the freesurface.This phenomenoncan
be seenin Figure 7 and Movies 1-3, in which the supershearrupture front
emergesat the free surface and spreadslaterally down the rupture front.
Note alsothe changein the slip velocity pattern acrossa line extendingback
from where the rupture front meetsthe free surface,as well as where it in-
tersectsthe bottom edgeof the fault (particularly evident in the last several
snapshots).The anglethat this line makeswith the horizontal is the S wave
Mach angle,indicating that behind this wavefront, S wavesconverted by the
free surfacecauseincreasedslip velocity.

In model I I, we add frictional healingto decreasethe rupture pulsewidth.
In this case,the healingfront follows at approximately the samespeedasthe
supershearrupture front. To match the short rise time of pulseA requiresa
healing time T of order onesecond(Table 1). This generatesa complicated
stresshistory on the fault becausethere is an additional stressdrop associated
with the secondaryslip pulse. Healing raisesthe stresslevels such that a
su�cien tly large perturbation (provided by the Rayleigh wave) destabilizes
the frictional sliding to generatea secondaryrupture. This doesnot occur
in the previous model, where the secondaryslip pulse is closer to a true
Rayleigh wave that propagateswithout altering the fault tractions. However,
the healing is too strong for the secondarypulse to persist, and it dies out
after propagating about 30 km.

This healingtime doesnot necessarilyimply a rapid restrengthening,but
may be interpreted asevidenceof a characteristic time arising from someun-
modeledsourceprocessthat locks the fault. Such a valuecould be related to
a smaller length scalecharacterizingstrength or stressheterogeneities,which
has been shown to control the rupture pulse width (Beroza and Mikumo,
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1996). We test this hypothesis in model I I I, which introducesthe smaller
length scalesimply by limiting slip to 5 km depth. This achievesa compara-
bly short rise time without the useof healing. In this case,the rupture pulse
width is controlled by the fault depth, as in Day (1982). The healing front
movesat the samespeedas the supershearrupture front.

The amplitude and duration of pulsesA, B, and C are well matched for
models I I and I I I. The simplicity of our models allows us to explain the
relationship betweenfault processesand the ground motion pulses.We show
the evolution of FP and FN ground motions for model I I I as the rupture
transitions to supershearvelocities in Figure 9, and for all models in Movies
4-9. We also present seismogramsfor this model at hypothetical stations
beforeand after PS10in Figure 10, which highlight the fact that the PS10
recordexhibits characteristicsof both supershearand sub-Rayleigh ruptures.

Beforeencountering the high stressregion, the radiation pattern is char-
acteristic of steady-statesub-Rayleigh ruptures in that FN dominatesFP in
amplitude. The FP radiation pattern is characterizedby four lobes (nodal
on the fault plane) that give rise to two one-sidedpulsesrecordedat a �xed
receiver. The pattern is e�ectively that of a dislocation source.On the right-
moving block, the FN motion precedingthe rupture is away from the fault
and trailing the rupture is in toward the fault. This results in the typical
two-sidedFN pulse. Thesecharacteristic motions are discussedby Archuleta
and Hartzell (1981);Hall et al. (1995)and wereobserved, for example,in the
1966Park�eld earthquake (Aki, 1968). As the rupture pulselength increases
(approaching a crack model), the two trailing lobes on FP coalesceinto a
largetail. In addition, the downward FN motion arriveslater and diminishes
in amplitude. The downward motion is thus directly associated with the
passageof the healing front.

Evidenceof the supersheartransition on the FP component comesasthe
rupture begins to outrun the S waves, which ultimately lie behind a pla-
nar wavefront emanating from the rupture front in a Mach cone. Arriv al of
this wavefront givesrise to the large one-sidedpulse (A). The amplitude of
this feature increasesasthe supershearrupture develops,until its amplitude
dominatesthe FP motions (seeFigure 10). In addition to the planar shear
wavefront, the fully developed supershearrupture possessesa two-lobed pat-
tern precedingthe main shearwavefronts that must arisefrom P waves. The
lack of a preliminary bump precedingpulseA indicatesthat the rupture was
not in steady-stateconditions as it passedthe station. The small rise and
plateau beforepulseA arrivesmuch too early to be an indication of this fea-
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ture. The trailing Rayleigh wave has negligible signature in the FP ground
motion.

