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STATIC STRESSCHANGES AND THE TRIGGERING OF
EARTHQUAKES

Geoffrey C.P. King,Ross S. Steinand Jian Lin

To understand whether the 1992 M=7.4 Landers earthquake changed the proximity to
failure on the San Andreas fault system, we examine the general problem of how one
earthquake might trigger another. The tendency of rocks to fail in a brittle manner is
thought to be a function of both  shear and confining stresses, commonly formulated as
the Coulomb failure criterion. Here we  explore how changes in  Coulomb conditions
associated with one or more earthquakes may trigger subsequent events. We first
consider a Coulomb criterion appropriate for the production of aftershocks, where faults

most likely to slip are those optimally orientated for failure as a result of the prevailing
regional stress field and the stress change caused by the main shock. We find that the
distribution of aftershocks for the Landers earthquake, as well as for several other
moderate events in its vicinity, can be explained by the Coulomb criterion:  aftershocks
are abundant where the Coulomb stress on optimally orientated faults rose by more than
one-half bar, and aftershocks are sparse where the Coulomb stress dropped by a
similar amount. Further, we find that  several moderate shocks raised the stress at the
future Landers epicenter and along much of the Landers rupture zone by about a bar,
advancing the Landers shock by 1-3 centuries. The Landers rupture, in turn, raised the

stress at site of the future M=6.5 Big Bear aftershock site by 3 bars. The Coulomb stress

change on a specified fault is independent of regional stress but depends on the fault
geometry, sense of slip, and the coefficient of friction. We use this method to resolve
stress changes on the San Andreas and San Jacinto faults imposed by the Landers

sequence. Together the Landers and Big Bear earthquakes raised the stress along the
San Bernardino segment of the southern San Andreas fault by 2-6 bars, hastening the

next great earthquake there by about a decade.
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INTRODUCTION

It is generally agreed that the greatest earthquakes in California are associated with the
San Andreas or closely related faults, and thus when the Landers earthquake struck within 25
km of theSan Andreas a major questiooncerned its potential influence &an Andreas
behavior. In particular, were stresses redistributed in such a way as to itlceckisglihood
of future San Andreasarthquakes? In this paper we examine this question within the
general context of seeking tonderstand moregenerally the causal relations between
earthquakes. Briefly, we ask under what conditions does one earthquake trigger another.
It has long been recognized that while each event produces a net reduction of regional
stressevents also result istress increases. With furthtectonic loading itseemslogical
that such sites of stress rise shouldthe foci of future events and therefaech events
should bereadily predictablédrom precedingones. Despit¢he apparent simplicity of this
mechanicabrgumentgearthquake triggeringas notbeenobserved as widely as might be
expected. Phenomena such as the steady migration of epicenterh@ldogh Anatolian
(Ambraseys, 1970) and San Jacinto (Sanders, 1993) faults for example occurs, but are rare.
Recent ideas of self-organizedticality [e.g. Bak and Tang (1989); Cowet al,
(1993)] help to explain this result. If the Earth behaveabhéway these authorsuggest, all
parts ofthe brittle crustare at the point of failureand, as a result of long-rangdastic
correlations, an earthquake canfobowed by a nearby or a distant eventThus strong
correlations between neighboring events need not domthatphysics of earthquakes.
Nonetheless, in this paper we show that local triggering effects celedsty observed. We
adopt classical concepts of stress transfer to explore interaction effect€oUloenbfailure
stress changesaused by mainshock ruptueffectively explain the aftershodadistributions
for the earthquakes wstudy, with some ofthe more distant events apparently being
triggered by stress changes of less than 1 bar. Not only do aftershocks appear to be triggered

by such stress changes, moderatents prior tothe Landers earthquake increased the
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potentialfor failure alongmost ofthe future Landers rupture zorggrhaps controlling the
location of the later rupture.

Associating coseismic stress changes widlthquakeshat take placelays to years
later is a substantial simplification of the physipebcess involved irarthquake triggering.
Nonethelessthe spatial correlations that wied are compelling. We notehat thetime-
dependenprocesses ofleep fault creep andscousrelaxation of theasthenospheraill
increase the statstress changes at seismogenic depibs,the spatial distribution of the
Coulomb stress change will not greatly change.

These observations encourage us to applgssinteraction techniques to estimate
how the potentiafor failure alongparts ofthe San Andreas andssociated faulthas been
changed by the Landers earthquakel, furthermore, to usthese results to estimate the

advance and delay of future large earthquakes on the San Andreas system.

CouLoMB FAILURE

Various criteria have beemsed tocharacterize theonditions under whicHailure
occurs in rocks. One dhe more widely used isthe Coulomb failure criterion, which
requiresthat both the shear and normaltress on amcipient fault planesatisfy conditions
analogous to those of friction on a pre-existing surfacethénlaboratory, confinedocks
approximately obey the Coulomb failure conditions, which also appear to ex@ainfield
observations (Jaeger & Cook, 1979). @pproach is similar to thogeken by Stein and
Lisowski (1983), Oppenheimest al. (1988), Hudnutet al. (1989), Reasenberg and
Simpson (1992), Larsest al. (1992), Harris and Simpson (1992), Jaumé and Sykes (1992),
and Steiret al. (1992).
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In the Coulomb criterion, failureoccurs on glane when the Coulomb stress;

exceeds a specific value
Gt =Tg - WTp - P) (1)

wherelp is theshear stress ate failure plane@p is thenormal stressp is thepore fluid
pressure ang the coefficient of friction. The value of Tz must always bositive in this
expression, whereas the usual processes of resolving stress onto a plane may give positive or
negative values depending on whether the poteotialip is right- orleft-lateral. Thesign
of Tg must therefore be chosen appropriately.

