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Abstract We use three-dimensional dynamic (spontaneous) rupture models to investigate
the nearly simultaneous ruptures of the Susitna Glacier thrust fault and the Denali strike-slip
fault. With the 1957M,, 8.3 Gobi-Altay, Mongolia, earthquake as the only other well-
documented case of significant, nearly simultaneous rupture of both thrust and strike-slip
faults, this feature of the 2002 Denali Fault earthquake provides a unique opportunity to in-
vestigate the mechanisms responsible for development of these large, complex events. We
find that the geometry of the faults and the orientation of the regional stress field caused
slip on the Susitna Glacier fault to load the Denali fault. Several different stress orientations
with oblique right-lateral motion on the Susitna Glacier fault replicate the triggering of rup-
ture on the Denali fault about 10 s after the rupture nucleates on the Susitha Glacier fault.
However, generating slip directions compatible with measured surface offsets and kinematic
source inversions requires perturbing the stress orientation from that determined with focal
mechanisms of regional events. Adjusting the vertical component of the principal stress ten-
sor for the regional stress field so that it is more consistent with a mixture of strike-slip and
reverse faulting significantly improves the fit of the slip rake angles to the data. Rotating the
maximum horizontal compressive stress direction westward appears to improve the fit even
further.

Introduction These numerous examples of multi-segment and branch-

ing ruptures across strike-slip faults have inspired numer-

The 3 November 2002 Denali Fault earthquake was @5 numerical analyses of similar geometry. Many studies
complexMy, 7.9 event with rupture beginning on the Susitna, e focused on the role of fault geometry (e.g., Hatial.
Glacier thrust fault, continuing onto the Denali strike—slip(lggl), Harris and Day (1993), Kase and Kuge (1998), Kase
fault, and terminating on the Totschunda strike-slip faultand Kuge (2001), Oglestst al. (2003a)), while others have
(Eberhart-Phillipset al, 2003). Figure 1a shows the loca- tocysed on specific events. Olsehal. (1997), Harris and
tion of the surface rupture. Other earthquakes have displanglay (1999), and Aochi and Fukuyama (2002) sought to ex-
behavior similar to the transition of rupture from the Dena"plain the propagation of rupture across various portions of
fault to the Totschunda fault, with strike-slip rupturejumpingthe Johnson Valley, Kickapoo, Homestead Valley, Emerson,
gaps between or branching across nearly vertical Segmentsip 4 camp Rock faults in the 1992 Landers, California earth-
the 1979 Imperial Valley, California (Archuleta, 1984), 1992quake. Harriset al. (2002) showed ruptures could jump

Landers, California (Johnsoet al, 1994; Sower®t al,  r0ss stepovers of a few kilometers, which explained the
1994), 1999 Kocaeli (Izmit), Turkey (Lettt al, 2002), and  gpjjity of the 1999 Kocaeli rupture to bridge the stepovers

1999 Hector Mine, California (Treimaet al, 2002) earth-  peanyeen the Glciik, Sapanca, Sakarya, and Karadere seg-
guakes. However, only one other well-documented 'arg‘?nents but not to jump onto the Karadere andzBe seg-
continental earthquake clearly involvgd ap'proximately Siments. Oglesbyet al. (2003b) demonstrated that the ab-
multaneous substantial thrust and strike-slip rupture.  Theence of surface rupture on the northeast branch of the Lavic
1957 Mw 8.3 Gobi-Altay, Mongolia, mainshock involved | 5y fauit in the 1999 Hector Mine earthquake allowed slow
significant slip on both the Bogd strike-slip fault and the e 1o occur on the northwest branch. In general, these

Gurvan Bulag thrust fault (Florensov and Solonenko, 1965y, ies as well as parametric studies with generic strike-slip

Bayarsayharet al, 1996; Kurushiret al, 1997; Prentice ¢ s (e.g., Aochiet al. (2000), Poliakovet al. (2002),

et al, 2002). The sequence of rupture is not known, buj s meet al (2003)) indicate that the level and orientation
either is consistent with static stress transfer modeling (Kugt the stress field. as well as speed of the rupture as it en-

