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Abstract

Elastodynamic considerationssuggestthat the accelerationof ruptures to

supershearvelocities is accompaniedby the releaseof Rayleigh waves along
the fault from the stressbreakdovn zone. Thesewavesgeneratea secondary
slip pulsetrailing the rupture front, but manifest almost ertirely in ground
motion perpendicular to the fault in the near-sourceregion. We construct a
spontaneously propagating rupture model exhibiting thesefeatures,and use
it to explain ground motions recordedduring the 2002 Denali Fault earth-

guake at pump station 10, located 3 km from the fault. We shav that the

initial pulseson both the fault normal and fault parallel componerts are due
to the supershearstressreleaseon the fault while the later arriving fault

normal pulsesresult from the trailing subshearslip pulse on the fault.

In tro duction

On November 3, 2002,a M,, 7.9 earthquake shook certral Alaska. Rupture
initiated at 22:12:41.0UTC on the SusitnaGlacier thrust fault beforesubse-
quertly transferring onto the Denali fault. After propagating240km easton
this fault, the rupture branched onto the Totschunda fault. Only oneinstru-
mert, pump station 10 (PS10), maintained by the Alyeska Pipeline Service
Compary, recordednear-sourceground motions. PS10is located approxi-
mately 70 km east of the epicerter along the Denali fault near the Trans
Alaska Pipeline. Figure 1 provides a schematic map of the fault geometry



Finite fault inversionsand geologicalconsiderationssupport a right-lateral
strike-slip medanismon a nearly vertical fault near PS10(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 extendedpastit. Figure 2 shaws the instrument-corrected records,
which have beenrotated into fault normal (FN) and parallel (FP) compo-
nerts (Ellsworth et al., 2004).

A single one-sidedpulse (labeled A in Figure 2) characterizesthe FP
componert. The pulseis narrow (approximately 3 s rise time) and roughly
symmetric. The FN componert cortains 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 6.5 s after the initial pulse,abroad
motion (D) beginson the FN componert, comprising of motion toward and
then away from the fault.

We focus on se\eral features. First, the FP amplitude is approximately
1.5times larger than FN. This is not typical of large strike-slip earthquales,
asdiscussediy Archuleta and Hartzell (1981); Hall et al. (1995). As se\eral
authors have suggestedEllsworth et al., 2004; Aagaard and Heaton, 2003)
and we corroborate, this is accoured for by supershearupture speeds.How-
ewer, 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;assud, they are a uniquely transiert feature not presei in
steady-statesolutions. A considerationof the dynamicsof sud a transition
suggestghat the breakdavn in stressoccurring behind the rupture front re-
leasesinterface waves along the wealkenedfault that trail the faster-moving
supershearfront. Theseare essetially Rayleigh wavesdispersedby friction,
although, depending on the stability of the frictional sliding and rupture
pulse width, these may be accompaniedby a stressdrop. These interface
wavescauseadditional slip but carry almostall of their energyin FN motion
(pulse C), hencetheir absencdrom the FP componert.

As is well known, mode Il cradks are allowed to propagate within two
steady-state velocity regimes: either belonv the Rayleigh wave speed (sub-
Rayleigh) or betweenthe S and P wave speeds(supershear). Propagation
betweenthe Rayleigh and S wave speedsis assaiated with energygeneration
rather than dissipation within the breakdavn 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 expandingmode Il cradk with

a critical stressfracture criterion. His analytical solution shaved that as a
sub-Rayleigh cradk extends, a peakin shearstresstraveling at the S wave
speeddewelopsaheadof the crad tip. For prestresslevels su cien tly close
to the critical stress,this peak exceedghe critical level and could initiate a
supershearrupture. This was later con rmed by the numerical experimerts

of Andrews (1976), which extendedthe fracture criterion to a more realistic
condition requiring nite energydissipation for crack growth.