If the failure plane is orientated fit to the o; axis we can expressthe stress
components applied to it in terms of the principal stresses

op = %(01 +03) - %(01 - 03) cos B

)

T = (01 - 03) sin2B ©)

whereo; is the greatest principal stress ands the least principal stress. Equation tfien
becomes

Of = 401 - Og) (sin 2B - ucos B)- 2u(0y + Tz) + p 4
Differentiating equation (4) as a function®f one findsthat themaximum Coulomb stress

max

o; <~ occurs when

tanp= 1
2 (5)

Porefluid pressure modifiethe effectivenormal stress acroske failure plane as
shown inequation(1). When rock stress changedmorerapidly than fluidpressure can
change througtflow, p can be related to confiningtress inthe rock by Skemptons

coefficient B, where B varies between 0 and 1. Equation (4) and subsequent expressions can
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therefore be rewritten on the assumption @pgatepresents the confining stress as well as the

normal stress on the plane [e.g., Simpson and Reasenberg (1994)]

Of =Tg - Ty Og (6)
where the effective coefficient of friction is defined py= u(1-B)

The failure condition is inherentliwo-dimensional withthe intermediatestresso,
playing no part. Thus all of the processeghat we considercan be illustrated in two
dimensions. Taeneralize thenathematics tahree dimensions it is only necessary to
determine the orientation of the plane of greatest and least principal stresses in the appropriate

coordinate system and to apply the failure conditions in that plane.
Two-dimensional Case: Change of Coulomb Stress on Faults of Specified Orientation

In a system where the x- and y-axes &ndt displacementare horizontal, anhult
planes are vertical (containing the z direction), stress on a plane at ag dragte the x-axis
(Fig. 1) is given by

O = OxCOSY+2 Oy SiNPcosp + Oy SinfP
0% = OxSIPY-2 OuysinPcosp+ oy codyY @)
Tz = % Gy - Ox)SINAY + Txy COSZY
: . R L
We cannow write the change o€oulomb stress foright-lateral 9 and left-lateral Of

motion on planes orientatedytwith respect to the x-axis in the following way.

Of =T + W Og (8)

Of =153 + H 0 (9)
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The sign oftiz from equation (7) is unchanged for right-lateral st@)( in equation(8) and
reverses in sign for left-lateral sliﬂl-:{) in equation (9).

Equation (9) igllustrated inFig. 2a. Anelliptical slip distribution isimposed on a
master fault in a uniform, stress-fregastichalf-space.The contributions of thehear and
normal components tehe failure condition, and the resultiroulomb stresses, for
infinitesimal faultsparallel to themasterfault are shown in separate panels.Such a
calculation represents the change of Coulomb stress on these planes resultirgroslip
on themasterfault. The calculation is appropriate determine, for examplehe effect of
Landers on a nearby segmenttlod San Andreagault. One need onlyknow the relative
location of the San Andreas and Landers faults, the slip on the Landers fault ardgdbeof
slip on the San Andreas to determine whether the San Arfdrdakasbeen brought closer
to, or furtherfrom, failure. Such calculations are independent of akgowledge of the
prevailing regional stresses or any pre-existing stress fieds other events. Thsigns in
the calculation are chosen such that a positive Coulomb stress indicates a témdsiizyn
the sameright-lateralsense ashe fault of interest. Negativ€oulomb stressemdicate a
reduction of this tendency. It is important appreciate that becaudes changes sign
between equations (8) and (9), a negative Coulomb stresghitfateral faultmotion is not
the same as a tendency for left-lateral slip.

The distribution of increases and decreasesCotilomb stress showeatures
common to all subsequent figures. Lobes of increased stieasappear at the fauéinds,
corresponding to the stresencentrations that tend to extend the fa@ff-fault lobes also
appear, separatddom the fault by a regiowherethe Coulomb stressebave not been
increased, as discussed by Rasl Scholz (1983). lthe masterfault were infinitesimal in
length, the off-fault lobes would be equal in amplitude to the faultedres atall distances.
For afinite length fault they are absent near the fault and reduced in amplitude at moderate
distances. The normal stress change field is similar to the more familiar dilitational field with

maximaand minima distributed anti-symmetrically acro$ise fault, but here we consider
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only the component of tension normal to the fault. The influence aidh®mal stress on the
Coulomb stresdlistribution is to reduce theymmetry ofthe final distribution and to

increase the tendency for off-fault failure.
Two-dimensional Case: Change of Coulomb Stress on Optimally Orientated Faults

Coulomb stress changes optimally orientated planes caaso becalculated as a
result of slip onthe masterfault and these are the planes which aftershocks might be
expected to occur. Wpresumethat a sufficientnumber of smallfaults exist with all
orientations andhat thefaults optimally orientatedor failure will be mostlikely to slip in

small earthquakes. After an earthquékeoptimum directions are determined nohly by
the stresschange due tthat earthquakeﬁ-‘ but also by pre-existing regionsllressesx{j to

give a total stress;

oj = 0 + o] (10)
The orientation of the principal axes resulting from the total stress are therefore derived using
2
6 = Luany 2% (11)

Wheref is the orientation of one principal axis to the x-axis as shown in Fig. tharather

is at@ x90°. From thesetwo directions,the angle of greatestompressiorB; must be

chosen. Thusthe optimum failure angley, is given byg,+B. Whereashe optimum

planes are determinddom o}j, the normal and sheastress changes dhese planes are

determined only byhe earthquaketress changesﬁ. Thusthe changes istress on the

optimum planes become

o% = O%kSifYo- 205 sinPocospo + o codPso

Tiz = % (Ggy' oX)sin2po + Tﬂ’ cos o (12)

and the Coulomb stress changes

opt _ .
O =Tiz3-HO3x3 (13)
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Thetwo optimum planes correspond teft-lateral and right-laterakhear with expression
(13) applying to both. It is important to emphasize thatcaleulate the change &oulomb
stress onplanesthat areoptimum after the earthquake. Th&ptimum orientations are
calculated from the total stress after the earthquake, ar@otllemb stress changeaused
by the earthquake stress changes are resolved onto these planes. Intigeresndhquake
rotates the principal axis. It is possible to calculate the changeximum Coulomb stress
at somepoint before and after the earthquake, togethigh the change of angle of the
infinitesimal planeupon which it operates. However, we do not regard ®ffdtts as
having significance for earthquake triggering.

