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Displacement and Geometrical Characteristics of Earthquake Surface

Ruptures: Issues and Implications for Seismic-Hazard Analysis

and the Process of Earthquake Rupture

by Steven G. Wesnousky

Abstract There now exist about three dozen historical earthquakes for which in-

vestigators have constructed maps of earthquake rupture traces accompanied by de-

scriptions of the coseismic slip observed along the fault strike. The maps and slip

distributions are compiled here to place observational bounds on aspects of seismic-

hazard analysis and fault mechanics. Analysis leads to an initial statistical basis to

predict the end points of rupture and the amount of surface slip expected at sites along

the strike during earthquakes on mapped faults. The observations also give support to

the ideas that there exists a process zone or volume of about 3–4 km in dimension at

the fronts of large laterally propagating earthquake ruptures within which stress

changes may be sufficient to trigger slip on adjacent faults, and that the ultimate length

of earthquake ruptures is controlled primarily by the geometrical complexity of fault

traces and variations in accumulated stress levels along faults that arise due to the

location of past earthquakes. To this may be added the observation that the form

of earthquake surface-slip distributions is better described by asymmetric rather than

symmetric curve forms and that earthquake epicenters do not appear to correlate in

any systematic manner to regions of maximum surface slip observed along strike.

Online Material: Maps of surface ruptures, digitized values and curve fits to

surface-slip distributions, and notes and references for Tables 1 and 2.

Introduction

It has become standard practice since Clark’s (1972)

early study of the 1968 Borrego Mountain earthquake to

map the geometry of rupture traces and assess the surface-

slip distribution of large earthquakes that break the ground

surface. The results of such studies have been a steady

source of reference in development of seismic hazard meth-

odologies (e.g., Wesnousky et al., 1984; Wesnousky, 1986;

Petersen and Wesnousky, 1994; Working Group on Califor-

nia Earthquake Probabilities [WGCEP], 1995; Frankel and

Petersen, 2002), engineering design criteria for critical facil-

ities (e.g., Kramer, 1996; Pezzopane and Dawson, 1996; Fuis

and Wald, 2003), and development and discussion of me-

chanical models to understand physical factors that control

the dynamics of the earthquake source as well as the result-

ing strong ground motions (e.g., Scholz, 1982a; Scholz,

1982b; Heaton, 1990; Romanowicz, 1994; Scholz, 1994;

Bodin and Brune, 1996; King and Wesnousky, 2007). There

now exist about three dozen historical earthquakes for which

investigators have constructed maps of earthquake rupture

traces accompanied by data describing the coseismic slip ob-

served along the fault strike. Here, I put forth a compilation

of that data set with the aim of placing observational bounds

on aspects of seismic-hazard analysis and fault mechanics.

Data Set

I limit my attention to the larger surface rupture earth-

quakes of length dimension greater than about 15 km and

for which there exist both maps and measurements of coseis-

mic offset along the strike of the rupture (Table 1). The map

and slip distributions of the 9 April 1968 Mw 6.1 Borrego

Mountain earthquake of California illustrate the manner of

data compilation (Fig. 1). The surface-slip distribution is

placed below the map of the surface rupture trace and each

is drawn to the same distance scale. Nearby fault traces that

displace Quaternary and younger deposits but did not rupture

during the earthquake are also shown. The location and di-

mension of the fault steps along and at the ends of the earth-

quake ruptures and the distances to the nearest neighboring

active fault traces from the end points of surface rupture
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traces are annotated. The size of steps in the fault trace are

generally taken as the distance between en echelon strands

measured perpendicular to the average fault strike. Steps in

the fault trace are also labeled as restraining or releasing

depending on whether volumetric changes within the step

resulting from fault slip would produce contractional or dila-

tional strains within the steps, respectively (e.g., Segall and

Pollard, 1980). The epicenter of the earthquake is also shown

by a star. The maps and slip distributions for all of the earth-

quakes in Table 1 are presented in the same manner and col-

lected inⒺ the electronic edition of BSSA. The resolution of

the available maps generally limits observations to disconti-

nuities of about 1 km and greater.

I have digitized and linearly interpolated between each

of the original points in the slip distributions to form slip

distribution curves at a resolution sufficient to reflect the de-

tails of the original slip measurements at either 0.1 or 1-km

intervals (e.g., Fig. 1). The original and interpolated points of

the slip curves for all earthquakes in Table 1 are presented

both graphically and in tabular form in Ⓔ the electronic

edition of BSSA.

The seismic moment M0 is used here as the primary

measure of the earthquake size and is equal to μLWS, where

μ is the crustal rigidity of the rocks in which the earthquake

occurs, L andW are, respectively, the length and width of the

fault plane that produces the earthquake, and S is the coseis-

mic slip during the earthquake (Aki and Richards, 1980).

The value of M0 may be determined from seismological or

geodetic measures of seismic waves or ground deformations

resulting from an earthquake, respectively. In such analyses,

the value of rigidity μ is assumed independently from seis-

mic velocity models that describe the crust in the vicinity of

the earthquake source, and the depth D to which rupture

extends is generally assigned as the depth of aftershocks or

regional background seismicity. The value M0 may also be

determined primarily from geological observations where es-

timates of S and L have been obtained from field measure-

ments of offsets along the surface expression of the causative

fault. In this case, the measurement is limited to earthquakes

large enough to break the ground surface and to those

for which independently derived values of μ and W can be

drawn from seismological observations. For convenience of

discussion, estimates of M0 determined in this latter manner

are here labeledMG
0
and are referred to as geologic moments.

Similarly, estimates of moment derived primarily from in-

strumental measurements are denoted Minst
0

.