rushinet al, 1997). counters a segment boundary, are two important factors that
control whether a rupture will continue propagating beyond
complex junctions.
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Learning when earthquakes will or will not jump from pore pressures. This overburden pressure along with the re-
one fault strand to another is important for constraining theyional tectonic stress prevents fault opening. Along the edge
physics of the rupture process and understanding the seighere the Denali and Susitna Glacier faults intersect, the dis-
mic hazard. With all of these issues in mind, we focus orlocations create right-lateral slip consistent with the Denali
the first and more unusual transition of rupture in the 2002ault; in other words, we assume that the Susitna Glacier
Denali Fault earthquake, that from the Susitna Glacier faultfault ends just before it reaches the Denali fault. At other
with right-lateral oblique motion, to the Denali fault with locations where the fault planes intersect (e.g., the edges
its predominantly right-lateral strike-slip motion. We seekthat divide the fault segments), we use the average orien-
the simplest explanation of this transition with our three-tation of the two intersecting planes. Along these edges,
dimensional finite-element models, in particular, whetheismall voids and interpenetration do occur because we as-
the transition can be explained by fault geometry and stressume small, elastic strains. However, the voids and inter-
orientation alone. This work has also served as a stegenetrations are very small compared to the element size.
ping stone for considering whether similar complex rupture  The rupture model uses a simple slip- and rate-
transitions could occur in southern California, between theveakening friction model (Fig. 3) that generates pulse-like
Sierra Madre-Cucamonga thrust system and the San Andreagptures (Heaton, 1990; Madariaga and Cochard, 1994).
and San Jacinto strike-slip systems (Andersbal., 2003). Because many physical processes may influence the shear

stress during sliding (e.g., Aagaaetial. (2001) discusses
Methodology several proposed mechanisms), we choose a nominal sliding
shear stress that increases with depth (Fig. 2) and roughly

We model a 110 km long, 80 km wide, and 40 km deepcorresponds to a coefficient of friction of 0.1. In this for-
region surrounding the Susitna Glacier and Denali faults agylation of the slip- and rate-weakening friction model, we
illustrated in Figure la. We discretize the region USing tetraassume that the physica| processes Contro"ing the Changes
hedral finite elements with dislocations across the fault SUIm stress on the fault during S||d|ng y|e|ds a friction stress
face created using split nodes. This technique is particularliqat is independent of the normal stress. While traditional
well-suited for modeling complex geometry with the ele-friction model formulations in dynamic rupture simulations
ment size following variations in the shear-wave speed. Aagse a coefficient of friction to allow dynamic variations in
gaard (1999) and Aagaast al (2001) discuss the details normal stresses to influence the friction stress, they do not in-
of this dynamic (spontaneous) rupture modeling techniqug|ude normal stresses that increase with depth corresponding
which solves the three-dimensional dynamic elasticity equap the overburden pressures. Because the overburden pres-
tion, incorporating the physics of fracture and slip on faultsyres at seismogenic depths are about two orders of magni-
surfaces through friction models, to produce time historiegyde greater than the dynamic changes in normal stresses on
of fault slip and deformation within the volume. the fault, it is plausible to assume that the dynamic changes

Figure 2 and Table 1 give the piecewise linear variationsn normal stresses do not affect the frictional sliding stresses.
in the material properties with depth that are based on thghe formulation used here also provides a simple way to
uniform layered model Crust 2.0 (Bas®hal., 2000). We  match heat flow constraints and create distributions of slip
select a discretization size of 10-12 nodes per shear wavghat do not have a strong depth dependence in a model with
length (this corresponds to element edges of 5760 m)  |ithostatic normal stresses and hydrostatic pore pressures.
that allows accurate modeling of seismic waves with periodassuming the thickness of the sliding zone varies from 2 mm
of 2.0 s and longer. at the surface to 3cm at 15 km depth, this level of sliding

We approximate the geometry of the fault surfaces withstress falls near the maximum level that would not imply
five planar surfaces that closely follow the mapped surfacgupstantial melting on the fault surface for 3 m of slip (see
rupture (Fig. 1b). Because the down-dip geometry of thenagaardet al. (2001) and references therein for a more de-
Susitna Glacier fault is poorly determined, we choose agjled discussion).
uniform dip angle of 35 that closely matches a kinematic | order to isolate the effect of fault geometry and stress
source inversion for the event (8t al, 2004) and strikes grientation from other possible effects such as lateral het-
a balance between the dip of“48ssociated with the first- erogeneity in the stress field, we assume that the faults are
motion focal mechanism and the dips of°ldhd 25 mea-  yniformly critically loaded except in the regions with artifi-
sured at the surface (Eberhart-Phillips al, 2003). Al-  cjally reduced initial shear stress (western ends of the Susitna
though to the west of the surface rupture we extend the Degjacier and Denali faults). This means that the ratio of the
nali fault with a uniform strike, it does not actively partic- strain energy released to the fracture energy is sufficiently
ipate in the rupture process as described later. Figure Igigh that ruptures propagate to the full lateral extents of
shows the fault surfaces in unexploded and exploded viewshe fault planes. Following Day (1982) and Madariaga and

and Table 2 gives the precise orientation and maximunp|sen (2000) this can be expressed quantitatively by