The results of a calculation to find optimum orientations and magnitudesuddmb
stress changes are shown in Fig. dine calculations are again in a half-space and the slip
on themasterfault is thesame as before. A uniform 100-bar compressional stress is
introduced with the orientation shown. White limedicateoptimum left-lateral orientations
and black lines, right-lateral orientations. H®ieear and normadtress contributions to the
Coulomb stresshange are agashown inseparate panels. It can seenfrom expression
(10) that only the deviatoric part of the regiostiess determingbe orientation of principal
axes, andcence theptimum stres®rientations.Thus it is sufficient to apply the regional
stress as a simple uniaxial compression or extension.

The relativeamplitude of the regionatresso! to the earthquakstress dropAt
might to be expected to have an effect. This is explored in Fig. 3, which shoGsuloenb
stresschangeo]f"c’t on optimally orientated right-lateral planeswhich the regional field is
equal to the stress drdyr (left pane) and 10 timed\t (right pane). These examplesgpan
likely conditions. It is evident thagxcept close to theasterfault, the orientations of the
optimal planes an@€oulomb stress changes these planes attle altered. The optimal
orientations are essentially fixed by the regional stress except very close to the fault where the

stress change caused by sliptbemasterfault is comparable to the regiorgtress. If the

regionalstresso{j were zero, thethe Coulomb stresgshange on optimally oriented planes

o™ = oR orof. If, however, the regional stres is large relative to the earthquakieess
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drop, of or oF may locally exceecb? P In all calculations thafollow, we use a uniform
regional stressfield o{j. However, this assumption is naquired and spatially variable
stress fields can be incorporated into the calculatioﬁ? B,

The effects of varying the orientation of regional stresses and changiogetfieient
of friction u' are shown in Fig. 4. Possible changesegionalstressorientation are limited
since themain fault must move as eesult of the regionaltress;the 30 range covers the
likely range. Similarly, values of friction betwe8rD and 0.75 spathe range of plausible
values. All of the panelshow the samegeneral features, fault-end and off-faGlbulomb
stress lobes. Thus our modelling is most sensitithaaegionaktressdirection,modestly
sensitive to the coefficient of effective friction, and insensitive to the registraks

amplitude.

Three Dimensional Case: Strike-slip and Dip-slip Conditions

In the foregoing discussion we have assumed thatwantical faults are present and
thus stress componentsad,; Oy, Oy, could be neglected. In dip-slip faulting
environments, however, theseess componentannot be ignored. Iall of the regional
stress componentare known one cancalculate the orientatiomnd magnitudes of the
principal stresses.These can thensed tocalculate the orientation of the plane containing
01 and o3 and hence theptimum orientations of slip planes aride change ofCoulomb
failure stress on them can be found.

In practicethis is not straightforward. Whil¢he verticalshear components of
regionalstressoy,, oY, can beignored, the magnitude ofthe verticalstresso}, relative to
the horizontal regionastressesoyy, O, Oy cannot. The relativenagnitude of the
horizontal to verticabtresses determines whetlesents arestrike-slip or dip-slip, and this
can alter thdorm of the predictedCoulomb stresghange distribution. While ithe two-

dimensional case onlye orientation of the regionatress is otonsequence, fahe three
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dimensional case the ratio of the vertical to horizosti@sses becomes importasihice this
determines whether strike-slip or dip-slip faulting occurs. Direct informatiometative
stress amplitudes %ot generallyavailableand varies with depth, salternative strategies
must beadopted. One possibility is telect relativestresses suckhat the calculations
predict the earthquakemechanisms observedThe second is determine probabfault
orientationsa priori and directly determine th€oulomb changes on themSince focal
mechanismsare thebest guide torelative stressesand fault orientations, these two
possibilities are different technically, but not in practice. Finally, where two principal stresses
are nearly the same, tlgstributions of Coulomb stress changes for dip-ahd strike-slip

faulting are similar.

Coulomb Stress Changes and Aftershocks

The methodsoutlined above can be applied to the aftershdiskributions of two
events that preceded the Landers eventl 8% HomesteaWalley sequence, and tl®92
Joshua Tree earthquake (Fig. 5 and Fig. Ngither event produced surface ruptdnesctly
attributable to the main shock, but seismic and geodetic observations furnish evidence for the
geometry offault slip. The calculations are carried out in a half-spadth the values of
Coulomb stresglotted in thefigures beingcalculated at half theepth to whichthe faults
extend.

Both Fig. 5 and Fig. 6 show the four characteristic lobes of increased Cosfisd
rise and four lobes of Coulomb stress drop. The lobes at the ends of the fault extend into the
fault zone while the off-fault lobesre separateftom the faultover most ofits length by a
zone wherdhe Coulomb stress iseduced. Thelistributions of aftershockare consistent
with these patterns. Increases of Coulomb stress of less than 1 bar appear to be sufficient to
trigger events, while reductions of tkame amoungffectively suppress them.Relatively
few eventsfall in the regions of lowered Coulomb stressid theclusters of off-fault

aftershocksare separatedrom the fault itself by a region ofliminished activity. The
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distributions of Coulomb stressean bemodified as describe@arlier by adjusting the
regionalstressdirection and changing'. However, any improvements the correlation
betweenstress changeand aftershock occurrence amodest. Consequently weave

chosen to show examples with an avenzgd 0.4. Whatever values we adopt, we fihdt

the best correlations o€oulomb streshange to aftershock distribution are at distances
greater than &éew kilometers fromthe fault. Closer tothe fault,unknown details of fault
geometry and slip distribution influence stress changes. At distances larger than about 3 fault
lengths, the correlations are less clear because there are fewer aftershocks.