Seismologicalobsenations suggestthat supershearpropagation has oc-
curred, at leastlocally, in a number of crustal strike-slip everts. Archuleta
(1984) concludedthat rupture velocities exceedingthe S wave speed were
necessaryto explain recordsfrom the 1979 Imperial Valley evert. Strong
motion recordingsof the 1999 Izmit and Dezce events suggestsupershear
growth, at least in one direction (Bouchon et al., 2000, 2001). Waveform
modeling of regional recordsfrom the 2001 Kunlunshan earthquake also in-
dicatessupershearvelocities (Bouchon and Vallee,2003).

Recen laboratory studiesby Rosakisand cowvorkers(Rosakiset al., 1999;
Xia et al., 2004)provided experimertal veri cation of supershearcrad growth.
Seeral numerical (Geubelle and Kubair, 2001;Fukuyama and Olsen, 2002;
Dunham et al., 2003)and analytical (Huang and Gao, 2001,2002;Sanudrala
et al., 2002; Kubair et al., 2002; Guo et al., 2003) studies have focusedon
properties of and medanismsfor triggering supershearpropagation.

Elasto dynamic Considerations

The allowed velocity regimesand supersheartransition medanism follow
from a study of the waves that transmit shearing forcesfrom within the
breakdavn zoneto the unbroken material ahead of the rupture front. To
illustrate this, we considera semi-in nite mode 11 cradk constrainedto the
planey = 0 in a homogeneouslastic medium, with elds depending on x
andy only. The mediumis characterizedby a shearmodulus andP and S
wave speedsc, and cs. At time t = 0, the crad tip, which is moving along
the positive x-axis at velocity V, passeghe origin.

To solwe for the elds within the medium, we must specify boundary con-
ditions on the material directly on either side of the fault. In order that the
fault doesnot open, we require cortinuity of normal displacemeh Continu-
ity of shearand normal tractions acrossthe interfacefollows from momerium



consenation. Furthermore, at ead point on the fault, we must specify ei-
ther slip or sheartraction. In cortrast to a kinematic sourcerepresetation,
in which the slip eld is speci ed at ewvery point on the fault, we follow the
usualdynamic represetation by specifying sheartraction behindthe moving
crad 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 breakdavn in stressoccurs, asin the cohesie
zonemodelsof Ida (1972); Palmer and Rice (1973); Andrews (1976).

We then consideran advanceof the cradk tip over an in nitesimal time
interval dt. As the cradk extends,the sheartraction relaxesbehind the crack
tip. The exact processby which this occursdependson the speci ¢ friction
law or fracture criterion. The linearity of the governing equations allows
us to construct the breakdavn in stressas a superposition of line tractions
(extending in nitely in the z-direction), ead applied at somedistancex =

L behind the crad tip with amplitude F (force/length) and having step-
function time dependence.Sincethe sheartraction at time t = dt is speci ed,
then F(x) = [ x(t = 0;x) xy (t = dt; x)] dx, wheredx = Vdt and j are
the componerts of the stress eld createdby slip. This isillustrated in Figure
3. The regionof nonzerostressdrop, in cortrast to the actively slipping area
in the kinematic represeration, is the only sourceof elastic waves in the
dynamic represetation.

Letting u; be the componerts of the displacemeh eld createdby slip,
we formally de ne this mixed boundary value problem as

U(t; x;y=0) = OforVt<x<1
wtX;y=0) = FH(t) (x+L)for 1 <x<Vt (1)
wtx;y=0) = Ofor 1 <x<1;

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

Our approad to understandingdynamic crack growth is similar to that
taken by Freund (1972a,b),and our problem is related to his so-calledfun-
damertal solution in the limit that L ! 0. The advantage to keeping L
nite is conceptual,a ording us an insight into the elastadynamic processes
occurring within the breakdavn 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 cortaining the o -fault damage,rather than
localizedto the areaof the fault within the cohesie zone. Consideringthe
problem from this perspective, the transmission of forcesto the unbroken
area ahead of the cradk tip occurswith the broken fault behind the cradk
tip playing the role of an interfacial waveguidefor the elastic waves emitted
from within the damagezone. Sincewe have posedthe problem within the
framework of a mixed boundary value problem, the transition betweenthe
regionsin which we specify sheartraction and thosein which we specify that
slip vanishes(i.e., the crack edge),actsasa di racting boundary. The waves
releasedby the stressdrop overtake the cradk tip and diract o of it (see
Figure 4).