The estimates of geologic moment MG
0
and the param-

eters from which the estimates are calculated are listed for

each event in Table 1. Specifically, the digitized slip curves

(Fig. 1 and Ⓔ the electronic edition of BSSA) are used to

calculate the average S and maximum Smax coseismic surface

slip and rupture length L for each listed event. The investi-

gations on which values of the depth extent of rupture D, the

rigidity μ, and the fault type (mechanism and dip δ) used to

estimate the respective geologic moments are also referenced

in Table 1. The basis for assigning the values of μ and rupture

depth D for the respective earthquakes are described in

further detail in the notes of Table 1. The value of rupture

width W used in calculating MG
0
is D= sin�δ�, where δ is

the dip and listed in the column labeled Type in Table 1.

Because of uncertainties in the estimates of μ used in seis-

mic moment calculations, it has been suggested that geome-

trical moment or seismic potency P0, which is the seismic

moment M0 divided by the crustal rigidity μ, may provide

a more fundamental scaling parameter for comparing the re-

lative size of earthquakes (Ben-Menahem and Singh, 1981;

Ben-Zion, 2001). To examine this idea, I calculate and list a

value P0 for each event.

Instrumentally derived estimates of the seismic moment

Minst
0

of each event are listed in Table 2 when available. The

sources of the estimates are cited and each denoted accord-

ing to whether it was derived from seismic body waves,

surface waves, or geodetic measurements. For each, I have

also attempted to extract the value of rigidity μ used by in-

vestigators in calculating the instrumentally derived seismic

Figure 1. Illustration of data synthesis and analysis. (a) Map of
1968 Borrego Mountain earthquake rupture trace shown as bold
lines. Adjacent and continuing traces of active faults that did not
rupture during the earthquake are shown as thinner dotted lines.
Also annotated are the dimensions of fault steps measured approxi-
mately perpendicular to the fault strike and the distance to the
nearest-neighboring fault from the 1968 rupture end points. (b) Geo-
logic measurements of surface slip along the rupture trace. (c) Plot
of digitization of slip curve showing both field measurements (large
circles) and interpolated values (small solid circles). Similarly an-
notated maps and plots for all earthquakes used in this study
(Table 1) are compiled in Ⓔ the electronic edition of BSSA. Refer-
ences to map and slip curve sources are given in Table 1.
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moment values. The values of rigidity μ are then used to con-

vert the measures of seismic moment to potency P0. The ori-

ginal references and notes describing the basis for the values

of rigidity used in each of the moment calculations are pro-

vided in the notes accompanying Table 1. These data are also

the basis for the values of μ used in calculating the geologic

moments of the respective earthquakes in Table 1.

Observations

The data set is limited to continental earthquakes.

Thirty-seven earthquakes are listed in Table 1. Twenty-two

are primarily strike slip, seven are normal slip, and the re-

maining eight are reverse slip. The following section presents

the observations summarized in Tables 1 and 2 graphically.

The implications of the observations are then discussed in the

subsequent section. The plots are designed to illustrate how

variables in the data set scale with one another. Curves are fit

when applicable to the observations to quantify the relation-

ships. For each plot, the type of curve (e.g., linear, log linear,

power law), the parameters leading to the best fit of the curve

to the data, and the number of data points are defined within

the plot space. The quality of curve fits are also variously

described by values of Pearson’s regression coefficient R,

chi-square, and standard deviation (Press et al., 1992).

Rupture Width and Aspect Ratio

Rupture widthW is plotted versus surface rupture length

and both the geologic and instrumental moment in Figure 2.

Each plot shows that widths of strike-slip ruptures on vertical

or near-vertical faults are generally assigned values between

10 and 15 km, the width of the seismogenic layer in conti-

nental environments. The rupture widths for the strike-slip

earthquakes are thus largely independent of earthquake size

though examination of the plots allows the suggestion that

widths of larger earthquakes tend to be more frequently char-

acterized by relatively larger values of W than do lesser

earthquakes in the data set. Because normal faults dip at rel-

atively smaller angles through the seismogenic layer, the rup-

ture widths tend to be larger and reach ∼20 km in width, with

the exception of the 1987 Edgecumbe earthquake (event 27)

that occurred in the Taupo Zone of New Zealand, a region of

particularly high heat flow (e.g., Rowland and Sibson, 2004).

The range of fault widths is greater for reverse faults, ranging

from about 5 to 20 km. Three of the eight reverse faults in the

data set occurred in the intraplate environment of Australia

(events 20, 25, and 28) where rupture depths have been ob-

served to be particularly shallow (Langston, 1987; Fredrich

et al., 1988; Choy and Bowman, 1990). The three Australian

intraplate events define the lower end of the range in both W

and L values for the eight reverse type earthquakes and

appear responsible for the apparent positive relationship be-

tween L and W for reverse type earthquakes.

The same data are recast in a plot of the aspect ratio

(rupture length per rupture width, L=W) versus the rup-

ture length in Figure 3a. The best-fitting curve of form

Figure 2. Rupture width as a function of (a) rupture length,
(b) geologic moment, (c) instrumentally derived seismic moment
for events in Table 1. The 1945 Mikawa (13) and 1999 Izmit
(34) rupture lengths are minimum because they do not include
offshore extent of rupture.
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aspect ratio � A × LB to the strike-slip data is characterized

by a value of B � 1, indicating a linear relationship between

aspect ratio and rupture length. The value B � 1 is that

which would be expected by limiting the depth extent of

earthquake ruptures to a seismogenic layer of relatively con-

stant thickness. The normal fault ruptures are similarly char-

acterized but tend to fall below the strike-slip events. This

latter difference arises because the events share a seismo-

genic layer of about the same thickness but the normal faults

dip through the layer in contrast to the vertical planes of

strike-slip ruptures. The reverse fault data show a similar ten-

dency for aspect ratio to increase with length but the scatter

in the fewer data yield a poorly fit regression. The aspect ra-

tio is also plotted and similarly fit to regression curves as a

function of MG
0
and Minst

0
in Figures 3b,c, respectively. In

these cases, the same patterns arise but the increased scatter

in the data leads to poorer curve fits. The greater scatter is

because estimates of M0 also incorporate uncertainties and

variations in estimates of coseismic displacement S and ri-

gidity μ between the respective earthquakes. The comparison

of MG
0
to the aspect ratio in Figure 3b is somewhat circular

in reasoning in that both MG
0
and aspect ratio are functions

of L. Nonetheless, limiting comparison of rupture length to

instrumental moment Minst
0

does not appear to significantly

decrease the scatter in the relationship (Fig. 3c).