An examination of the distribution dfoulomb stress changes witlepth is also
instructive. Fig. 7 shows a cross-sectigrerpendicular to thédomesteadvalley fault
(L/'W~1). IncreasedCoulomb stressesan beseen inthe off-faultlobes and athe base of
the fault. Because the stress concentration beneath the fault lies at the depth g udycia
accommodated aseismically, thistypically freefrom aftershocks. The off-fault lobes,
however,are seen inthe well-located hypocentraistributions ofthe Homesteadvalley
(Hutton et al, 1980; Stein antlisowski, 1983). The predictedCoulomb stressncreases
diminish with depth awayfrom the fault(Fig. 7), afeature that islso seen irthe off-fault
aftershock distributions, which extend 80-80% ofthe depth of thenain shock and its
deepest associated aftershocks. A similar accord betthegboulomb stress changes at
depth and well-located aftershocks is sk®rthe JoshuaTlree earthquak@Haukssoret al.,
1993).

Although events such as Homestead Valley and Joshua Treecaalifg identifiable
off-fault aftershock clusters, such features have not bbsarved on &rge scaldor great
earthquakes on transcurrent faults with rupture lengthwmanfy tens orevenhundreds of
kilometers. Scholz (1982)ointed outthat faultslip scales differentlyfor faults that are
muchlonger than thehickness othe brittlecrust. In Fig. 8, stress changemused by one
meter of slip on a shofault (left pane) and a long faultright pane) arecompared. The

lobes at the fault ends are similar in strength and size.thEghortfault, the off-faultiobes
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can be seen at distances from the fault of the order of one fault length, again with comparable

strength. For the long faults the off-fault lobes have essentially disappeared.

STRESSCHANGES ASSOCIATED WITH THELANDERS EARTHQUAKE

Regional Stress Field Driving Rupture

For all subsequent calculations we take the regional stress to be a simple compression
of 100 barsprientated at N7ZE. As we demonstratearlieronly the deviatoric part of the
stress tensor is importaahd the amplitude hardlsnatters, providedhat we camassume
primarily strike-slip mechanisms,raasonabl@assumption fothe Landers region.Fig. 4
shows that Coulomb stress changes are modestly sensithe @dentation of the principal
axes and hence our choice of"Eheeds to be justified.

The principal strairaxescan beused as amdication of stressorientation with the
direction of maximum shortening beindaken to be thesame ashe axis of maximum
compressive stress. Using geodetic data Lisoetski. (1991) found maximunshortening
orientated at N¥1°E duringthe pre-earthquake perid®79-1991 forthe Joshuageodetic
network, which includesost ofthe Landersupture. They alséound the samedirection
during 1934-1991 for Landers and southern San Andreas regions. #wossth half of
the Landersupture, Saubeet al. (1986) found maximunshortening betweet934 and
1982 to lie at N45°E. These values are all close to the maximum shorteningiedited
for simple sheabetween the Pacific andorth Americaplates N9E, given a relativelate
motion direction in central California of N3&/ (DeMetset al, 1990).

Seismic focal mechanisms also supply information on the principal stress. The mean
principal stress direction derived from small shocks along the 50-150 km of the San Andreas
fault nearest to the Landers region (Banning and Indio segments}&B6(Jones, 1988).

Williams et al (1990) found that the average principtiessdirectionfor the 50 km stretch
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of the San Andreagault adjacent td_anders (San GregoriBassand Eastern Transverse
Range-I regions) to be MB°E. Thus several independent techniques yield a stiression
within a few degrees of owmdopted value.Only datafrom the borehole at CajoRass
(Zoback and.achenbruch1992) gives aifferent orientation(N57+19°E), but this could
not drive local or regional right-lateredotion onthe San Andreagault andmay instead be

attributable to local effects (Shamir and Zoback, 1992).

Coulomb Stress Changes Preceding the Landers Rupture

In Fig. 9 we show the Coulomb stress changes caus#iteliyur M>5 earthquakes
within 50 km of Landershat preceded thkeanders earthquake. TH®75M =5.2 Galway
Lake, 1979 M| =5.2 Homestead/alley, 1986 M| =6.0 North Palm Springand 1992
M_=6.1 Joshua Tree earthquakes progressively increased Coulomb stresses by about 1 bar at
the future Landers epicenter. Together they also produced a raonewofCoulomb stress
increase of 0.7-1.0 bars, whitte future70-km-long Landers rupture followed for 70% of
its length. The Landers fault éso nearly optimally orientefdr failure alongmost of its
length. The four moderate earthquakes may themselves have been part of prdeess of
earthquake preparation within the earthquake cycleuggested by Nuet al. (1993). It is
noteworthythat the three largestvents areroughly equidistanfrom the future Landers
epicenter: the right-laterédlomestead/alley andJoshuaTree events enhancestress as a
result thelobes beyondhe ends oftheir ruptures, whereathe North Palm Springevent
enhanced rupture as a result of an off-fault lobe. Increasing the effective ffrcioru'
from 0.4 (Fig. 9) to 0.7%lightly enhances the effects, adtbppingthe friction to zero
reduces them.

Paleoseismic trench excavatioamsrossthe Landers ruptursuggestthat the 1992
Landers fault last slipped about 6,000-9,000 years ago (Hetkér 1993; Rockwelkt al,
1993; Rubin efl, 1993). The meanstaticstress drop ofhe 1992 Landersearthquake was

about 35 bars, using a shear modulus of 3.3 ¥l1@yne-cm, and meafault slip of2.6 m
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and a faultwidth of 15 km from Waldand Heaton (1994). Thuthe 1-bar stresgise
contributed by theneighboring earthquakeway represent about50-250 years ofypical
stress accumulation. The four moderate earthquakes can therefore be thought of as advancing

the occurrence of the Landers earthquake by 1-3 centuries.