along-strike and down-dip extents of the fault planes. 5
The normal pressure on the fault surfaces increases with K (G0 — Osiiding) "L _ 0.44 1)

depth due to the lithostatic pressure, assuming hydrostatic EcH
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Figure 1. (a) Location of Denali fault rupture (thick lines) and simulation region (dashed lines) shown in (b). The thin lines
delineate surface traces of major faults. (b) Surface rupture (thick lines), simulation fault geometry (thin solid and dashed lines;

see Table 2), and shear stress orientation (arrows) on each segment for scenario Rd (see Table 3). (¢) Unexploded and exploded
views of the fault surfaces as viewed from the northwest.
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Figure 2. Material properties (a), shear stresses (b), and fracture energy (c) as a function of depth. (a) The shear wave speed
(vs), dilatational wave speed), and mass density] define the material properties. (b) Magnitude of the initial shear stress,
frictional sliding stress, and frictional failure stress. (c) Fracture endfgyjormalized by the shear modulus.

over the regions of unstable sliding where we have set thabove this region to mimic inelastic deformation in the soft,
length scalel, to 1 km and the other quantities are givennear-surface material and below this region to allow graceful
later in equations (2) — (5). Hence, if the rupture on thetermination of the rupture at depth. The dynamic stress drop
Susitna Glacier fault is able to nucleate a rupture on the Dedivided by the shear modulus is uniform with depth, with the
nali fault, then it will continue and ultimately propagate to magnitude selected by trial and error to yield the appropri-
the eastern extent of the fault present in the model. ate amount of slip. These variations in the initial stresg,(
Due to the great uncertainty in the stress field, for simsliding stressdsiiging), failure stressd,;), and fracture en-

plicity we assume that the various fault planes all have thergy Eg) are summarized by
same level of shear stress and frictional properties. We set

the friction model parameters to create unstable sliding (ini- Vo =02m/s 2)
tial shear stress is greater than the sliding stress) over depths 5, — _1.6667x10° MPaZ+ 2.8909x10 %, (3)
of 0.5-16 km as shown in Figure 2b, with stable sliding km
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Table 1
Material Properties

Depth Mass  Dilatational-Wave Shear-Wave

Density Speed Speed
(km)  (kg/n?) (km/s) (km/s)
0 2600 5.70 3.40
11.0 2800 6.30 3.60
22.0 3000 6.90 3.85
38.0 2300 7.80 4.50
40.0 3300 7.80 4.50

Control points describing linear variation of material properties with depth. The material properties are based on the uniform
layered model Crust 2.0 (Basshal., 2000).

Table 2
Fault Geometry

Fault Origin Endpoint Strike  Dip Length Width
DFW 146.9718W, 63.5294N  148.2067W, 63.5346N 271.07 80° 61.410km 25.000km
DFC  146.3691W, 63.4872N 146.9718W, 63.5294N 278.64 80° 30.563km 25.000km
DFE  145.9976W, 63.4437N 146.3692W, 63.4872N 283.9FY 80° 19.136km 25.000km
SGFW 147.351W, 63.4087N  147.7034W, 63.4074N 270.00 35° 17.600km 19.617km
SGFE 146.9353V, 63.5269N 147.3511W, 63.4087N 237.00 35° 24.555km 19.814km

Parameters defining fault geometry on the Denali fault (DF) and Susitna Glacier fault (SGF) segments with segments designated
as west (W), central (C), or east (E). The fault surfaces are trimmed polygons created from the planes defined by the surface
traces and dip angle (see Fig. 1).

MPa i : i
Osliging = —1.6667x 108 7 resolution _of the modgl (Guatteri a\_nd Spudich, 2000), so
k that the failure stress in the Earth is much larger than the
Eg/p=1.8791x 104 —15km<z< —-1.0km, and one used here, which is associated with a spatial resolution
Otail — 00 suited for waves with periods of 2 s and longer. For example,
=———=0.876 ; ; ; ; ;
00 — Osliding increasing the spatial resolution by a factor of two (suitable

(4)  for propagation of waves with periods down t®%) would
allow a significantly larger strength excess and a correspond-

MPa . . .
Osliding = —1.6667x 10° ey Z ingly smaller slip-weakening parameter for the same fracture
. energy.
4
+5.4238<10 "1 z=0km orz < —15km We force the appropriate western termination of the rup-
Ec=0 ture by reducing the shear stress along the western portions
Ofail =0 of the fault surfaces. This allows smooth termination of the