The solution to our problem de nes the Green function for somedistri-
bution of sheartractions applied on the sliding surfaceof a moving crad.
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). Howewer, sincethe problem possesses
a characteristic length, the solution is not self-similar and requires multiple
integrations to invert the transforms and extract the space-timehistory of
the velocity and stress elds. Inversion of thesetransformsis, to the best of
our knowledge, absen from the literature exceptfor the use of asymptotic
theoremsto study the ewlution of the stressintensity factor. Consequetly,
we presen instead a numerical solution usingthe boundary integral method-
ology proposedby Geubelle and Rice (1995). The slip velocity and shear
traction on the interface are shavn as a function of position and time in
Figure 5 for a stationary crad tip. A similar solution is obtained for sub-
Rayleigh cradk speeds;only whenthe cradk velocity exceedsomewave speed
doesthe wavefront pattern changesincethesewaveswill no longer overtake
the crad tip.

Up until the arrival of the P wave at the crad tip, the solution is self-
similar and identical to that of Lamb's problem (a shearline force applied
on the surfaceof a traction-free half-space),which is usedto validate the
numerical method (seethe insetin Figure 5). As sud, the main featuresare
well known. The line force emits P and S waveswith cylindrical wavefrorts,
aswell asplanar headwavesand an interfacial Rayleigh wave. A point on the
fault beginsto slip in the direction of the appliedtraction 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 evanesceh
P waves trapped on the fault surface. Forward sliding cortinues until the
arrival of the S wave, at which point slip reverses,with the interface sliding
in the direction opposite the applied traction. Rewersesliding ceasesvhen
the Rayleigh wave arrives; positive slip velocity peaksat and decygs after
its arrival, with slip reading 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 equivalert to that generatedin Lamb's problem plus
a correctionto accour for di ractions o of the cra tip, which are further
discussedbelown. The rate of energydissipation at ead 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. Rewversemotions, which we have allowed in our problemto render
it linear, are typically preverted by friction; otherwise, this processwould
unphysically create energy

Let us now take the steady-statelimit of our problem. In this case,it
IS more appropriate to consider xing the distancelL in a frame that moves
with the crad tip; sud an analysiswas conductedby Burridge et al. (1979)
in their study of the stability of supershearpropagation velocities. In the
steady-statelimit, only motions for which the apparern velocity along the
fault matchesthat of the crad 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 evanesceh P and S waves on the fault surface. A
reversalin the direction of the shearingforce carried by thesewavesoccursat
the Rayleigh speed,resulting in the velocity rangebetweenthe Rayleigh and
S wave speedsbecomingforbidden. In the supershearregime, the P wave
remains evanesceh but the S wave switches from evanescen to radiating.
The angle that the S wavefront makes with the fault is the Mach angle
arcsin(cs=V). The asseiated shear elds retain a nite amplitude at in nit y
alongthe Mgch cone. The only velocity at which the S wave vanishesis the
well known = 2 times the S wave speed (Eshelby, 1949). The signi cance of
this velocity appearsclearly in the expressionfor the traction componerts
ona at surfacedueto 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 some superposition of plane waves. Our sourceis the
application of a sheartraction, with the normal traction remaining constart.
It follows from the expressiorﬁin Aki and Richards (2002) that changesin
sheartraction moving at V = = 2¢; will not excite S waves.