Rupture Model for the Landers Earthquake

Unlike the earthquaksources modeled so far, which we approximatedapgred
slip on single planes, there is vasthore informationabout theM=7.4 Landers source.
Here we use Wald and Heaton's (1994) modefaol slip, which they derivefrom joint
inversion of broadband teleseismiaveforms, near-field and regionastrong motions,
geodetic displacements from Murratyal. (1993), and surface fault slip measuremedrnisn
Siehet al.(1993). We smooth their 2 x 2 km variable slip model to 5 x 5 km, and retain their
3 planar fault segments (Fig. 10). Cohee and Bef02@4) found a similar slip distribution
from near-source low-gain seismograms. Using a shear modulus of 3:3dyb@-cm?, in
the range typicallemployed toderive seismic moment, this sligistribution gives dotal

Landers seismic moment of 0.9 x2¥@lyne-cm

Stress Changes Following the Landers Rupture but Before the Big Bear Earthquake

The stress changes caused by the Landers event are shown in Fig. 11. At first glance
the off-fault stress lobe to the west of the fault appears surprisingly large, considerif@y
km length of thesurface rupture. Inspection of Fig. 10, reveals, howekatmost of the
fault slip is confined to a 4Bm-long, 15 km-deepentral sectionThusthe source has an
effective L/W ratio of 2-3, rather than 6 as would appearfrom the length of the surface
rupture, which results itarge off-faultlobes (Fig. 8).The western off-fault lobe i¢arge at

the expense of the eastern lobe because of the fault curwaitlreéhe off-fault stresses
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adding on the concawade ofthe fault. Theséwo factorsaccountfor the concentration of
stress 20 km west of the Landers rupture, where the Big Bear aftershock would occur.

The largest lobe of increased Coulomb stress is centered on the epicentre of the future
M_=6.5 Big Bear event, where stresses warsed 2-3 barsThe Big Bear earthquake was
apparently initiated byhis stress rise 3 hr 26 miafter the Landergnain shock. The
Coulomb stresshange at the epicentre is greafest high effective friction butremains
more than 1.5 bars fa=0. There is no surface rupture or Quaterrfanjt trace associated
with the Big Bear earthquake. Judging from its epicenter and foeahanism, Haukssast
al. (1993) suggedeft-lateralrupture on the planéhat is seen to be optimally aligned for
failure, with the rupture apparently propagating northeast and terminating tivbdranders
stresschange became negativelonesand Hough (1994), howeverrguefor a multiple
event with both right- and left-lateral rupture on orthogonal faults bisecting at the epicenter. In
this case as well, rupture on each plane terminates where the stress changes become negative.

In addition to calculating thetress changesaused by the Landersipture, we
estimate theslip onthe Big Bear fault needed to relieve thigear stress imposed by the
Landers rupture. This is achieved by introducing a freely-slippoumdary elemerdlong
the future Big Bearupture. The potentialslip alongthe Big Bear fault is 60 mm (left-
lateral), about 5-10% of the slip that occurred several hours later. These calcslajigpest
that theBig Bear slip needed teelieve thestress imposed by Landers wassignificant
fraction of the totaklip that lateroccurred. Thug$rom consideration of thetresschanges
and the kinematicesponse to those changes, itdasonable tproposethat stressefrom

the Landers event played a major role in triggering the Big Bear shock.

Stress Changes Caused by the Landers, Big Bear, and Joshua Tree Ruptures

The Big Bear earthquakeas the largest ofmore than 20,000 aftershockiocated

after the Landers earthquake, lagg®ugh to result in significastressredistribution at the

southwestern part of the Landers rupture zone. Conseqtieattistribution oflater events
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cannot be examined without considering its effect. Although smaller, a similar argument can
be applied to the Joshua Tree event, whose aftershock sequence was not cothpldireat

of the Landersupture. In Fig. 12 wéherefore plot theombined Coulomb streshanges

for the Joshua Tree, Landers and Big Bear earthquakes. This distribusioomia together

with all well-locatedVl| =1 earthquakes that occurred in the box shown, within about 250 km
of the June 28 main shock, during the following 25 days.

Most M| >1 aftershocks occur in regions where the failure stressldalated to have
increased by>0.1 bar,and few eventsare found wherethe stress ispredicted to have
dropped (Fig. 12). Even whaail seismicity within 5 km ofthe Landers, Big Bear and
Joshua Tree faults is excludedore than 75% of the aftershocks occur whetae stress is
predicted to have risen 0.3 bar. In contrast, leskan 25% of the aftershocks occur
where the stress dropped by >0.3 bar. The same correspondence can be fourid,among
earthquakes that took place during the 9-month period April-December 1992 from Hauksson
et al. (1993). The largestshock tofall on or near theSan Andreasthe 29June 1992
M_=4.7 Yucaipa event (due east 8&n Bernardino in Fig. 13), occurred whéne failure
stresschange on th&an Andreas igalculated to haveisen by 5 bars. Aftershocks to
Landers also occurred as far as 1250 km north of the main shock, largely in geothermal areas
(Hill et al, 1993). Atthese distances the sta@ulomb stress changese much smaller
than the tidal stress changes, and thus we do not attempt to include them in our modeling.

Few aftershocks are seen near Indithin Coachella Vallewherethe San Andreas
was loaded by the Landers earthquake and, to a ledsett, by thdmperial Valley(Hanks
and Allen, 1989)Elmore Ranch and Superstition HilidHudnut et al, 1989) eventgthe
effect of these earthquakessisown inSteinet al. (1992)]. The lack ofearthquakes near
Indio appears to be an exception tilee observationthat Coulomb stress rises are
accompanied by at leasbmeactivity, although triggeregurface slip was seen sgveral
points between Indio antie southeastern end ttie San Andreas (D. Ponti, peisomm.,

1992). Landers aftershocks could be absethiénCoachella Valley because the tataiess

there is lower, because the faultasally tougher, or becauseodulus contrasts modify the
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Coulomb stresses. We examint effect of alow-modulus Mojave tectonic block
surrounded by a stiffer crust, consistent withRgevelocity contours of Hearn an@layton
(1986). The average velocity contrast between 186- x 300-kmMojave region withPg
velocity <6.2 km/s and the surrounding medium is 0.45 km/secg&Ve the Mojave block

a Young's modulus, E, of 6.2 x H0dyne-cm?. In this planestresscalculation, the
Coulombfailure stress rise ialved in the Coachella Valley, but is nearly unchanged
elsewhere. Thus, although we mayerestimate thetresschangefor the Coachella Valley

in Fig. 12, a stress increase did apparently occur, but has not been expressed in seismicity.