Instrumental versus Geologic Measures of Earthquake

Size: Moment and Potency

The range of instrumentally derived values of seismic

moment Minst
0

and potency Pinst generally span a range of a

factor of 2–3 for the earthquakes listed in Table 2 (Fig. 4).

Geological estimates ofMG
0
generally fall within the range of

instrumental estimates for the larger events in the data set

(Fig. 4). The same is also illustrated in Figure 5 where the

geologic estimates of seismic moment and potency are plot-

ted as a function of the instrumentally derived values for the

respective events. A solid line of slope 1 is drawn on each

plot. The bounding dashed parallel lines fall a factor of 2 in

geologic moment from the line of slope 1. Data points falling

on the solid line of slope 1 would indicate perfect agreement

between the geological and instrumental measures. The ver-

tical error bars with each data point span a factor of 3 about

the value of geologic moment. The horizontal error bars for

each data point encompass the spread of instrumentally de-

rived values given for each event and are plotted in Figure 4.

The majority of the geologic estimates fall within a factor of

2 of the instrumental measures. Those with the greatest dis-

crepancy tend to fall well below the respective instrumental

measures, indicating that coseismic slip was probably con-

centrated at depth for the particular events. For only one

event (the 1915 Pleasant Valley earthquake [event 5]) do the

geologic estimates fall well above the instrumental estimates.

Doser (1988) points out the discrepancy may be due in part

to problems in the calibration of seismometers or because

energy release during that earthquake occurred at longer

Figure 3. Aspect ratio (L=W) as a function of (a) surface rup-
ture length (L) and moment M0 derived from (b) geological and
(c) instrumental measurements, respectively. Numbers correspond
to events listed in Table 1. Horizontal bars in (c) represent the range
of seismic moments reported by independent investigators and
listed in Table 2. Parameters describing regression of the power-
law curve for strike-slip, normal, and reverse faults are listed sepa-
rately. Regression curve is shown only for strike-slip faults. The
1945 Mikawa and 1999 Izmet extend offshore and are not plotted
or included in regressions.
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periods than recorded by the few seismograms available for

analysis of the event.

Maximum versus Average Coseismic Slip

The ratio of the average to maximum values of slip listed

in Table 1 is plotted as a function of rupture length and event

number in Figure 6a. The ratio for all of the events regardless

of mechanism is characterized by an average value of 0.41

with a standard deviation of 0.14. The subsets of strike-slip,

reverse, and normal mechanisms show ratios of 0:44� 0:14,

0:35� 0:11, and 0:34� 0:10, respectively (Fig. 6b). No

clear dependence of the ratio on rupture length is observed.

Coseismic Slip versus Rupture Length

(Average and Maximum)

The average and maximum values of coseismic slip as

a function of surface rupture length are shown in Figure 7.

Linear curve fits are applied separately to each of the reverse,

Figure 4. Geologically and instrumentally derived (a) seismic
moments and (b) potencies plotted versus event number for earth-
quakes listed in Tables 1 and 2. Geologic values for events (13)
(1945 Mikawa) and (34) (1999 Izmit) do not include portions of
faults that extended offshore and are for that reason minimum
values.

Figure 5. Geologically versus instrumentally derived estimates
of (a) moment and (b) potency. Vertical bars span a factor of 3 in
geologic moment. Horizontal bars reflect the spread of multiple
measures of seismic moment reported by independent investigators.
Perfect correlation would follow the solid line of slope 1. Dashed
lines span a factor of 3 about the solid line of slope 1. The number
next to each symbol corresponds to the listing of events in Table 1.
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normal, and strike-slip earthquakes. The slopes of the linear

curve fits are increasingly greater for the strike-slip, normal,

and reverse faults, respectively. While the reverse and normal

fault observations appear reasonably well fit by a straight

line, the strike-slip data are not. For this reason, I have further

fit log-linear (S�m� � �C� C logL�km�) and power-law

(S�m� � CLD�km�) curves to the strike-slip data. The log-

linear fit is formulated to constrain the curve to intersect the

point where both L and S are zero. These latter curves result

in a significant reduction in formal uncertainties of the curve

fit to the strike-slip data as compared to a straight line. The

formal measures of uncertainty for the power-law and log-

linear curve fits are virtually equal. The slopes of the lines

describing the increase of slip show a decrease in slope as

a function of rupture length without apparently reaching

a plateau.

Instrumental Moment and Moment-Magnitude

versus Rupture Length

Figure 8 shows the relationships of M0 and Mw to L for

the subset of events studied by instrumental means and listed

in Table 2. Each shows a systematic increase with L though

with significant scatter when viewing the entirety of the data

set. The fewer number of observations and limited range of

rupture lengths is insufficient to lend confidence to similar

regressions for the subset of normal and reverse earthquakes

as compared to strike-slip earthquakes.

Figure 6. Ratio of average to maximum surface slip as function
of (a) rupture length and (b) event number. Data point symbols dif-
fer according to the fault mechanism. The average value of ratio,
standard deviation, and number of points (pts) are given in the
key. Event numbers correspond to the earthquakes listed in Table 1.