(5) rupture on the western-most portion of the Susitna Glacier

wherez is positive upwardy is the shear modulus, ang  fault and prevents slip priori on the portion of the Denalli
is the slip rate at which restrengthening begins (see Fig. 3fault west of the surface rupture. This is conceivably realis-
For locations between these two regions, we linearly intertic if, for example, the 1912 event broke this section of the
polate to create the transitions shown in Figure 2. The slipDenali fault (Doser, 2004).
weakening parametedy, is defined by the failure stress, the Having established the magnitude of the initial shear
sliding stress, and the fracture energy. Thus, it is used to statress through the friction model parameters with critically
bilize the numerical solution and does not correspond to ankpaded faults, the orientation of the shear stress comes from
physical property of the material. resolving the regional stress field onto the fault planes. Thus,

The failure stress relative to the initial stress and dy-the stresses on the fault surfaces at the beginning of the simu-
namic stress drop is often given in terms of a nondimenlations are the sum of the overburden pressures, the nominal

sional parameter called the strength excé&s, —aL 20 sliding shear stresses applied in the direction of the regional
(Andrews, 1976; Das and Aki, 1977). In our dis(cj:or:a(tjgldr%godelsness field, and the regional stress tensor resolved onto each

the level of shear stress at the leading edge of the rupture ’qgult plane, scaled such that the m‘?‘gnitlﬂde of th_e shear stress
a function of the spatial resolution of the model, which ismatches the depth dependence given in equations (2) - (5).

closely correlated with the wavelength of the radiated seis! NS Orresponds to loading from a regional stress field su-

mic waves. Consequently, the strength excess for a give[ﬁerimposed on a background stress field comprised of the
fracture energy is a parameter that depends on the spatial
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Figure 3.Slip- and rate-weakening friction model. The surface defines the friction stress as a functionDf sliprhalized by

the slip-weakening parameteéd{) and slip rate\{) normalized by the slip rate thresholj. The shading region corresponds

to the fracture energy. The thick line illustrates a typical trajectory of the friction stress, which decreases as slip increases, drops
to a nominal sliding level, and then increases when the slip rate drops below the threshold. During restrengthening, when the
friction rises to a high enough level to oppose the loading, sliding stops and the stress level drops below the failure envelope
defined by the friction model.

overburden pressures and nominal shear stresses that two faults while decreasing the shear stress on the hanging-
crease with depth. wall side. Figure 4 displays snapshots of the slip rate and
We consider several possible orientations for the reehange in shear stress for scenario Rd. The small length
gional stress field in the hypocentral region (region R1 inscale heterogeneities in the shear stresses arise from the rate
Ratchkovski (2003)) based on the orientation computed frordependence in the friction model and are associated with
focal mechanisms of events prior to the Denali Fault sepoor numerical resolution of the healing front as opposed
quence. This regional stress orientation results in rake are inadequate resolution of the leading edge of the rupture
gles associated with the shear stress of about d80the identified by Rice (1993). Formulating friction models with
Denali fault and 170 on the western portion of the Susitna adequate resolution of both the leading and trailing (healing)
Glacier fault (see Table 3). Such shear stress orientatioresiges of the rupture is an area of ongoing work.
produce too much dip-slip motion on the Denali fault and  The continuing development of slip near the intersection
too much lateral motion on the Susitna Glacier fault (as distriggers slip on the Denali fault.9 s after nucleation. This
cussed later). Consequently, we also consider perturbatiotiss agreement with kinematic source inversions which show
from this orientation consisting of increases in the differencecoherent slip beginning on the Denali fault 10 s éfial.,
between the maximum horizontal compressive stress and ti#04) or 12 s (Dregeet al, 2004) after initiation on the
vertical stress (moving the stress orientation away from alSusitna Glacier fault. We favor triggering at 10 s because
most pure strike-slip faulting toward a mixture of strike-slip Ji et al. (2004) do a better job of matching the geometry of
and reverse faulting) and rotations of the stress tensor. Wihe Susitna Glacier fault. In scenario Rc, the limited amount
refer to these scenarios as Ra—Rd. We also consider sagf right-lateral motion on the Susitna Glacier fault fails to
nario Aa which appears to produce slip directions closer tancrease the shear stress over a large enough area to sustain
the ones measured in the Denali fault earthquake but hasrapture on the Denali fault and the rupture ends. Reducing
stress orientation that differs from the regional stress orierthe failure stress would allow triggering but would result in a

tation of region R1 in Ratchkovski (2003) by about 20 faster rupture speed, which would produce earlier rupture of
the Denali fault and create a significant misfit in the timing
Results of the triggering. In the other four cases, the rupture on the