In Fig. 13 weplot themost positive Coulomb stresghange at depths between 0.5
and 12.5 km depth. Thus thistiee Coulomb stresghange on optimally oriented faults at
the optimum depth. This function gives perh#psbest correlation betweesiresschanges
and aftershocks, since aftershocks will likely occur at the depth and loedtenethe stress
change is greatest. Note that two of the largest earthquakesitimernCalifornia during the
9-month period, the 27 November 1992=5.3 and the 4December 1992 =5.1 events,
occurred north of the Big Bear epicenter in a region where stress was increased as a result of

the Big Bear earthquake.

Coulomb Stress Changes Along the San Andreas and San Jacinto faults

Thus far wehave been calculatingoulomb stress changes optimally orientated
pIanesAG? P This is becauséor small eventssufficient small faultsexist thatthose
optimally orientated will be activated. Tloaly possible exceptiorfsave been the Landers
and Big Bear earthquakes, but in both ca#es,difference betweeaptimum and actual
orientations were small. The San Andreas and San Jacinto faults are not optimally orientated,
so to examine Coulomb changes we resdhee right-lateralCoulomb stress changes on

these fault&{mfR, rather then calculate optimum changes at the fault Iocdkio?%.
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Resolved Coulomb changes for the San Andreas are shown in FigBédause the
failure stress change on a particular fault is independent of the regional stress, as illustrated in
Fig. 2a,the calculation is a functioonly of the Landersource andhe San Andreadault
geometry, sense of slip, and friction coefficient. Inttpepanelof Fig. 14, Coulomb stress
changes are shown fpe0.0 andu=0.75. San Andreas segment boundaries inferred by the
Working Group on California Earthquake Probabiliti#888) are shown belowand accord
roughly to sign changes ithe failure stresschangeimposed bythe Landers event.
Regardless ofhe value of friction, thetresschange is positive along ttigan Bernardino
Mountain segmentgenerally positive along the Coachella Vallsggment, andegative
along the Mojavesegment. The failure stress changeare greatesfor high values of
effective friction, reflecting the role that tim®rmal stress plays ithe totalCoulomb stress
change. Thetress changes for amtermediate value of frictionuE0.4) areshown in Fig.

14 (middle panél The stress change on the northern San Jacinto fault, which is faotier
Landers but more favorably oriented than the San Andreas, is positive along plaetSah
Bernardino Valley an@anJacinto Valleysegments (Fig. 15ypper panél These results
are in substantial agreement with those of Harris and Simpson (1992x@améand Sykes

(1992).

Potential Slip on the San Andreas and San Jacinto Faults Caused by the Landers Rupture

The correspondence betwesaismicity andthe Coulomb failure stresschanges
produced bythe Landers andarlier eventsuggestshat regions ofpredicted increase are
candidatedor future major events. the earthquakes are some senséime-predictable,
with rupture occurring when failure threshold is exceeded, thte stressincrease will
hasten thetime to the next earthquake. To prediwdow the Landers earthquakes have
advanced or delayed the next greatithern San Andreasarthquake, wdet a frictionless
San Andreas (Fig. 14ottompane) or SanJacinto fault(Fig. 15, bottom pane) slip to

relieve thestress imposed biphe Landers, Big Bear, andoshualree earthquakes. This is
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accomplished by introducing freely slipping boundary elements along the faults to a depth of
12.5 km.

The response on the San Andreas is slip of 2@lomg the centraéban Bernardino
segmentequivalent to aM=6.2 event if it occurred seismically), and 7 cmtive northern
Coachella Valley segment (equivalentMa5.7). The calculated slip does not depend on the
number of San Andreas segmealiswed to slip at once, or ahe coefficient of friction.

Slip on the San Andreas fault with a moment equivalent to two moderate events are therefore
neededsimply torelieve thestressesdded by the Landers sequence. In contpaséntial

slip comparable to B =6.2 event is removed from the Mojave segment, andeslijivalent

to anM=6.0 event isremoved north of Palm Springsite of the1948M=6.0 Desert Hot

Spring earthquake; seBykesand Seeber (1985)jaking theseportions ofthe fault farther

from failure. On theSanJacinto fault, theSan Bernardind/alley and SanJacinto Valley
segments have an added potential for slip of 5 cm along the northernmost 5GHenfanilt

(Fig. 15,lower pane). So far creephas notbeen detectednd noM>5 earthquakes have
occurred on the San Andreas or San Jacinto faults since the Landers event. If these events do

not take place, the likelihood of great earthquakes on the San Andreas must increase as well.

Time Change to the Next Large Earthquakes on the San Andreas and San Jacinto Faults

Because the southern San Andreas fauldttésin theearthquake cycle, theng-term
probability of a great earthquake on any of its tts@gthern segments was higefore the
Landers earthquake togblace (Working Group onCalifornia Earthquake Probabilities,
1988).The San Bernardino Mountain segméast ruptured inl812 (Fumalet al., 1988);
given its 243 mm/yr slip rate (Weldon and Sieh, 1985), 4.3-m slip deficit has since
accumulated, which could yield\>7.5 event.The Coachella Vallegegmentast ruptured
in 1680, has a slip rate of 25-8im/yr, and thus haaccumulated &6 m deficit M>7.5).
Its prehistoric repeat time &235 yrs(Lindh, 1988). The Mojavesegmentast ruptured in

1857, has a slip rate of ~35 mm/yr (Weldon and Sieh, 1985), and thus has accumulated a 4.7
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m deficit M=>7.7); its repeat time is 100-130 years (Fuetal, 1993; Jacobt al, 1988).