We now return to the generaltransient problem and considerthe di rac-
tion pattern that emergesvhensteady-stateconditionsarenot satis ed. This
can occur when the crad tip acceleratesbetweentwo steady-stateregimes
or when the magnitude of the stressdrop is spatially heterogeneousA sim-
ple illustration of this phenomenonis the growth of an initially steady-state
crad into a region of increasedstressdrop (an asperity), asin the numerical
study of Fukuyama and Olsen (2002). If we constrain the cradk velocity to
remain constart through this process,then the resulting elds can be con-
structed as a superposition of the elds carried by the original steady-state
crak and the elds generatedby the additional stressdrop within the asper-
ity applied somedistancebehind the moving crad tip, the remainderof the
fault behind the tip being traction-free. This additional solution is exactly
the transiernt di raction problemwe have solved. If we relax the constart ve-
locity condition and allow the crad to grow spontaneouslyaccordingto some
fracture criterion, then provided that the additional energyreleasedwithin
the asperity is su cient, the diracted P and S waveswill initiate supers-
hear growth. If this energyis su ciently concemrated (by an abrupt large
amplitude asperity), then the crad tip will be driven forward cortinuously
by thesediracted wavesto a supershearvelocity. If the asperity amplitude
is smaller, yet still large enoughto provide su cient energyto power the
supershearrupture, then the diracted S wave peakwill build up gradually
aheadof the crad tip and the supersheartransition will be discortinuous.

Another sourceof thesetransien featuresis the presenceof an additional
di racting boundary, sud asthe secondcrac 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 expandingcrad tips generatethe S wave stress
peakthat appearsin analytical self-similar solutionsfor sub-Rayleigh cradks
(Burridge, 1973; Broberg, 1994, 1995; Freund, 1989; Broberg, 1999). The
supersheartransition appearing in the numerical experimerts of Andrews
(1976) on a bilaterally extending cradk with homogeneousstressdrop oc-
curs by this medanism. For an expanding crak, these diractions have
signi cant amplitude only during nucleation, wherethe characteristic length
cortrolling the dewlopmen 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 supershearpropagation velocities, the Rayleigh and S wavesreleased
within the breakdovn zonewill not overtake the cradk tip. As self-similar
analytical solutionsin this velocity regimereveal (Burridge, 1973;Broberg,
1994,1995), slip is not concefttrated uniquely at the rupture front, asit is for
sub-Rayleigh ruptures. A secondpeakin slip velocity travelsat the Rayleigh
speed. Similarly, spontaneouslypropagating cradks that acceleratefrom sub-
Rayleigh to supershearvelocities leave behind a secondaryslip pulse at the
Rayleigh speed. This feature emergesnaturally from our represetation of
crak growth as Rayleigh waves generatedwithin the breakdovn zonethat
newer read the faster-moving crad 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 these Rayleigh wavesin seismicradiation manifestsalmost ertirely
in ground motions perpendicular to the fault plane.

The e ect of friction onthe fault will beto dispersetheseRayleigh waves.
The dispersionrelation 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.

Extension of this analysisto three dimensionalcradk propagationis com-
plicated. The represetation of the breakdavn zone consistsof a superpo-
sition of point sheartractions applied somedistance behind an arbitrarily
shaped moving cradk edge. Curvature of the cradk edgefocusesor defocuses
the radiation releasedby the tractions (Acherbadch and Harris, 1978). Sudh
focusingalone can be su cient to trigger localized supershearbursts (Dun-
ham et al., 2003). Furthermore, the driving force provided by the stressdrop
becomedirectionally dependen. 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 constart friction, is
given by Dunham (2004).



Spontaneous Mo deling

We construct a simplerupture model exhibiting atransition from sub-Rayleigh
to supershearpropagation, and showv 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,exceptthe free surface,to

prevert arti cial re ections from cortaminating the solution. Slip is con-
strained to be horizorntal, renderingthe dynamicsinsensitive to the absolute
stresslevel. Rewerseslip is prohibited.

Sincethe station is located only 3 km from the Denali fault and many
tens of kilometersfrom the SusitnaGlacier and Totschunda faults, we model
the rupture processon only onestraight fault segmen 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.