Denali fault continues toward the east and propagates down
We initiate the rupture on the Susitna Glacier fault at thghe fault. On the hanging wall side of the Susitna Glacier
mainshock epicenter (Alaska Earthquake Information Cengaylt, slip does not occur on the Denali fault due to the stress
ter: 147.4440W, 63.5175N) at a depth of & km. This  shadow from slip on the Susitna Glacier fault; on the foot-
requires moving the AEIC hypocenter6&m deeper to be all side the rupture propagates only a few kilometers to-
consistent with our fault geometry. We force the onset ofyard the west before hitting the imposed lower level of shear
rupture using a circular region with a radius abZm in  stress which extinguishes the rupture. Later, we discuss the
which the shear stress is 2% above the failure stress. Thgress changes near the intersection in more detail through
rupture propagates outward, with surface rupture progresgxamination of time histories and trajectories of the shear
ing toward the east. stress for a pair of locations on the Denali fault that span its
In all five scenarios (Ra—Rd and Aa) as S||p occurs on thﬂ’]tersection with the Susitna Glacier fault.
Susitna Glacier fault, it increases the shear stress on the De- Figure 5 shows the advancement of the rupture for sce-
nali fault on the footwall side of the intersection between thenario Rd in more detail by showing the time when slip begins
for each point on the fault surfaces. The rupture propagates
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Table 3
Scenario Stress Orientations

Scenario Principal Stress Directions R= g"j—:gx Shear Stress Rake Angle
OH Oy Oh DFW DFC DFE SGFW SGFE
Ra 1FN3I7?PW  71I°NO9LE  14#N13CW 0.6 158 161 162 172 119
Rb? 1N3PW  7I°N9LE  1L8N23CW 0.8 153 158 159 150 104
RS 0°N37°W  76°N52’E  14#N127W 0.8 168 171 172 146 102
Ra* 7°N41°W  80°N92’E  7°N132W 0.8 164 168 169 151° 106°
Aa® 0°N45°W 90°NO°E O°N135W 0.9 172 175 176 147 10€

OH, Oy, Op correspond to the maximum horizontal compressive stress, the vertical stress, and the minimum horizontal compres-
sive stress, respectively. Principal stress directions are given by plunge and afdatiotes the tectonic regime with= 0.5
corresponding to strike-slip faulting aftl= 1.0 corresponding to a mixture of reverse and strike-slip faulting.

1Stress orientations from Ratchkovski (2003).

2Increase R from 0.6 to 0.8, consistent with a mixture of strike-slip and reverse faulting.

3Reduce plunge of maximum compressive stress direction to generate less dip-slip on the DF.

4Rotate principal stress tensor’ldbout 18.1N1.45°E, this is half-way between the orientation in scenario Rb and Aa.

SOrientation with better fit to sense of motion in a kinematic source inversion and measured at the ground surface.

at about 80% of the shear-wave speed on the Susitna Glaciglip in any of the scenarios, whereas the location below the
fault and reaches the surface afteb 5. The rupture con- intersection sits on the footwall side of the Susitna Glacier
tinues propagating toward the intersection of the two faultgault and experiences slip in all scenarios except Rc. At the
and the rupture jumps to the Denali fault at a depth of 3 kmocation on the footwall side of the Susitna Glacier fault, the
9.5 s after nucleation. The rupture advances down-dip anfinal shear stress is significantly below the initial stress in
along-strike on the Denali fault with along-strike propaga-scenarios Rb, Rd, and Aa. As expected, the final shear stress
tion driven by slip near the surface. With the shear-waves higher than the initial shear stress in scenario Rc where
speed increasing with depth, the rupture propagates fasterthe Susitna Glacier fault rupture loads the Denali fault but
depth (even though the rupture speed relative to the shealip does not occur. In scenario Ra the final shear stress is
wave speed remains at around 80% of the shear-wave speddyher than the initial shear stress despite the fact that slip
and eventually surpasses the shallow portion, so that begiecurs; this is due to the combination of its proximity to the
ning at around 25 s, slip at depth drives the propagation ofvestern termination of the rupture where energy is absorbed
the rupture at the surface. The propagation of the other fouand the rate-dependence in the friction model which allows
ruptures that jump onto the Denali fault is similar. rapid restrengthening as the slip rate drops beld @/s.