Figure 7. (a) Average and (b) maximum values of coseismic
surface slip versus rupture length for earthquakes listed in Table 1.
The 1945 Mikawa earthquake and 1999 Izmit earthquake ruptures
extended offshore and are not included. Values are measured from
digitized slip distribution curves.
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Shape of Surface Slip Distributions

To examine whether or not earthquake surface-slip dis-

tributions are characterized by any regularities in shape, I

have fit various regression curves to the digitized slip distri-

butions of the earthquakes listed in Table 1. The approach is

illustrated in Figure 9, where three of the digitized surface-

slip distributions are displayed along with a set of six best-fit

regression curves. The simplest curve form is that of a flat

line and yields the average displacement of the slip dis-

tribution. Additionally, curves of the form of a sine and

ellipse are fit to the data. In these latter cases, the length

is defined by the length of the surface rupture, the curve fits

by form are symmetric, and the only free variable in fit-

ting the curves to the observed slip distribution is the ampli-

tude or maximum slip of the curve. Finally, I fit three curves

allowing the shape of the fit to be asymmetric. These include

a triangle, an asymmetric sine, and an asymmetric ellipse

curve. The asymmetric sine and ellipse curves are defined

by the shapes of the respective functions multiplied by a

value (1 �m × �x=L�), where x is the distance along the

fault, L is the rupture length, and m is a variable of regres-

sion. The multiplication reduces the amplitude of the sine

and ellipse curves as a linear function of distance along

the slip curve. In each of the asymmetric curve fits, there

are then two variables of regression. For the triangle, the

two variables of regression may be viewed as the slopes

of the two lines that form the triangle, and it is the parameter

m and the amplitude of the ellipse and sine functions for the

asymmetric ellipse and asymmetric sine functions. Similar

plots are provided for the digitized slip distributions of all

events in Ⓔ the electronic edition of BSSA.

Each of the curve fits may be characterized by a standard

deviation about the predicted value. Division of the standard

deviation by the average value of the surface-slip distribution

for the respective slip curves defines the coefficient of vari-

ation (COV) along the fault strike. The higher the value of

COV, the poorer the curve fit. The COVs of the curve fits to

each slip distribution are presented for comparison in Fig-

ure 10. The solid symbols represent values for the asym-

metric curve fits and the open symbols are values for the

flat line, symmetric sine, and ellipse curves. The plots show

that the asymmetric functions consistently yield a better fit

to the observations, and the flat line consistently yields the

worst fit. Among the various asymmetric curve fits, none

provide a consistently better fit to the data than the other.

In sum, one may infer that surface-slip distributions are in

general characterized by some degree of asymmetry, with

the recognition that the relatively better fit of the asymmetric

functions overall is largely the result of allowing the variation

of two rather than one variable in the process of fitting curves

to the observations.

The asymmetry of the resulting curve functions is de-

picted in Figure 11. Asymmetry is here defined as the ra-

tio A=L, where A is the shortest distance from a rupture end

point to the point of maximum slip (or median value ofM0 in

Figure 8. Instrumental measures of (a) Mw and (b) log�M0�
versus rupture length L and log�L�, respectively, for the earthquakes
listed in Table 1.
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the case of Fig. 11d) and L is the length of the rupture. It is

observed that the degree of asymmetry one associates with a

rupture is dependent on the shape of the curve assumed to

best reflect the shape. The triangular function (Fig. 11a)

tends to often enhance or increase the apparent asymmetry

as compared to the asymmetric ellipse (Fig. 11b) and asym-

metric sine functions (Fig. 11c). The same may be said for

asymmetric ellipse as compared to the asymmetric sine func-

tions. Finally, yet generally lesser values of asymmetry are

defined when the reference to asymmetry is taken as the

median value of M0 (Fig. 11d).

Location of Epicenter in Relation to

Shape of Slip Distribution

The spatial relationship of the location of earthquake

epicenters to the shape of the slip distributions is illustrated

with the plots in Figure 12. As in Figure 11, the asymmetry

of the surface slip (solid symbols) is defined as the ratio A=L,

where A is the shortest distance from a rupture end point to

the peak slip (or median value of M0, Fig. 12d) and L is the

respective rupture length. Additionally, the relative location

of the epicenter (open symbols) is defined by the ratio E=L,

where E is the distance of the epicenter from the same re-

spective rupture end point used to define A. In this manner,

the ratio A=L is limited to between 0 and 0.5, whereas the

ratio of E=L is limited between 0 and 1. The design of the

plot is such that the open and closed symbols fall close to-

gether when the epicenter falls close to the maximum value

of the slip function. Conversely, separation of the symbols

indicates that the rupture initiated well away from the maxi-

mum value of the slip functions or the median value ofM0 in

the case of Figure 12d. Values of E=L (open symbols) near

zero or one indicate primarily unilateral rupture. Regardless

of the shape of the curve fit assumed, there is not a systematic

Figure 9. Examples of best-fitting regression curves to the
coseismic surface-slip distributions for three of the earthquakes in
Table 1. The digitized surface slip and respective types of regression
curves are labeled in each plot. The position of the epicenter with
respect to the fault strike is indicated by the downward pointing
arrow. The integration of the digitized values of surface slip allows
the definition of a point where half of the cumulative slip falls
on either side. That value is defined for each slip distribution (values
in circle) by the distance in kilometers to the nearest fault end point.
The distances (in kilometers) of the peak values to the nearest end
of the fault rupture are given in parentheses for the asymmetric
sine and the asymmetric ellipse curve fits. The remaining events
in Table 1 are analyzed in the same manner and are compiled in
Ⓔ the electronic edition of BSSA.