We usea simplefriction law that exhibits both slip-wealeningand healing
behaviors. The two parameter law requiresthat a slip-weakening distance
D and healingtime T be speci ed at eat point on the fault. We de ne the
non-dimensionalizedstressas = ( xy £)=( y t), where y and ; are
the yield stressand sliding friction. The stressewlves following

v 1

= 5 + = (2)
oncethe fault beginsto slip. Slip velocity is dened as v = v, (y = 0%)
Vy(y = 0 ) andreverseslip is forbidden. This friction law wasintroducedby
Nielsenand Carlson(2000),and providesa cornveniernt way to include healing.
For T! 1 ,it reducesto an exponertial slip-weakeninglaw. Note that the
slip-weakening distance D for this model is twice that usedin the standard
linear slip-weakeningmodel (Andrews, 1976)having the samefracture energy

We arti cially nucleatethe rupture by slightly overstressinga region 61
km from the station, chosento match the distanceto the intersection of the
Susitna Glacier and Denali faults. As seeral models have suggestedHarris
et al., 1991;Harris and Day, 1993;Kaseand Kuge, 1998;Magistrale and Day,
1999;Andersonet al., 2003),ruptures jump betweenfaults almost exclusively




when the initial rupture readesthe edgeof the original fault. Dynamic
modeling of the transfer from the Susitna Glacierto Denali fault by Aagaard
et al. (2004) suggestghat this occursabout 10 s after initiation. The arrival
time of pulsesA and B then placesa lower bound on the averagerupture
velocity from the intersection of the faults to PS100f 0.75, neglectingany
time spert during nucleation on the Denali fault. Assumingthat pulsesA
and B are ass@iated with a supershearrupture (propagating at about 1.5c;)
and pulse C with a Rayleigh wave, then the separationin time between
these pulsesrequires the supersheartransition to have occurred about 30
km before PS10. Combined with the assumptionthat 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.€&5. In our models, the rupture beginsbilaterally on the Denali
fault, but we introduce a barrier 10 km to the west, consistem with surface
slip measuremets (Eberhart-Phillips et al., 2003),that arrests propagation
in that direction. The initial stresslevel is selectedsud that the rupture is
sub-Rayleigh, and no healingis usedinitially .

We distinguish betweentwo types of supersheartransitions obsened in
our simulations. In the rst, the S wave stresspeakthat triggers the transi-
tion is releasedduring nucleation (asin Andrews(1976)). Evenfor a properly
resohed nucleation processwith the slip-wealkening laws used, an overesti-
mate of the critical cradk length (due to using an inappropriately large value
of the slip-weakening distance) will result in a physically premature transi-
tion. If ruptures nucleatefrom much smaller patchesand the slip-weakening
distance that governs fully dynamic propagation is much larger than that
governing nucleation (as experimertal and numerical work indicates), then
numerical results exhibiting this type of transition are incorrect. Instead, a
preferabletype of transition would be onein which nucleation generatesa
negligiblesheardi raction peakand someother processsud asgrowth into
a region of increasedstressdrop (Fukuyama and Olsen,2002)or focusingby
rupture front curvature (Dunham et al., 2003), builds the peakto a critical
level. To ensurethis, we trigger the supersheartransition by increasingthe
initial stresslevel in an asperity beginningabout 30 km from the hypocerter
(seeFigure 6), and make surethat diractions from the nucleation process
have negligiblein uence on rupture growth.

The short rise times at PS10 are inconsistet with a traditional cradk
model, indicating that the actively slipping regionis quite narrow, asappears
to betypical in the earth (Aki, 1968;Archuleta and Day, 1980;Heaton, 1990).
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Seeral mehanismsare known to generaterupture pulses,which are recog-
nizedasan alternative and equally valid solution to the elastadynamic equa-
tion (Freund, 1979;Broberg, 1999;Nielsenand Madariaga,2004). Strong slip
rate wealening is one possibility (Cochard and Madariaga, 1994;Madariaga
and Cochard, 1994;Perrin et al., 1995;Zhengand Rice, 1998). A friction law
cortaining restrengtheningon a short time scalecan also generaterupture
pulses(Nielsen and Carlson, 2000). Rupture pulsesalso result from inter-
action with geometrical heterogeneitiessud as strength heterogeneitiesor
fault bordersthat transmit arrest phasesto initiate healing (Archuleta and
Day, 1980;Day, 1982;Johnson,1990;Berozaand Mikumo, 1996).