As mentioned previously, the ruptures in scenarios Ra, At the location on the hanging wall side of the Susitna
Rb, Rd, and Aa (all but scenario Rc) all jump from the Glacier fault in scenarios Ra and Rb, the changes in shear
Susitna Glacier fault to the Denali fault. As seen from Fig-stress almost exactly oppose the initial shear stress, so that
ure 6, the distributions of final slip for these four scenarioghe trajectory heads toward the origin (zero shear stress). In
are very similar. However, the different stress orientationscenarios Rc, Rd, and Aa, the trajectories display a more
produce different slip directions on the fault surfaces. Thecomplex pattern— at first moving roughly tangential to the
direction of slip closely follows the direction of applied sheardirection of initial shear stress before heading toward the ori-
stress with only small differences between the direction ofjin as in the other two scenarios. At the location on the foot-
the initially applied shear stress and the average rake angleall side of the Susitna Glacier fault, the shear stress trajec-
of the final slip (comparing Tables 3 and 4). tories all display a similar pattern- the shear stress changes

These differences between the direction of the initialare in a direction slightly up-dip from the direction of the
shear stress and the direction of slip arise from the dynamiinitial shear stress with the smallest deviation in scenario Rb
shear stress changes not being aligned with the initial sheand the largest in scenario Rc. This large deviation is the
stresses. Figure 7 shows the shear stress time histories gmihcipal reason why, in scenario Rc, the shear stress does
their trajectories in the fault plane for a pair of locations onnot reach the failure stress and slip does not occur. Thus, the
the Denali fault 2 km above and below its intersection withshear stress trajectories show that slip on the Susitna Glacier
the Susitna Glacier fault. The shallow location is at a deptHault causes shear stress changes on the Denali fault in di-
of 1.915 km at 147.1084V, 63.5336N, and the deep loca- rections similar to that of the shear stress from the regional
tion is at a depth of 836 km at 147.1130, 63.5398N. As  stress field, with increases below the Susitna Glacier fault
slip occurs on the Susitna Glacier fault in the first 10 s of thgfootwall side) and decreases above the Susitna Glacier fault
rupture, the shear stress increases at the location below tfi@anging wall side). This means that reducing the initial,
intersection and decreases at the location above the intersdailure, and sliding shear stresses by a constant value, con-
tion. The location above the intersection sits on the hangingistent with a lower level of shear stress and weaker faults,
wall side of the Susitna Glacier fault and does not experienceould yield similar results, so that the dynamic triggering
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Figure 4. Snapshots of slip rate (left) and change in shear stress (right) on the (exploded) fault surfaces for scenario Rd as
viewed from the northwest. Slip on the Susitna Glacier fault loads the Denali fault on the footwall side of the Susitna Glacier
fault and unloads it on the hanging wall side. Rupture jumps to the Denali faub at 9

of rupture on the Denali fault from rupture of the Susitnaabout 10 s after nucleation, we consider how well each one
Glacier fault is relatively independent of the overall level of reproduces the general features of the rupture. Through se-

shear stress and fault strength. lection of the friction model parameters, the scenarios pro-
duce the correct amount of slip: about 3 m of slip on the
Discussion Susitna Glacier fault and-22 m of slip in the early portion

of the Denali fault rupture (Eberhart-Philligt al., 2003;

For the four scenarios that appear to replicate the rupturgregeret al.,, 2004; Jiet al., 2004). The match in the timing
jumping from the Susitna Glacier fault to the Denali fault
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m 30

Figure 5.Time at which slip beginsl{ > 1 cm) at each point on the (exploded) fault surfaces for scenario Rd as viewed from
the northwest. Locations that do not slip have times set to zero. The transition of rupture from the Susitna Glacier fault to the
Denali fault occurs at8 s.
Table 4
Summary of Earthquake Rupture Slip

Scenario Fault Segment

DF W DFC DFE SGF W SGF E

My D A M4 D A My D AN My D AN My, D A
Ra 6.6 1.1m 158 7.1 2.2m 154 7.0 3.3m 153 6.9 2.8m 170 6.9 3.2m 124
Rb 6.6 1.1m 154 7.0 2.2m 150 7.0 3.2m 150 6.9 2.8m 148 6.9 3.3m 110
Rc 5.2 0.1m 176 4.1 0.Om 163 - 0.0m - 6.9 2.7m 144 6.9 3.3m 107
Rd 6.6 1.0m 163 7.1 2.2m 161 7.0 3.4m 161 6.9 2.8m 149 6.9 3.4m 111
Aa 6.6 1.0m 170 7.1 2.4m 170 7.0 3.4m 170 6.9 2.8m 1483 6.9 3.4m 111

Moment magnitude, average sliﬁ)( and average slip rake anglg) (on each fault segment for all five scenarios. The slip
direction closely follows the direction of resolved shear stress with small perturbations due to the breakout of the rupture at the
ground surface on the SGF and the dynamic loading of the DF by the SGF rupture.

