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Predicting the endpoints of earthquake ruptures

Steven G, Wesnousky

The active fault tzaces on which easthquakes occur are generally
not continuous’, and are commonly composed of segments that
are separated by discontinuities that appear as steps in map-view.
Stress concentrations resulting from slip at such discontinuities
may slow or stop rupture propagation and hence play 2 controll-
ing Tole in Limiting the length of carthqoake ruptore®, Here 1
examine the mapped surface rupture traces of 22 historical
strike-slip earthquakes with rupture lengths ranging between 16
and 420km. T show that about two-thirds of the endpoints of
strike-clip earthquake raptures ave assodiated with fault steps or
the termini of active fault traces, and that there exists 2 Hmiting
dimension of fault step {34 kun) above which earthquake ruptures
donot propagate and below which rupture propegation ceases only
abont 40 per cent of the time. The resulis are of practical import-
anve to seismic hazard analysis where effort is spent aftempting to
place limits on the probable length of future earthquakes on
mapped active faults. Physical insight to the dynamicsof the earth-
quake rupture process is farther gained with the observation that
the Bmiting dimension appears to be largely independent of the
earthquake rupture length. It follows that the magnitede of stress
changes and the volume affected by those stress changes at the
driving edge of laterally propagating ruptures are largely simitar
tamce an event has propagated or will propagate.

A concerted effort to constract maps of the geometry of historical
earthquake rupture traces commenced around the time of the mag-
nitude-6.4 1968 Borrego Mountain carthquake of California. From
these, it became clear that active fault and earthquake ruptaze traces
were often discontinuous and that discontinuities in fanit trace were
oftenassociated with the endpointsof earthquake raptures™. This in
tarn led ta the-idea of a cansal association between favlt steps and the
endpoints of earthquake ruptures and the development of theoretical
and numerical models to show the efficacy of the ddea®, Limited
examples initially precluded 2 systematic or statistical analysis of
supporting observations. Now there exist more than 20 historical
strike-slip surface xupture for which maps of the surface
trace are available {Table 1). The maps provide a foundation from
which to assess more systematically the role of geometrical discon-
tinuities and particalarly of fault steps in the propagation of earth-
quake ruptures.

I focus on continental strike-slip ruptares of length greater than
about 15km. The depth dimension ofbrirtle faflure during strike-slip
earthquakesis generally limited to about 15 km owing to physical and
frictional constraints™. Sa the direction of mpture propegation may
be viewed as prindipally horizontal for each event. The approach to
data collection and analysis is illustrated in Fig. 1, 2 map of the 1968
Borrego Mountain surface rupture trace and nearby active fult
traces that did mnot rupture during the earthguake. The Jocation
and dimension of fauit steps 2long and 2t the ends of the earthquake
ruptares and the distances to nearest-neighbouring active fault traces
from the endpoints of surface rupture traces are annotated. The size
of steps in a2 Guit ace are generally taken 25 the distance between

en echelon sirands measured perpendiculary o an average fault
strike. Additionally, steps are labelled as restraining or zeleasing
depending on whether volumetric changes within the siep resalting
the step, respectively®.

Thaus, for the @se of the 1968 Borrego Mourtain carthquake, 1
observe that {1} the mptare propagated across 2 15 km restraining
step, (2} stopped at a 25km restraining step or 7 km releasing step at
its northwestern (Ief) limit, and (3) died at its southeastern (right}
Limit iz the absence of any geometrical discontinuity and at a point
where the active trace can be shown to continue uni for
20k or meve past the end of the rupture. The epicentre is located
midway along the narth break of the rapture. Maps annotated stmi-
Iady for the remaining earthquakes in Table 1 are provided in the
Supplementary Information.

The resolution of the available maps generally limits ohservations

- to discontinuities of abont 1 km and greater. Figure 2 serves to s~

trate the relstionship between the length of rupture and geometrical
discontinuities for the earthquakes isted in Table 1. The vertical axis
is the distance in Kilometres. Along the horizontal axis, § have spaced
evenly and ordered by increasing rupture length each of the strike-
slip earthquakes Bsted in Table 1. A dotted fine extends vertically
from each of the labelled earthquakes. Along each dotted line are
plotred. vadous symbols thar sunsmarize the size and Incation of
geometrical steps within and ar the endpoints of each ruptare, 2s well
as where ear! ruptures have terminated at the ends of active
Bmlts Thesymhdsdﬂmthe&m:(inkﬂomm)cfﬁepsin
surface xupture traces along-strike or the dosest distance to the next

Tabie 1 | Surface mphure earthquakes

Date: locaion lengihom) M,
1857 an9 San Andreas, Calforoia 360G 79
1891028 Neo-Dani, lagen 80 73
15300y 2 Kita-izx, Japan - &7
1939Dec S Erzinan, Tighey 300 73
1340 M2y 19 imperial California &0 69
1342Dec20 Erbea Niksar, Torkey 28 a8
1943%ep 10 Totlori, iapan 105 [+
1943 Now 26 Tasya, Tutkey s 75
1944Feb 01 Gerede Bohi, Turkey 135 73
1967 mi22 Nupdurny, Turkey 80 69
196B Apr8 Borrego Mountain, Cakfornia n &1
19750t 15 Impesial, Ciifomia 38 82-84
1981 i 29 Sirchy, ran o4 82
IS8T Now 3 Supersiiion Hills, California p= 62-64
1990 ki16 Lizzon, The Philipines ric v} &9
15925028 Landess, Cailfornia 77 72
1998 Mar14 Fandoga, iran 25 &5
953 zmit, Turkey 145 71
19950ct 36 Hector Mine, Calffornia 24 a9
1999Nov12 Duzxe, Turkey 40 70
2001 Nov 14 Kimniun, China an i8
2002 Now@S Denall, Alacia 302 76
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Figure 1| Map of 1968 Borrego Mountain earthquake swrface trace.
Adjacent and continuing traces of active faults that did not rupture during
the earthquake are shown as dotted lines. Also annotated are the dimensians