Figure 10. The COV for various curve fits to surface-slip dis-
tributions plotted as function of the number of the respective earth-
quake listed in Table 1. Average values and standard deviations are
listed for each type of curve fit in the plot header. Asymmetric sine,
ellipse, and triangle curves (solid symbols) consistently provide
better estimation (lower COV) of observed slip distributions than
do the flat line or symmetric sine and ellipse curves (open symbols).
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Figure 11. Asymmetry of earthquake surface-slip distributions
for the earthquakes listed in Table 1 as defined with curve fits to the
observed surface-slip distributions using (a) triangular, (b) asym-
metric ellipse, (c) asymmetric sine functions, and (d) the point along
the strike where the contribution of slip to seismic moment is di-
vided equally along the strike. The asymmetry function is defined
as the ratio A=L, where A is the shortest distance from a rupture end
point to the peak slip or in the case of (d) where the contribution of
slip to seismic moment is divided equally along the strike, and L is
the respective rupture length. The function as defined is limited to
between 0 and 0.5, whereby a value of 0 indicates the peak slip at
the end point of rupture and 0.5 indicates the peak slip at the rupture
midpoint. Different symbols are used for strike-slip (circles), nor-
mal (squares), and reverse (triangles) earthquakes.

Figure 12. The relationship of epicenter location to asymmetry
of surface-slip distributions as reflected in curve fits to surface-slip
distributions using (a) triangular, (b) asymmetric ellipse, (c) asym-
metric sine functions, and (d) point along the strike where contri-
bution of slip to moment value is divided equally. The asymmetry
of the surface slip (solid symbols) is defined as the ratio A=L,
where A is the shortest distance from a rupture end point to the
peak slip and L is the respective rupture length. The relative loca-
tion of the epicenter is defined by the ratio E=L, where E is the
distance of the epicenter from the same rupture endpoint used to
define A. In this manner, the ratio A=L is limited to between 0
and 0.5, and the ratio E=L is limited to between 0 and 1. Strike-
slip (ss), normal (n), and reverse (r) mechanisms are denoted by
the appropriate symbols.
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correlation of epicenter with the maximum slip value ob-

served along the strike.

Shape of Surface-Slip Distribution as

a Function of Rupture Length

Plots of the peak amplitudes of the various curves fit to

the surface-slip distributions versus rupture length shown in

Figure 13 provide another manner to characterize the shapes

of the slip distributions. The plots show the same character-

istics as observed in the earlier plots of surface slip versus

rupture length presented in Figure 7a,b. Specifically, the

fewer number of normal and reverse earthquake data may

be fit by a straight line but the strike-slip earthquakes that

cover a wider range of rupture lengths cannot. The obser-

vations for the strike-slip earthquakes (or the data set when

taken as a whole) are better fit by curves that decrease in

slope as a function of increasing rupture length. The result

is the same regardless of the slip function (e.g., asymmetric

sine or ellipse) assumed for each of the respective five plots.

Fault Trace Complexity and Earthquake

Rupture Length

Strike-Slip Earthquakes. Examining maps of the earth-

quake surface rupture trace and nearby active fault traces that

did not rupture during the earthquake such as shown for the

1968 Borrego Mountain event (Fig. 1a) provides a basis to

Figure 13. The maximum amplitude versus rupture length for (a) triangular, (b) asymmetric ellipse, (c) asymmetric sine, (d) ellipse, and
(e) sine curve fits to digitized slip distributions of the earthquakes listed in Table 1. Events (13) (Mikawa) and (34) (Izmit) extended offshore
and are not included in the plots or regressions.
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examine the relationship between earthquake rupture length

and fault trace complexity. The 1968 earthquake rupture, for

example, (1) propagated across a 1.5-km restraining step,

(2) stopped at a 2.5-km restraining step or 7-km releasing

step at its northwestern (left) limit, and (3) died at its south-

eastern (right) limit in the absence of any geometrical discon-

tinuity and at a point where the active trace can be shown to

continue uninterrupted for 20 km or more past the end of the

rupture. Figure 14 is a synopsis of the relationship between

the length of rupture and the geometrical discontinuities for

all strike-slip earthquakes listed in Table 1; it is largely the

same as presented in Wesnousky (2006).

The vertical axis in Figure 14 is the dimension distance

in kilometers. Each of the strike-slip earthquakes listed in

Table 1 is spaced evenly and ordered by increasing rupture

length along the horizontal axis. A dotted line extends verti-

cally from each of the labeled earthquakes. Various symbols

that summarize the size and location of geometrical steps

within and at the end points of each rupture as well as where

earthquake ruptures have terminated at the ends of active

faults are plotted along the dotted lines. The symbols denote

the dimension (in kilometers) of steps in surface rupture

traces along the strike or the closest distance to the next

mapped active fault from the terminus of the respective rup-

tures. Separate symbols are used according to whether the

steps are releasing or restraining in nature, and whether they

occur within (open squares and diamonds) or at the end

points of the rupture trace (large solid symbols). In certain

instances, the end points of rupture are not associated with

a discontinuity in the fault strike, in which case the end point

of rupture is denoted by a separate symbol (gray circles) and

annotated with the distance that the active trace continues

beyond the end point of rupture. As well, some earthquakes

show gaps in surface rupture along strike and these are de-

picted as small solid dots. Because of the complexity of some

ruptures and presence of subparallel and branching fault

traces, some earthquakes have more than two ends. Thus, in

the case of the 1968 earthquake, it is accordingly depicted in

Figure 14 that the fault ruptured through a 1.5-km restraining

step, stopped on one end at either a 2.5-km restraining step or

a 7-km releasing step, and stopped at the other end along an

active trace that continues for 20 km or more in the absence

of any observable discontinuity. Ruptures appear to have

ended at the discontinuities depicted by large solid symbols,

jumped across the discontinuities represented as large open

squares and diamonds, and simply died out along strike in

the absence of any discontinuities for the cases shown as gray

circles. The observations show that about two-thirds of ter-

minations of strike-slip ruptures are associated with geomet-

rical steps in the fault trace or the termination of the active

fault on which they occurred, that a transition exists between

step dimensions of 3 and 4 km above which rupture fronts

have not been observed to propagate through, and that rup-

tures appear to cease propagating at steps of lesser dimension

only about 40% of the time (Fig. 15).