of the rupture transition indicates we also match the averwith a more horizontal orientation (scenarios Rd and Aa),
age rupture speed on the Susitna Glacier fault. As expectddrther reduces the amount of dip-slip motion on the Denali
from the shear stress orientations, scenarios Ra and Rb priault. As a result, scenarios Rd and Aa, with slightly right-
duce much more dip-slip on the Denali fault than what wadateral oblique motion on the Susitna Glacier fault and right-
measured at the surface (Eberhart-Philigsal., 2003) or lateral motion on the Denali fault (with a little north side up
inferred at depth (Jet al., 2004). Additionally, although dip-slip motion) provide the closest fit to the observed slip
poorly constrained by the data, the western portion of th@rientations. Both of these stress orientations are consistent
Susitna Glacier fault has too little dip-slip motion. The aver-with the very few focal mechanisms available for the region
age rake angle of 17®n this thrust fault corresponds to con- with misfits of about 10in the predicted rake angles for the
siderably less dip-slip motion than the amount that occurs oeast-west striking right-lateral nodal planes (Jeanne Harde-
the Denali fault, a fault with predominantly lateral motion. beck, personal communication). Thus, scenario Aa, which
Thus, scenario Ra appears inconsistent with the data. Thiwes a slightly better job of matching the inferred rake an-
stress orientation in scenario Ra would generally continue tgles than scenario Rd, is our preferred model.
produce a poor match even with variations to the fault ge- One feature not reproduced by the four scenarios is the
ometry on the western portion of the Susitna Glacier faultapproximately 5 km of surface rupture on the Denali fault
The surface trace clearly shows a strike in the east-west dihat was observed to the west of its intersection with the
rection, so that any north-dipping plane that conforms to thé&usitna Glacier fault (Eberhart-Philligs al., 2003). In our
surface rupture will have too little shear stress in the dip-slipnodels, slip only occurs on the footwall side of the Susitna
direction with this stress orientation. Glacier fault, i.e., slip on the Denali fault occurs only at
The stress orientations consistent with a mixture ofdepth to the west of the intersection. This discrepancy likely
strike-slip and reverse faulting (scenarios Rb, Rc, Rd, andesults from not including lateral heterogeneity in the stress
Aa) appear to generate slip directions on the Susitna Glacidield (which is unknown) and the poorly constrained geome-
fault more consistent with the data by having much lesdry of the Susitna Glacier fault, particularly its orientation
right-lateral motion. Additionally, the amount of dip-slip at depth near the Denali fault. An elevated initial shear
motion on the Denali fault decreases, bringing the rake arstress on the Denali fault west of the intersection could al-
gles closer to the near-horizontal orientations that were medsw some surface rupture to occur even though this region
sured. Rotating the regional stress tensor so that the mafalls into a stress shadow for much of the rupture. More
imum compressive stress direction shifts toward the west
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Scenario Ra

Scenario Rc

Slip (m)

Scenario Rd

Figure 6.Final slip on the (exploded) fault surfaces for each of the five scenarios as viewed from the northwest. The shading
denotes the magnitude of the final slip while the arrows denote both the magnitude and direction. Figure 7 displays the shear
stress time histories at the locations identified by the circles. Scenarios Ra and Rb have too much dip slip on the DF and scenario
Ra has too much lateral slip on the western (right) portion of the SGF. Rupture does not propagate onto the DF in scenario Rc.
Scenarios Rd and Aa agree more closely with inferred slip directions.

likely, the geometry of the faults in conjunction with het- Glacier fault triggered the rupture to the east on the Denali
erogeneity in the stress field caused this feature. Ogleskfault.