We presen three models. The rst (I) allows slip to 10 km depth and
lacks healing. With theseconstrairts, we wereunableto match the short rise
time on the FP componert. Decreasinghe slip-wealkening distancedoesnot
alter the FP rise time, and actually makesFN pulseB too narrow. Instead,
we tried two approahesto decreasethe rise time. Our secondmodel (I1)
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 westernside of the Denali fault whenthe rupture arrests
there, creating a rupture pulse about 16 km wide. The pulse width remains
constart until the rupture encourers the region of high prestress,where
the supersheartransition begins. The third model (I11) lacks healing, but
restricts slip to 5 km depth. In this case,the rupture pulsewidth is about 8
km, and is cortrolled by the fault width rather than by the stopping phase
from the westernend of the fault. The model parametersand fault geometry
are summarizedin Table 1 and Figure 6. Snapshotsof the rupture history
of our modelsare shovn in Figure 7 and Movies 1-3. Figure 8 comparesour
syrthetics to the correcteddata. We allow a linear shift in time sincethe
nucleation processis arti cial. We scalethe amplitude of our syrthetics to
match pulseA idertically; this setsthe magnitude of the stressdrop , ¢
(Table 1).

Let usbeginwith modell. Whenthe rupture ertersthe regionofincreased
prestress,the transient diractions appear and acceleratethe rupture from
0:65¢s to 1:6¢s. It cortinuesat the supershearvelocity asit passeghe sta-
tion. The supershearrupture takesthe form of a pulse of 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 elastaly-
namic considerationsdiscussedgreviously This correspndsto the forbidden
velocity regionthat occurswhenthe slip direction attempts to reverseitself.

11



Our theoretical model also predicts a Rayleigh wave behind the supershear
front, which manifestsitself hereasa secondaryslip pulse. This model gives
too large of arise time on FP to be consistem with the data. In cortrast, we
nd the width of FN pulsesB and C to be far lesssensitive to the slip du-

ration. Howeer, the dip in amplitude betweenthesepulsesis cortrolled by

the slip duration, and the strong dip seenin the data suggestghat the fault

has negligible slip betweenthe supershearrupture front and the secondary
Rayleigh rupture pulse.

There are se\eral 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-
pershearhasbeennoted by seweral researbers(Aochi, 2002;Gonzalez,2003),
and is related to phasecorversionat the free surface. 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 extending badk
from wherethe rupture front meetsthe free surface,as well as whereit in-
tersectsthe bottom edgeof the fault (particularly evidert in the last seweral
snapshots). The anglethat this line makeswith the horizontal is the S wave
Mach angle,indicating that behind this wavefrort, S wavescorverted by the
free surfacecauseincreasedslip velocity.

In model I1, we add frictional healingto decreasehe rupture pulsewidth.
In this case the healingfront follows at approximately the samespeedasthe
supershearrupture front. To match the short rise time of pulse A requiresa
healingtime T of order onesecond(Table 1). This generatesa complicated
stresshistory onthe fault becausdhereis an additional stressdrop assaiated
with the secondaryslip pulse. Healing raisesthe stresslevels sud that a
su ciently 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 closerto a true
Rayleigh wave that propagateswithout altering the fault tractions. However,
the healing is too strong for the secondarypulseto 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-
modeledsourceprocesshat locks the fault. Sud a value could be related to
a smallerlength scalecharacterizing strength or stressheterogeneitieswhich
has been shovn to cortrol the rupture pulse width (Beroza and Mikumo,
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1996). We test this hypothesisin model |11, 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 casethe rupture pulse
width is cortrolled by the fault depth, asin Day (1982). The healing front
movesat the samespeedasthe supershearrupture front.