The San Bernardino Valley segment of the San Jacinto fault may have last ruptured in 1890;
it has a sliprate of &3 mm/yr (Working Group orCalifornia Earthquake Probabilities,
1988), and thus has a slip deficitxtf.8 m (M>6.8).

We estimate the advance and ddlayes of great earthquakes by dividing the slip
required to relieve the appliestress bythe localSan Andreas or Sadacinto slip rates.
Alternatively, one could divide thealculated Coulomb or shear stresshange by the
assumed stress drdyx of the last earthquake, and themultiply this ratio bythe next
earthquake repetéime. Ourcalculation,however, benefitfrom being independent of the
earthquake repedime or earthquakstress drop, for whiclthere is both uncertainty and
variability. Our estimate probably supplies a lower boundtiom earthquakéme change
because we neglect changes in normal stress acting on the fault, which tended to increase the
Coulomb stress changes on the San Andreas.

We thus findthat the next gregdan Andreagarthquake along th8an Bernardino
Mountain segmenuvill strike 8-10 years soonehan it would have in the absence of the
Landers shock. Similarly, the next great San Andreas earthquakelao@gachella Valley
segment is advanced by 2 years, and the next large earthquakeSam tBernardind/alley
segment of the San Jacinto fault is advanced 8 years. In contrast, we estimate a delay in the

next great Mojave shock by 2 years.

Long-Term Stress Changes Caused by the Landers Earthquake Sequence

All of the calculations so far have been carried out irelastic half-space on the
assumption that for short periods of timreepprocesses atepth can bégnored. Results
from measuring and modelling earthquake-related geodetic data suggests that over periods of
months to a year or two this is a reasonable approximadimwever, stresses depth will
in due course relax and modify the stress distributibatswe calculate.For exampleafter

relaxation of the viscous substrate, the stress concentration below the fault shown in Fig. 7 is
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transferred back tthe elastic part of therust. Relaxation of thdower crust reloads the
upper crust, regardless of whethelaxation takesplace by creep on theown-dip
continuation of the fault, or byiscous flow inthe lower crust or asthenosphere (Thatcher,
1990). We can therefore approximate complete relaxatidimeddwer crust by considering
a 12.5-km-thick elastic plate over an inviscid fluigde materiabelow the platetransmitting
only vertical buoyancy forces tthe plate. At thedepths shown in our figurethe stress
change on the San Andreas and surrounding faults roughly doubles (Figdd panel
and Fig. 15upper panel and theslip required taelieve thestressedikewise grows (Fig.
14, lower panel and Fig. 15Jower pane). The time neededor substantialrelaxation
depends onhe viscosity ofthe lower crust, or orthe rate atvhich creep propagatesown
the fault, which is perhaps in the range of 30-100 years. fhewsdress changesaused by
major events such as Landers do not diminish witle; rather theygrow and diffuse
outward from the source. If one were alsantdude the secular rate sfressing caused by

the plate tractions, the long-term stress changes would be larger still.

CONCLUSIONS

Earthquake slip causes stresseghange. Thestressincreases result in further
earthquakes. Aftershockse themost readily studiedsuch eventdecause of their large
number. The aftershocks othe JoshuaTree, Homesteadvalley, Big Bear and Landers
earthquakesall have epicentralistributionsthat may be predicted on thebasis of the
Coulomb failurecriterion; events occuvhere Coulomb strességve risen. Irthe case of
Joshua Tree and Homestead Valley whbesdepthdistributions of aftershockare reliably
determined, these are also effectively predicted by increasgsuiomb stressesThe exact
locations of off-faultstress changeare modestly sensitive tassumptionsabout regional
stressdirection and, to desserextent, the effective friction coefficient. Since a range of
plausible values can reproduce observed aftershock distributions, neither the effective friction

coefficient nor the regionalstressfield are constrained bypur results. Conversely, the
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predictive power of the method that we use does not depend on halétajledknowledge
of these parameters.

Stress increases of less than one-half bar appear sufficient to trigger earthquakes and
stressdecreases of a similar amouate sufficient tosuppress them.The former, in
agreement with current ideas of self organissticality, suggestghat some parts of the
brittle crust are always onthe threshold of failure. This indicatehat over periods of
aftershock sequences other processes do not change stresses by even modest amounts.

Over long time periods Coulomb stress changebempper crust will increase as a
result of stress relaxation processes in the lower crust. Thusaloutationsmay understate
the amplitude of the triggeringtress fordelayed eventsJauméand Sykes (1992) and
Simpsonand Reasenberg (1994ave also arguethat postseismidluid flow will under
some circumstances raise #igective coefficient of friction, causingng-term increases in
the static stress changes. The time constant for these effects is subject to speculation, and thus
we leave the evolution of the Coulomb stress changes to further study.

Coulomb stress changes dat only predict aftershock distributionsThe Landers
earthquake rupture occurred withinnarrow zone where a series pfevious events had
enhancedCoulomb stresses.The Big Bear earthquakthat followed Landers waslso
apparently controlled both in its initiation point (near thaximum Coulomb stresacrease
due to the Landemupture) and in its termination point (whehe Coulomb stresghange
was negative) by stresses due to the main event. These obsersagjgasthatregions of
enhancedCoulomb stress should begarded as candidates future eventsThe stresses
transmitted bythe Landers sequence to the nea8an Bernardino segment tdie San
Andreas fault are substantial, between 2 aféi®, andhese couldyrow to 10 bars as the
lower crust beneath Landers relaxes. The rate of small earthquakes has risen on this portion
of the San Andreasince the Landers earthquake. Butessthesestressesre relieved by
the occurrence d¥1~6.5 event on theSan Andreasthe next great earthquake on the San

Bernardino segment may be advanced by a decade or more.
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FIGURE CAPTIONS

Fig. 1. The axis system used for calculations of Coulomb stresses on opfaiura planes.
Compression and right-lateral shear stress on the failure plane are taken as positive. The sign of

T is reversed for calculations of right-lateral Coulomb failure on specified failure planes.