et al. (2003b) demonstrated these two factors may have con- In these dynamic rupture models, dynamic shear stress
trolled the rupture under somewhat similar circumstances ahcreases on the order of the dynamic stress drop are enough
the northern end of the rupture in the 1999 Hector Mineto raise the shear stress above the failure threshold. Such
earthquake. Thus, the fault geometry and background streaslow failure stress is required by the relatively coarse spa-
orientation appear to explain why this rupture of the Susitnaial resolution of the model (wavelengths corresponding to
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waves with periods of 2 s and longer). A finer spatial resoluof the Cucamonga fault. Such an event, while rarer than a
tion produces larger dynamic shear stress changes and psimilarly sizedM,, 7.5-7.8 event on the San Andreas fault,
mits a larger failure stress for a given fracture energy (Guatwould occur much closer to the densely populated Los An-
teri and Spudich, 2000; Aagaadd al, 2001). Therefore, geles metropolitan area.
the dynamic shear stress changes in this model required fora The simultaneous strike-slip and thrust rupture in these
rupture to trigger slip on surrounding faults are a resolutionstudies differ, we think, from that of the 1957 Gobi-Altay
dependent parameter and are much smaller than the stremgent. In our models of the 2002 Denali fault earthquake
changes that would be necessary to trigger slip in a reand the possible triggering across the San Jacinto, San An-
earthquake. Nevertheless, the models do a good job of edreas, and Sierra Madre fault systems, the 3-D triangular
plaining the features of the rupture jumping from the Susitngrismatic intersection between a thrust fault and strike-slip
Glacier fault to the Denali fault at this length scale. fault controls the interaction and rupture transition from the
Understanding when ruptures may jump acrosghrust fault to the strike-slip fault, and vice versa. On the
stepovers and/or immediately trigger other ruptures omther hand, both cases of rupture progression investigated by
nearby faults is an important issue for accurately estimatkurushinet al (1997) involved considerably different ge-
ing the seismic hazard. With the stress orientation and fauttmetries in which the thrust and strike-slip faults were sub-
geometry playing such important roles, it appears that, iparallel. Some insights from our dynamic modeling may
many cases, location-specific investigations will be neededpply to the complex and somewhat similar fault junction
to determine if a particular fault could potentially trigger of the primary Bogd rupture (analogous to the Denali fault)
rupture on neighboring faults. Other local and event-specifiand the combined Toromhon overthrust and Tsagaan Ovoo-
features, such as stress and strength heterogeneity, will al3evsh uul rupture (analogous to the Susitna Glacier fault) in
be important in evaluating whether or not a rupture will1957. From our analyses to date, however, it seems neces-
propagate through a junction, or jump a gap. sary to conduct a specific study of the 1957 Gobi-Altay event
Before an earthquake, we generally have better knowlin order to asses dynamic triggering in that case, since it al-
edge of the fault geometry and the regional stress orientatiomost certainly differed substantially from that in the 2002
than of the fault friction and stress magnitudes. Of courseDenali fault earthquake.
in this case the Susitna Glacier fault had not yet been recog-
nized (Eberhart-Phillipst al., 2003) and the regional stress Conclusions
orientation had not been studied. Nevertheless, selecting a
minimal parameterization of the rupture dynamics (dynamic  Dynamic (spontaneous) rupture simulations for several
stress drop, fracture energy, and failure stress) that yie|0%rientations of the regional stress tensor replicate the tran-
reasonable values of S"p’ S||p rate, and rupture Speed ||n'§.|t|0n of rupture from the Susitna Glacier fault to the De-
its the uncertainty in the models. Thus, had we conductefali fault about 10 s after nucleation. Selection of the proper
this studya priori with the now known fault geometry and friction model parameters results in the ruptures producing
estimate of the regional stress orientation, we would havélistributions and amounts of slip that compare well with the
likely concluded that ruptures on the Susitna Glacier fautkinematic models and observations. Although using the re-
might trigger ruptures on the Denalli fault. If applied System_gional stress orientation derived by others from focal mech-
atically, this approach involving scenario simulations for aanisms results in the transition of rupture at about the correct
given region could provide a more physical basis to probatime, it does not appear to produce the correct orientation of
bilistic seismic hazard analyses. slip on the fault surfaces, as inferred from the measurements
For examp|e, we app“ed the mode”ng technique use@f the surface rupture and kinematic source inversions. Im-
here to examine whether events similar to the 2002 DeProving the fits to the orientation of slip can be accomplished
nali Fault earthquake could occur across the San AnWlth Sllght perturbations of the regional stress tensor: adeSt'
dreas and San Jacinto strike-slip systems and the Sierfaent of the intermediate principal stress so that it is more
Madre/Cucamonga thrust fault system (Anderssnal., consistent with a mixture of strike-slip and reverse faulting
2003). While the friction parameters, normalized by theand a 10-20 westward rotation of the direction of maxi-
shear modulus, remain the same, we adjusted the matBWm horizontal compression. These models suggest that
rial properties and stress orientation to match the wellthe stress orientation and fault geometry allowed the right-
constrained data for the region. We found that an analogouateral oblique motion on the Susitna Glacier fault to trigger
event (rupture on the Cucamonga fault triggering rupture ofh€ resulting rupture on the Denali fault.
the San Jacinto or San Andreas faults) is highly unlikely, be-
cause the Cucamonga fault has slightly left-lateral oblique Acknowledgments
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Figure 7.Shear stress time histories (left) and trajectories (right) for a pair of locations on the Denali fault (circles in Fig. 6). The
locations sit 2 km up-dip and down-dip from the intersection of the Susitna Glacier fault surface with the Denali fault surface and
about 6 km west of the intersection of the surface traces. The dashed circles in the shear stress trajectories delineate the failure
envelope, and the dotted lines show the direction of the initial shear stress. The rupture of the Susitna Glacier fault in the first
10 s increases the shear stress on the footwall side of the Susitna Glacier fault while decreasing the shear stress on the hanging
wall side. The unloading tends to occur along the same direction as the initial shear stress, but the loading tends to occur up-dip
from the direction of the initial shear stress.
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