Earthquakes of Normal Mechanism. The approach fol-

lowed for strike-slip events is applied to normal type earth-

quakes and summarized in Figures 16 and 17. The smaller

data set makes it difficult to arrive at generalizations. That

withstanding, the observations show that the end points of

historical normal ruptures occur at discontinuities in the

fault trace about 70% of the time. Historical normal fault rup-

tures have continued across steps in the surface trace of 5 to

7 km, larger than observed for the strike-slip earthquakes.

Earthquakes of Reverse Mechanism. The data for thrust

faults are limited to eight earthquakes. Again ordered by in-

creasing rupture length, I have plotted the discontinuities

through which ruptures have propagated or stopped, respec-

tively (Fig. 18). There are three recorded instances of thrust

ruptures propagating through mapped steps of 2 and 6 km

in dimension. In only one case is it clear that the rupture

terminated in the absence of a discontinuity at the rupture

end point. The remaining cases appear to show termini as-

sociated with geometrical discontinuities, though in several

cases and particularly for the Australian earthquakes the

mapping available is insufficient to lend any confidence in

the observation.

Implications and Applications

Seismic Hazard

Estimation of Surface Rupture Hazard. The regression

curves in Figure 7 provide an initial basis to estimate the ex-

pected amount of surface displacement during an earthquake

as a function of rupture length. The values of slip plotted in

Figure 7 are derived from the digitized slip distributions for

the respective events as shown in Figure 1c. Each average

value is also characterized by a standard deviation about

the average. The COV (standard deviation/average slip) pro-

vides a measure of the roughness of the surface-slip distribu-

tions that is in effect normalized to rupture length. The value

of the COV about the average value of slip for each event

is displayed in Figure 10 (open circles). The average of all

values is also listed in the plot and equals 0:63� 0:18. Given

the expected rupture length of an earthquake, an average

value of surface offset may be calculated from the regres-

sions in Figure 7, and a standard deviation to associate with

this latter estimate may, in principle, be calculated by multi-

plying the expected average slip by the COV.

The assessment of expected coseismic surface slip may

be improved by assuming the surface slip is described by a

particular shape such as the sine, ellipse, triangle, asymmet-

ric sine, or asymmetric ellipse curve forms illustrated in Fig-

ure 9. Applying these curve forms consistently yields a better

fit to the observed slip distributions than the average value

of slip or, equivalently, a flat line (Fig. 10). One may thus

choose an alternate approach of, for example, assuming that

surface slip will follow the form of a sine or ellipse function.

In doing so, the amplitude of expected distribution may be

estimated as a function of length using the regression curves
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for the sine and ellipse functions in Figure 13d,e, respec-

tively. Multiplication of the average value of the COV for

the sine (0:57� 0:19) and ellipse (0:54� 0:19) curve fits

by the predicted slip at any point along the fault length yields

a standard deviation that may be attached to the estimate.

The earthquake slip distributions are yet better fit by the

use of curves that allow an asymmetry in the slip distribution

(Fig. 10), and further reduction in the uncertainties might be

obtained by their use with the consideration that it would

require prior knowledge of the sense of asymmetry along

the fault to rupture. This is knowledge that is not generally

available at this time.

A more formal approach than the one outlined here will

incorporate both the uncertainties attendant to the fitting of

curves to the slip versus length data (e.g., Figs. 7 and 13) and

the estimates of the COVs (e.g., Figs. 9 and 10). That said, the

compilation and analysis of observations show the feasibility

of the approach, which is the main intent here.

Estimating the Length of Future Earthquake Ruptures on

Mapped Faults. The distribution and lengths of active

faults are generally fundamental inputs to assessments of

seismic hazard in regions of active tectonics (e.g., Albee

and Smith, 1966; Slemmons, 1977; Bonilla et al., 1984;

Wesnousky et al., 1984; Wells and Coppersmith, 1994;

WGCEP, 1995; Frankel and Petersen, 2002). Because the

lengths of earthquake ruptures are commonly less than the

entire length of the mapped fault on which they occur, the

seismic hazard analyst may encounter the problem in decid-

ing how to place limits on the probable lengths of future

earthquakes on the mapped active faults. It has been noted

previously that faults are not generally continuous but are

commonly composed of segments that appear as steps in

map view and that these discontinuities may play a control-

ling role in limiting the extent of earthquake ruptures (e.g.,

Segall and Pollard, 1980; Sibson, 1985; Wesnousky, 1988).

The data collected here and summarized in Figure 14 show

that about two-thirds of the end points of strike-slip earth-

quake ruptures are associated with fault steps or the termini

of active fault traces (Fig. 15a), and that there is a limiting

dimension of fault step (3–4 km) above which earthquake

ruptures have not propagated and below which rupture

propagations cease only about 40% of the time (Fig. 15b).

Figure 14. Synopsis of observations bearing on the relation-
ship of geometrical discontinuities along the fault strike to the end
points of historical strike-slip earthquake ruptures. Earthquake date,
name, and rupture length are listed on the horizontal axis. The earth-
quakes are ordered by increasing rupture length (but are not scaled
to the distance along the axis). Above the label of each earthquake is
a vertical line, and symbols along the line represent the dimension
of discontinuities within and at the end points of each rupture.