The pattern of FN ground motion associated with the supersheartran-
sition is more complex. A pair of one-sidedpulses,with motion away from
the fault on the right-moving block, begin to emanatefrom the supershear
rupture front along the planar S wavefronts. These grow in amplitude as
steady-statesupershearconditions are reached and correspond to pulse B.
Note that the motion actually peaksslightly beforeFP pulse A, consistent
with the observations. This is becausethe motion actually preceedsthe Mach
cone. This motion decreasesto a minimum betweenpulsesB and C. PulseC
correspondsto the Rayleigh wave, and is similar in characteristic to a typical
subshearrupture. The dip betweenthesepeakslikely indicatesthat the fault
hasno signi�cant slip betweenthe supershearrupture front and the Rayleigh
wave. The amplitude of the trailing Rayleigh wave is particularly sensitive
to the frictional evolution of the fault. If accompaniedby too largeof a stress
drop (as could occur if the fault rapidly restrengthens),the Rayleigh wave
developsinto a strong secondaryrupture, accompaniedby an amplitude in-
creasein theselater motions. Also, if the triggering prestressis too large, the
majorit y of the energy goes into supershearmotions at the expenseof the
Rayleigh pulse. This placesa strong constraint on the triggering prestressin
our models,and we �nd it to be just barely above the minimum required to
initiate the supersheartransition.

We did not �nd it possibleto exactly �t the negative FN pulse D. A
similar negative motion appears after the passageof a dislocation, and is
associated with the healing front in a rupture pulsemodel. An examination
of the rupture histories shows that our models exhibit an extremely narrow
Rayleigh rupture pulse that causesthe negative FN pulse to arrive immedi-
ately after pulse C. We speculate that pulse D corresponds to the passage
of a healing front associated with a Rayleigh pulseroughly twice as wide as
observed in our models. In our models,the Rayleigh wave is likely to be nar-
row because�nite di�erence methodshave di�cultly resolvingsurfacewaves.
Furthermore, broadeningof the Rayleigh wave could also occur due to fric-
tional dispersion, as is characteristic of any friction law possessingintrinsic
time or length scales. Further work is neededto test this hypothesis, but
if true, then this record could provide valuable constraints on the frictional
properties of slipping faults.
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Discussion

We have analyzed strong ground motion recordings from the 2002 Denali
Fault earthquake and concludethat they provide evidenceof supershearrup-
ture propagationpast PS10. A study of the wavesgeneratedwithin the stress
breakdown zonebehind the rupture front shedslight on how the forcesthat
drive supershearpropagation are transmitted to the unbroken region ahead
of the rupture front. As noted by Ellsworth et al. (2004), a supershearrup-
ture leadsto largeamplitudeson both the FP and FN components of motion.
Rupture growth into a region of increasedstressdrop triggers a set of tran-
sient di�ractions that acceleratethe rupture from sub-Rayleigh to supershear
velocities. This processis accompaniedby the releaseof a Rayleigh wave on
the fault surface.This appearsasa secondaryslip pulsethat manifestsitself
primarily in FN ground motion, explaining late arriving FN pulsesrecorded
at PS10 that are not explained in supershearkinematic models. The sep-
aration in time of theseFN pulsesindicates that the supersheartransition
occurredabout 30 km beforePS10.

While our models show persistent supershearrupture well after PS10,
this is not required by the recordsof PS10and occursonly becausethe high
prestresslevel used to trigger supersheargrowth is maintained thereafter.
To placea lower bound on the supershearpropagation distancerequired to
match the PS10record,we limited the width of the high stressregion(Figure
6). We found that a minimum width of about 35 km is required to match
the records. In this case,the supershearrupture is transient. It persists
beyond the high stressregion and dies out about 30 km past PS10. When
the secondaryRayleigh rupture pulse encounters this region, it resumesits
role as the only rupture front.