mapped active fauit from the terminus of the respective ruptures.
Separate symbols are used according to whether the steps are releas-
ing or restraining in nature, and whether they occur within

open symbals: rupture continues through) or at the endpoints of the
rupture trace {red solid symbols). In certain instances, the endpoints
of rupture are not assodiated with 2 discontinuity in fault strike, in
which case the endpoint of rupture is denoted by a separate symbol
{open orange circles) and annotated with the distance that the active
trace continues beyond the endpoint of rupture. Because of the com-=
plexity of some ruptures and presence of subparallel and branching
fault traces, some earthquakes have more than two ‘ends’.

The map of the 1968 earthquake rupture shown in Fig. 1 servesas
an exampieoftheapproach and the data presentation in Fig. 2, where
it is synoptically shown that the fault ruptured through a2 1.5km
restraining step, stopped on one end at either 2 2.5km restraining
step or 7 km releasing step, and stopped at the cther end along an
active trace that continues for 20km or mare in the absence of 20y

of faudt steps measured approximately perpendicular to favlt strike and the
distance to the nearest-neighbouring fault from the 1968 rupture endpoints.
The star is the eerthquake epicentre.

observable discontinuity. The colour scheme of symbois follows that
of a conventional red-yellow-green stop light: Ruptures appear to
have ended at the discontinuities coloured red, jumped across the
discontinuities coloured green, and simply died out along-strike in
the absence of any discontinuities for the cases coloured yellow.
The compilation of observations summarized in Fig. 2 indicates
that about two-thirds of terminations of strike-slip ruptures are asso-
ciated with geometrical steps in fault trace or the termination of the
active fault on which they occurred. The histogram in Fig. 3 gives a
statistical idea of whether or notan earthquake rupture will be asso-
ciated with 2 particular fault step or fault terminus. The chservations
of discontinuities are binned as 2 function of their size and coded
according to whether they sit within or at the terminus of an earth-
quake rupture. The plot shows that a transition exists between 3 and
4km, above which rupture fronts have not been observed to prop-
agate through. At steps of lesser dimension ruptures appear to cease
propagating only about 40% of the time. The result may be of
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Figere 2 | Symepsis of chservaliions bearing on refationship of geometrical
cisrpaiimstios allong fanlk sivike o the endpoiats of historicall earthammie
ruptores. Earthquake date, name and ropture length Ested on horizontal
axis. The carthquakes are ordered by increasing ruptere length (but not

scalled is). Above the label of cach exrthquake ts a vertical
ne and symbols along the line represent dimension of discontinwities

witlhin and at endpoints of e2ch rupture. The dimenston of discomtinuites
e measured as distancs across fault siep appraximatedy perpendicniar to
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Figure 3 | Geometrical discontinuities as a function of size. Histogram of
the total number of geometrical discontinuities located along historical
strike-slip ruptures binned as a function of size (=1, =2, ...) and shaded
according to whether the particular step occurred at the endpoint of ruptuze
(shaded) or was broken through by the rupture (not shaded).

practical importance in seismic hazard analysis where effort is spent
attempting to place limits on the probable length of future earth-
quakes on mapped active fanlts. I surmise that the variability of
behaviour for steps of dimension less than 3<¢km in part reflects
variability in the three-dimensicnal character of the discontinnities
mapped at the surface. The effect on rupture propagation may vary
between steps of equal map dimension if, for example, the subsurface
structures differ or do not extend to equal depths through the seis-
mogenic layer's”,

Turning backto Fig, 2, I further note that the transition mentioned
above seems largely independent of rupture length. I therefore sug-
gest that the magnitude of stress changes and the volume effected by
those stress changes at the leading edge of propagating earthquake
ruptures are similar at the initial stages of rupture propagation and
largely invariable during the rupture process. In this context, it
appears that variations in earthquake rupture lengths are not neces-
sarily controlled by the relative size of initial slip pulses or stress
drops*™" but rather by the geometrical complexity of fzult traces’
and variations in accumulated stress levels along fauits that arise
owing to thelocation of past earthquakes along the respective faunlts®.

Finally, I mention recent theoretical work that implies that releas-
ing steps should be easier to rupture through than restraining
steps™12 although it is releasing steps that are observed more fre-
quently at the endpoints of ruptures (Fig. 2). The apparent conflict
resides in the observation that releasing steps outnumber restraining
steps by six to one in the data set. Restraining steps may be relatively
more efficient at impeding individual earthquake rnptures, but the
observations indicate that deformation processes attendant on
cumulative strike-slip displacements are relatively more efficient in
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the creation and maintenance of extensional steps and analogously in
the linkage and removal of restraining steps.
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