Figure 15. Relation of fault trace complexity to rupture length
for strike-slip faults. (a) Pie chart of total number of rupture end
points divided between whether (yes) or not (no) the end points
are associated with a geometrical discontinuity (step or termination
of rupture trace). About 70% of the time rupture end points are as-
sociated with such discontinuities. The remainder appear to simply
die out along an active fault trace. The sample size is 46. (b) Histo-
gram of the total number of geometrical discontinuities located
along historical ruptures binned as a function of size (≥ 1, ≥ 2,
etc.) and shaded according to whether the particular step occurred
at the end point of rupture or was broken through by the rupture. A
transition occurs at 3–4 km above which no events have ruptured
through and below which earthquakes have ruptured through in
∼40% of the cases.
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The variability of behavior for steps of dimension less than

3–4 km in part reflects variability in the three-dimensional

character of the discontinuities mapped at the surface. The

effect on rupture propagation may vary between steps of

equal map dimension if, for example, the subsurface struc-

tures differ or do not extend to equal depths through the seis-

mogenic layer (e.g., Simpson et al., 2006; Graymer et al.,

2007). The approach and observations might be useful for

placing probabilistic bounds on the expected end points of

future earthquake ruptures on mapped active faults, given

that detailed mapping of faults is available in the region

of interest.

The observations are fewer for dip-slip earthquakes

(Figs. 16, 17, and 18). That withstanding, the normal earth-

quake rupture end points appear to be associated with dis-

continuities in the mapped fault trace at about the same

∼70% frequency as observed for the strike-slip earthquakes

(Fig. 17). The data are too few to draw an analogous gener-

alization from the small number of reverse fault earthquakes.

A comparison of the dip-slip (Fig. 16) to strike-slip earth-

quakes (Fig. 14) shows the dip-slip events to have ruptured

through steps in map trace of 5–7 km, greater than observed

for strike-slip earthquakes. The larger value may simply

reflect the dipping nature of the faults.

Mechanics of the Rupture Process

Slip versus Length: Physical Implications. Theoretical

models of fault displacements in an elastic medium predict

that the stress drop Δσ resulting from slip S on a fault is of

the form Δσ≅C�S=W�, where W is the shortest dimension

across the fault area and C is a shape factor generally near

unity (e.g., Kanamori and Anderson, 1975). Analyses of in-

strumental recordings of earthquakes have been the basis to

interpret that stress drops for earthquakes are relatively

constant and limited to between 10 and 100 bars over the

entire spectrum of observed earthquake sizes (Kanamori

and Anderson, 1975; Hanks, 1977). It is generally assumed

that the limiting depth of coseismic slip is equal to the depth

extent of aftershocks or background seismicity in the vicinity

of the earthquakes. The earthquakes of Table 1 share a simi-

lar seismogenic depth of about 12–15 km (Fig. 2). It follows

that earthquakes of constant stress drop and rupture width

will share a similar ratio of S=W. The systematic increase

in displacement S with rupture length observed in Figure 7

is thus in apparent conflict with the constant stress drop hy-

pothesis, a point first recognized by Scholz (1982a). A num-

ber of observations and hypotheses have been brought forth

to reconcile the issue.

Models of earthquake rupture conventionally impose

the boundary condition that coseismic slip be mechanically

limited to zero at the base of the seismogenic layer. The

Figure 16. Synopsis of observations bearing on the relationship
of geometrical discontinuities along the fault strike to the end points
of normal mechanism historical earthquake ruptures. See Figure 14
for further explanation.

Figure 17. Relation of fault trace complexity to rupture length
for normal faults. See Figure 15 for explanation. (a) About 75% of
time rupture end points are associated with discontinuities in the
fault trace. The remainder appear to end within an active fault trace
in the absence of a discontinuity. The sample size is 14. (b) Normal
fault ruptures cross steps in the fault strike as large as 5–7 km, larger
than observed for strike-slip earthquakes.
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observed increase in slip with length may be explained by

modifying the boundary condition such that coseismic slip

is a rapid upward extension of displacement that has accu-

mulated below the seismogenic layer prior to the earthquake

(Scholz, 1982a). Physical fault models arising from such an

explanation predict that the time for displacement to occur at

any point on a fault should be on the same order as the total

duration of faulting (Scholz, 1982b). The idea is not sup-

ported by dislocation time histories of fault ruptures that

are short compared to the overall duration of an earthquake

(Heaton, 1990). Today, it appears to remain generally ac-

cepted that large earthquake ruptures are the result of simple

elastic failure whereby displacements are limited to zero at

the base of the seismogenic layer. Efforts to explain the

enigmatic increase of S with L generally invoke the idea

that large earthquakes commence with systematically larger

stress drops or unusually large slip pulses relative to earth-

quakes of lesser size (Heaton, 1990; Bodin and Brune,

1996), and thus have a tendency to propagate over greater

distances. Independent observations of the interaction of

earthquake ruptures and the geometry of faults presented

here and in Wesnousky (2006) are at odds with this latter

idea. An alternate explanation is that the base of the seismo-

genic zone does not result from the onset of viscous relaxa-

tion but rather a transition to stable sliding in a medium

that remains stressed at or close to failure and that coseismic

slip during large earthquakes may extend below the seismo-

genic layer. The latter explanation is explored in more detail

by King and Wesnousky (2007), satisfies standard elastic

models, and preserves the idea of constant stress drop in light

of the observed increase of S with L.

The Growth of Earthquake Ruptures. The majority of co-

seismic slip during continental earthquakes is generally con-

centrated in the upper 15 km of the earth’s crust. The length

of strike-slip ruptures considered here ranges from about 15

to >400 km. The direction of rupture propagation may be

viewed as primarily horizontal for each event. Theoretical

and numerical models and observation support the idea of a

causal association between fault steps and the end points of

earthquake ruptures (e.g., Segall and Pollard, 1980; Sibson,

1985; Wesnousky, 1988; Harris and Day, 1993; Harris and

Day, 1999; Oglesby, 2005; Duan and Oglesby, 2006). The

synopsis of observations in Figure 14 shows that there is

a transition in step dimension at 3–4 km above which the

strike-slip faults appear not to propagate and that the transi-

tion is largely independent of rupture length. The observation

leads me to think that the magnitude of stress changes and

the volume affected 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 (Fig. 19). The transition of 3–

4 km in step width above which ruptures have not propagated

Figure 18. Synopsis of observations bearing on the relationship
of geometrical discontinuities along the fault strike to the end points
of thrust mechanism historical earthquake ruptures. Earthquake
date, name, and rupture length are listed on the horizontal axis.
The earthquakes are ordered by increasing rupture length (but
not scaled to the distance along the axis). Above the label of each
earthquake is a vertical line, and symbols along the line represent
the dimension and type of discontinuities within and at the end
points of each rupture.