The amplitude and duration of pulsesA, B, and C are well matched for
models Il and Ill. The simplicity of our models allows us to explain the
relationship betweenfault processesind the ground motion pulses. We shav
the ewlution of FP and FN ground motions for model |11 as the rupture
transitions to supershearvelocities in Figure 9, and for all modelsin Movies
4-9. We also presen seismogramdor this model at hypothetical stations
before and after PS10in Figure 10, which highlight the fact that the PS10
recordexhibits characteristicsof both supershearand sub-Rayleigh ruptures.

Before encourering 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
receiwer. 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 discussedy Archuleta
and Hartzell (1981);Hall et al. (1995)and were obsened, for example,in the
1966Park eld earthqualke (Aki, 1968). As the rupture pulselength increases
(approading a crack model), the two trailing lobeson FP coalescento a
largetail. In addition, the downward FN motion arriveslater and diminishes
in amplitude. The downward motion is thus directly assaiated with the
passageof the healingfront.

Evidenceof the supersheartransition on the FP componert comesasthe
rupture beginsto 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 dewelops,until its amplitude
dominatesthe FP motions (seeFigure 10). In addition to the planar shear
wavefront, the fully deweloped supershearrupture possessea two-lobed pat-
tern precedingthe main shearwavefrorts 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 beforepulse A 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 assaiated with the supersheartran-
sition is more complex. A pair of one-sidedpulses,with motion away from
the fault on the right-moving block, beginto emanatefrom the supershear
rupture front along the planar S wavefrorts. Thesegrow in amplitude as
steady-state supershearconditions are readied and correspnd to pulse B.
Note that the motion actually peaksslightly before FP pulse A, consistem
with the obsenations. This is becausehe motion actually preceedghe Mach
cone. This motion decrease$o a minimum betweenpulsesB and C. PulseC
correspndsto the Rayleigh wave, and is similar in characteristic to atypical
subshearupture. 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 ewlution of the fault. If accompaniedby too large of a stress
drop (as could occur if the fault rapidly restrengthens),the Rayleigh wave
dewelopsinto a strong secondaryrupture, accompaniedby an amplitude in-
creasdn theselater motions. Also, if the triggering prestressis too large, the
majority of the energy goesinto supershearmotions at the expenseof the
Rayleigh pulse. This placesa strong constrairt 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
assaiated with the healingfront in a rupture pulse model. An examination
of the rupture histories shavs that our models exhibit an extremely narrow
Rayleigh rupture pulsethat causeshe negative FN pulseto arrive immedi-
ately after pulse C. We speculate that pulse D correspndsto the passage
of a healing front assaiated with a Rayleigh pulse roughly twice aswide as
obsenedin our models. In our models,the Rayleigh wave is likely to be nar-
row becausenite di erence methodshavedi cultly resolvingsurfacewaves.
Furthermore, broadeningof the Rayleigh wave could also occur due to fric-
tional dispersion, asis characteristic of any friction law possessingntrinsic
time or length scales. Further work is neededto test this hypothesis, but
if true, then this record could provide valuable constrairts on the frictional
properties of slipping faults.
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Discussion

We have analyzed strong ground motion recordingsfrom the 2002 Denali
Fault earthquake and concludethat they provide evidenceof supershearrup-
ture propagationpast PS10. A study of the wavesgeneratedwithin the stress
breakdavn 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 componerts of motion.
Rupture growth into a region of increasedstressdrop triggers a set of tran-
siert di ractions that acceleratethe rupture from sub-Rayleighto supershear
velocities. This processis accompaniedoy 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 PS10that are not explainedin supershearkinematic models. The sep-
aration in time of these FN pulsesindicates that the supersheartransition
occurred about 30 km beforePS10.

While our models shav persistert supershearrupture well after PS10,
this is not required by the recordsof PS10and occursonly becausethe high
prestresslevel usedto trigger supersheargrowth is maintained thereafter.
To place a 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 transiert. It persists
beyond the high stressregion and dies out about 30 km past PS10. When
the secondaryRayleigh rupture pulse encourers this region, it resumesits
role asthe only rupture front.