The narrow width of pulse A and the strong dip in amplitude between
pulsesB and C are incompatible with a traditional crack model, indicat-
ing that the supershearrupture took the form of a narrow slip pulse. The
samecannot be concludedfor the secondaryRayleigh rupture pulse, which
we speculate was about twice as broad as the pulse observed in our simu-
lations. Our dynamic models demonstrate that a narrow supershearpulse
could arise either from frictional healing over a time scaleof 1.5 s or from
the presenceof a 5 km length scalecharacterizing the stressdistribution.
While the rupture historiesof thesemodelsdi�er (Figure 7 and Movies1-3),
the resulting ground motion at PS10is nearly identical (Figure 8). In light
of this, we emphasizethat our models should not be interpreted as provid-
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ing an exact slip history of the fault, which cannot be determined uniquely
from one record. Instead, our models contain only the minimum number of
parametersrequired to explain the main featuresof the record.

The multiple slip pulsesthat we observe in our dynamic modelshighlight
the di�cult y kinematic modelsmay have when �tting or inverting data that
result from supershearruptures, particularly if supersheargrowth occurs in
transient bursts. Dynamical inversione�orts like thoseby Peyrat and Olsen
(2004), while presently extremely expensive computationally, are a possible
future solution.
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parameter model I model I I model I I I
� 32.4GPa
cs 3.4 km/s
cp 5.89km/s

grid spacing 125m
time step 4.09ms

distanceto station 61 km
distanceto asperity La 24.375km 27.375km 28.75km

fault width 10 km 10 km 5 km
� (outside asperity) 0.45 0.45 0.7
� (within asperity) 0.7 0.77 0.87

� y � � f 28.4MPa 40.0MPa 31.5MPa
D 1.43m 2.01m 1.58m
T 1 1.47s 1

Table 1: Parametersfor our three models.

Figure 1: Fault geometryaround PS10(after Ellsworth et al. (2004)).
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Figure 2: Instrument-corrected ground motions for PS10. The main velocity
pulsesare labeledto clarify discussionin the text. The record beginsat the
P wave arrival from the thrust event at 22:12:56.36UTC (Ellsworth et al.,
2004).
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cated somedistancebehind a stationary crack tip, after both P and S waves
overtakethe crack tip. Rayleighwavesandbody wavesgeneratedby Rayleigh
wavesdi�racting o� of the crack tip are not shown to avoid excessive com-
plication. The crack, denotedby the heavy line, lies in the half-planey = 0,
x < 0. Direct and di�racted wavesare labelled, and H denotesa headwave
resulting from P to S conversionon the crack face.
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Figure 5: Evolution of slip velocity (x < 0) and shear traction (x > 0)
after the step-function application of a line stressdrop of magnitude F at
x = � L behind a stationary crack tip. The color scalemeasuresthe non-
dimensionalizedslip velocity and sheartraction labeledat the top. The inset
comparesthe numerical slip velocity (points) just prior to wave arrivals at
the crack tip to the analytical solution for Lamb's problem (solid line). The
peak in sheartraction associated with the P to S wave conversion is labeled
PS.
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Figure 6: Model fault geometry and initial stressconditions (the solid line
corresponds to model I; seetable 1 for the parametersof the other models)
usedin the spontaneousrupture calculations. PS10is markedwith a triangle.
Hypothetical stations spacedevery 2.5 km between20 km and 80 km, where
we also compute ground motions, are denotedby small circles. La denotes
the distanceto the asperity, approximately 30 km. The initial stresspro�le
markedby the dashedline shows the minimum width of the asperity required
by the record of PS10,as discussedat the end of the text.
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Figure 7: Snapshotsof the fault surfacewith the color scalemeasuringslip
velocity for (a.) model I (no healing, slip to 10 km depth, shown every 1.83
s), (b.) model I I (including healing, slip to 10 km depth, shown every 1.83
s), and (c.) model I I I (no healing, slip to 5 km depth, shown every 1.65 s).
Time advancesfrom bottom to top. The solid white lines show wave speeds
(Rayleigh, S, and P from bottom to top). The dashedwhite line marks the
position of the station.
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Figure 8: Comparison between recordedand synthetic ground motions at
PS10 for (a.) model I (no healing, slip to 10 km depth), (b.) model I I
(including healing,slip to 10 km depth), and (c.) model I I I (no healing,slip
to 5 km depth).
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