Figure 19. Schematic diagrams from the top left to the bottom
right illustrate the increasing points in time of a rupture propagating
bilaterally along a vertically dipping strike-slip fault plane. The un-
ruptured and ruptured portion of the fault planes are shaded gray
and white, respectively. Volumes around the rupture fronts capable
of triggering slip on nearby fault segments are shaded dark gray.
Empirical observations reviewed in this article of the interplay of
the fault trace complexity and rupture propagation for large strike-
slip earthquakes suggests a process whereby the magnitude of stress
changes and volume affected by those stress changes at the front of
a propagating rupture are largely the same and largely invariable
during the rupture process, regardless of the distance a rupture
has or will propagate.
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by analogy places a limit on the dimension of process zone or

volume significantly affected by stress changes at the rupture

front. In this context, it appears that variations in earthquake

rupture lengths are not necessarily controlled by the relative

size of initial slip pulses or stress drops (e.g., Brune, 1968;

Heaton, 1990) but rather by the geometrical complexity of

fault traces (e.g., Wesnousky, 1988) and variations in accu-

mulated stress levels along faults that arise due to the loca-

tion of past earthquakes (e.g., McCann et al., 1979).

The observations in Figure 12 that summarize the rela-

tionship between the location of earthquake epicenters and

the asymmetry of slip distributions also have bearing on the

topic of fault propagation. The observations show no sys-

tematic correlation between the initiation point of an earth-

quake and the location of maximum slip along the fault trace.

The result is independent of which asymmetric curve fit is

used to approximate the shape of the slip distributions and

apparently at odds with observations indicating that earth-

quake epicenters of subduction zone thrust earthquakes tend

to locate in or immediately adjacent to regions of high mo-

ment release (e.g., Thatcher, 1990). Indeed, while one may

examine the figure and point to a number of earthquakes

where the epicenter is spatially correlated to the peak of the

slip distribution, there are numerous events where the epi-

center is spatially separated from the peak. The latter obser-

vation is most evident for those events of unilateral rupture

where the ratio E=L is close to 0 or 1. I view the observation

to indicate that patterns of slip are not controlled by the rel-

ative size of initial slip pulses but likely instead by variations

in accumulated stress reflecting variations in fault strength

and accumulated stress along strike.

The Shape of Slip Distributions and Self-Similarity. The

exercise of fitting curves to the slip distributions (Fig. 9)

shows the unsurprising result that better fits to the obser-

vations are obtained with the increase in freely adjustable

variables used in the regressions. The average (i.e., flat-line),

symmetric (i.e., sine and ellipse), and asymmetric (i.e., asym-

metric sine, asymmetric ellipse, and triangle) functions yield

increasingly better fits to the observed slip distributions

(Fig. 10). Similarly, the asymmetric forms may be viewed as

a better approximation to the general shape of surface-slip

distributions. The degree of asymmetry that one observes in

fitting asymmetric functions to the slip distributions is de-

pendent on the particular form of the function (Fig. 11). The

assumption of a triangle function tends to exaggerate the

asymmetry as compared to the asymmetric sine or ellipse.

The exaggeration results because of the control of the as-

sumed functions on the slope of the curve fit near the rupture

end points. The scatter in values of asymmetry for the trian-

gular and asymmetric ellipse curves would argue against

the suggestion that the slip curves are self-similar in na-

ture whereas the lessening of scatter in the value for the

asymmetric sine fits might allow it (Fig. 11). The statisti-

cal differences in the triangle and asymmetric curve fits to

the observations are insufficient to allow a resolution of

the matter.

The systematic changes in slope attendant to the plots of

the peak amplitudes of the curves fit to the surface-slip dis-

tributions versus rupture length shown in Figure 13 provide

another manner in which to characterize the shapes of the

surface-slip distributions. The plots show the same character-

istics as observed in the earlier plots of average surface slip

versus rupture length (Fig. 7). Specifically, the fewer normal

and reverse earthquake data may be fit by a straight line but

the strike-slip earthquakes that cover a wider range of rupture

lengths cannot. The observations for the strike-slip earth-

quakes and the entire data set overall are better fit by curves

that decrease with slope as a function of increasing rupture

length. The suggestion has been put forth that earthquake slip

distributions are self-similar in form (e.g., Manighetti et al.,

2005). The slope of the curves in Figures 7 and 13 reflects

the ratio of amplitude to length of the assumed slip functions.

In this regard, the ratios or, in effect, the shapes of the pre-

scribed surface-slip distributions vary across the magnitude

spectrum and may not be viewed as self-similar.

Conclusions

I have put forth a compilation of about three dozen

historical earthquakes for which there exist both maps of

earthquake rupture traces and data describing the coseismic

surface slip observed along the fault strike. The analysis

presented here may be of use in the development and appli-

cation of seismic hazard methodologies and placing bounds

on physical fault models meant to describe the earthquake

source. In these regards, the collection of observations pro-

vide the basis for a statistical approach to predicting the

end points and surface-slip distribution of earthquakes on

mapped faults. They also lend support to the ideas that there

exists a process zone at the edges of laterally propagating

earthquake ruptures of no more than about 3–5 km in dimen-

sion within which stress changes may be sufficient to trigger

slip on adjacent faults, and that the ultimate length of earth-

quake ruptures is controlled primarily by the geometrical

complexity of fault traces and variations in accumulated

stress levels along faults that arise due to the location of past

earthquakes.
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