The narrow width of pulse A and the strong dip in amplitude between
pulsesB and C are incompatible with a traditional cradk 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 obsened in our simu-
lations. Our dynamic models demonstratethat a narrow supershearpulse
could arise either from frictional healing over a time scaleof 1.5 s or from
the presenceof a 5 km length scale characterizing the stressdistribution.
While the rupture histories of thesemodelsdi er (Figure 7 and Movies 1-3),
the resulting ground motion at PS10is nearly idertical (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 onerecord. Instead, our models cortain only the minimum number of
parametersrequiredto explain the main featuresof the record.

The multiple slip pulsesthat we obsene in our dynamic models highlight
the di cult y kinematic modelsmay have when tting or inverting data that
result from supershearruptures, particularly if supersheargrowth occursin
transient bursts. Dynamical inversione orts like thoseby Peyrat and Olsen
(2004), while presetly extremely expensive computationally, are a possible
future solution.
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parameter model | model Il model 111
32.4GPa
Cs 3.4km/s
Co 5.89km/s
grid spacing 125m
time step 4.09ms
distanceto station 61 km
distanceto asperity L, 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 2.01lm 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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Figure 3: Stematic diagram illustrating the superposition of line tractions
(stressdrops) for x < 0. The fault is locked for x > 0 and the cradk advances
at velocity V over an in nitesimal time interval dt.
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Figure 4: Wavefronts generatedby a stressdrop (marked by the circle) lo-
cated somedistancebehind a stationary crac tip, after both P and S waves
overtake the cra tip. Rayleighwavesand body wavesgeneratedoy Rayleigh
wavesdi racting o of the crak tip are not shovn to avoid excessie com-
plication. The crak, denotedby the heavy line, liesin the half-planey = 0,
x < 0. Direct and di racted wavesare labelled, and H denotesa head wave
resulting from P to S cornversionon the cradk face.
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Figure 5: Evolution of slip velocity (x < 0) and sheartraction (x > 0)
after the step-function application of a line stressdrop of magnitude F at
x = L behind a stationary crad 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 crad tip to the analytical solution for Lamb's problem (solid line). The
peakin sheartraction assaiated with the P to S wave corversionis labeled
PS.
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Figure 6: Model fault geometry and initial stressconditions (the solid line
correspndsto model I; seetable 1 for the parametersof the other models)
usedin the spontaneousrupture calculations. PS10is markedwith atriangle.
Hypothetical stations spacedevery 2.5 km between20 km and 80 km, where
we also compute ground motions, are denoted by small circles. L, denotes
the distanceto the asperity, approximately 30 km. The initial stresspro le
marked by the dashedline shavsthe 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, shovn ewvery 1.83
s), (b.) model Il (including healing, slip to 10 km depth, shovn ewvery 1.83
s), and (c.) model I11 (no healing, slip to 5 km depth, shovn every 1.655).
Time advancesfrom bottom to top. The solid white lines shov 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 syrnthetic ground motions at
PS10for (a.) model I (no healing, slip to 10 km depth), (b.) model Il
(including healing, slip to 10 km depth), and (c.) model I11 (no healing, slip
to 5 km depth).
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Figure 9: Snapshotsof of the free surfaceshaving (a.) fault parallel and (b.)
fault normal ground motion ewery 1.28s from left to right for model 111, on
an areaextending 12.5km to either side of the fault. Other modelsproduce
similar ground motion. The color scale,which changesfor eah snapshot,
measuresFP or FN velocity. Although the FP motion is antisymmetric
acrossthe fault, it is plotted as symmetric for visualization purposes. The
location of PS10is marked by the white triangle.
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Figure 10: Particle velocities for model 111 recordedat a number of hypothet-
ical stations every 2.5 km from 20 km to 80 km alonga line parallel to and 3
km o the Denali fault, asshovn in Figure 6. Adjacert tracesare o set by
1 m/s with the record correspnding to the station at 60 km certered about
zero.
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