Fig. 2. lllustration of the Coulomb stresBange. The panehow a mapview of avertical
strike-slip fault embedded in an elastic halfspace, with imposed slip that tapers tiosvéadit
ends. Stress changae depicted by graded colors; greéepresents no change siress. (a)

Graphical presentation of equation (9). (b) Graphical presentation of equation (13).

Fig. 3. Dependence of th€oulomb stresghange on the regionatress magnitude. If the
earthquake relieveall of theregionalstress left pane), resultingoptimum slip planesrotate

near the fault. If the regional deviatostress is muclarger than the earthquaké&ess drop

(right pane), the orientations of theptimum slipplanes aremore limited, and regions of
increased Coulomb stress diminish in size and become more isolated from the master fault. In
this and subsequent plots, the maximum and minimum stress changes ex@dattetheolor

bar range.

Fig. 4. The effect of changing the regionstress ¢') orientation ¢ompare right andeft
panelg and the effective coefficient of frictiopn' (compare top and bottom pangls The
example is for a simplified Landers rupture (5 mtagfered slip on &0-km-long, 12.5-km-
deep fault). Regionastress magnitude is 100 bardriction controlsthe internal angle
between right andeft-lateral slip planes, andhe influence of thenormal stresshange on

failure. The regional stress orientation controls the size of off-fault to fault-end lobes.

Fig. 5. Coulomb stress changassociated wittthe 15 March 1979 Homestea¥alley
earthquake sequendd(=4.9, 5.2, 4.5, 4.8). The faultriclosed white lineis 5.5-kmlong by
6-km deep, with 0.5 m of tapered slip anchament of 4.2 x 1&* dyne-cm, followingStein
and Lisowski (1983) and Kinet al.(1988). Stress is sampled half-way down the fault.
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Fig. 6. Coulomb stress changealculatedfor the 23 April 1992 M =6.1 JoshuaTree
EarthquakeThe main shock isndicated by thestar. The modelfault is 8 km long and.2.5
km deep with 0.5 m of right-lateral slip, for a moment of 2 5idyne-cm, following Savage

et al.(1992), and Ammoet al. (1993). Stress is sampled half-way down the fault.

Fig. 7. A depth cross-section of Coulomb stress changes for the 1979 Honé&slexadault
(essentially the L/W=1 fault in Fig. 8 madéng the Distance = 0 km linayjth aftershocks
from Huttonet al (1980).Because the sectiaoes nofpass througlthe centers of theff-

fault lobes, the lobes appear shallower and smaller thanthatir maxima. The stress

concentration at base of fault is exaggerated because fault slip is not tapered with depth.

Fig. 8. Coulomb stress changes as a function of fault length, L. Off-fault stress lobes diminish
as the fault lengthenglative toits down-dip dimensiony). Both faultsare12.5 km deep

with a stress drop of ~45 bars. Stress is sampled half-way down the fault.

Fig. 9. Coulomb stress changes calculated for the four M>5 earthquake<ialtech-USGS
catalog within 50 km of the future Landers epicenteachearthquake raised ttsress at the
future Landers epicentestér). All ruptures énclosed white lingsexcept theNorth Palm
Springs shockare modeled asvertical right-lateralruptures. The M| =5.2 Galway Lake
earthquake is modeled with 0.07 m of slip on a 6-km-ifandf, for a moment of 6.3 x B3
dyne-cm(Hill and Beeby, 1977; Lindlet al, 1978).The North Palm Spring$ault dips 45
NE and has 0.42 m aight-lateral and).27 m of reverse slip, following Jonetal. (1986),
Pacheco and Nabelek (1988) and Sawdge. (1992).

Fig. 10. Distribution of modelethult slip for the Landers earthquakkeom Wald and Heaton
(1994),derivedfrom joint inversion of strong motion, teleseismgeodetic and surface slip
data. Three planar fadegmentsare used, which correspond approximatelythe mapped
fault trace.Although the surface rupture is 70 km longhe faultslip is concentrated over a

strike length of just 40 km.
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Fig. 11. Coulomb stresshange caused by the Landaspture. The left-lateralM| =6.5 Big
Bear rupture occurred along dottéde 3 hr 26 min after the Landergnain shock. The

Coulomb stress increase at the future Big Bear epicenter is 2.2-2.9 bars.

Fig. 12. Coulomb stress changes at a depth of 6.25 km caudkd anders, Big Bear, and
Joshua Tree earthquakes. The Big Bear earthquake, {&bledsurface rupture, is modeled
as an 18-km-long by 12.5-km-deep vertical fault with 0.83 mefofateralslip, for amoment
of 5.5 x 1@> dyne-cm, followinglimited seismic (Haukssoret al, 1993) andgeodetic

(Murray et al, 1993; Massonnedt al, 1993) evidence.

Fig. 13. The largest Coulomb stress changes at depths betweerl®.%hkdn caused by the
Landers, Big Bear andoshuarlree earthquakesshownwith the first 25 days of seismicity
from Haukssoret al. (1993). Also showrare the largedivo aftershocks t@ccur during the

following 8 months, the 17 November 198R =5.3 and 4 December 1984 =5.1 shocks.

Fig. 14. Coulomb stresshange caused by theanders, Big Bear, andoshua Tree
earthquakes resolved on the San Andreas tapltt¢vo panels The San Andreas assumed
to be vertical, purely right-lateral, ari®.5-km-deep. The fault is traced along thdission
Creek branch (the northern strand between San Bernardino and Indio in Fig. 58)easds
sampled every 5 km alorige fault at a depth d3.25 km.The bottom panebepicts the slip

required to relieve the imposed stress increase.

Fig. 15. Coulomb stresshange caused by theanders, Big Bear, andoshuaTree
earthquakes resolved on the San Jacinto fault. The San Jaastumed to beertical, right-
lateral, and 12.5-km-deep; stress is sampled every 5 km #ilerfgult at a depth .25 km.

Thelower paneldepicts the slip required to relieve the imposed stress increase.
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