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INTRODUCTION

A large amount of work has been done in recent years to esti-
mate the distribution of slip on the fault surface during
earthquakes. Generally, these slip models are derived from
longer period ground motions: strong-motion velocity and
displacement, and teleseismic velocity seismograms. At these
longer periods, ground motions are predominantly deter-
ministic and their waveforms can in general be accurately
modeled using simple descriptions of the source and crustal
structure. The opposite situation exists for the prediction of
high-frequency strong ground motions. Ground motions at
high frequencies are predominantly stochastic, and their
waveforms in general cannot be accurately modeled using
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simple descriptions of the source and crustal structure. How-
ever, preliminary evidence (e.g., Hartzell ez 2/, 1996; Kamae
and Irikura, 1998; Somerville, 1993; Somerville ez 24, 1996;
Wald ez al., 1988) suggests that variable slip models derived
from longer-period ground-motion recordings are relevant
for the prediction of higher-frequency ground motions. For
both short and long periods, one of the main uncertainties in
the prediction of strong ground motion is the uncertainty in
specifying the appropriate methods of characterizing the
source characteristics of future earthquakes. The objective of
this paper is to develop information for characterizing the
slip models of future earthquakes for use in the prediction of
strong ground motion.
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TABLE 1
Source Parameters of Crustal Earthquakes

Rupture
M, x 10% Slip Duration Velocity
Earthquake, Location Date Mech. dyne-cm m, (sec) (km/sec)
Landers, California 1992.6.28 5SS 75 7.22 2.0
Tabas, Iran 1978.9.16 RV 58 714 2.1
Loma Prieta, California 1989.10.17 0B 30 6.95 15
Kobe, Japan 1995.1.17 SS 24 6.9 2.0
Borah Peak, Idaho 1983.10.28 NM 23 6.87° 0.6 A
Nahanni, N.W.T., Canada 1985.12.23 RV 15 6.75 2.5 2.75
Northridge, California 1994.1.17 RV 11 6.66 1.25 3.0
Nahanni, N.W.T., Canada 1985.10.05 RV 10 6.63 0.75 2.75
San Fernando, California (Sierra Madre) 1971.2.9 RV 7 6.53 08 2.8
Imperial Valley, California 1979.10.15 SS 6.43 0.7 2.6
Superstition Hills, California (event #3) 1987.11.24 3S 35 6.33 05 2.4
Morgan Hill, California 1984.4.24 85 2.1 6.18 0.3 2.8
North Palm Springs, California 1986.8.7 0B 1.8 6.14 0.4 3.0
Whittier Narrows, California 1987.10.1 RV 1 597 0.3 25
Coyote Lake, California 1979.6.8 SS 0.35 5.66 0.5 2.8

An important aspect of the problem of characterizing the
earthquake source is the degree of fault heterogeneity or
roughness. The heterogeneity may be manifested as local vari-
ations in static slip, slip velocity, or rupture velocity. It is pos-
sible that all three are interdependent and that each
contributes significantly to the high-frequency radiation.
There is little agreement, however, in exactly how these char-
acteristics are physically related. In most broadband strong-
motion simulation procedures (e.g., Somerville et al., 1996),
the spatial variations in slip are modeled in a deterministic
manner because they are fairly well constrained by data. Vari-
ations in rupture velocity and slip velocity are usually modeled
in a stochastic manner because at present it is difficult to con-
strain these variations in a deterministic manner. However, we
can include deterministic variations in rupture velocity and
slip velocity when enough information becomes available to
constrain them. Accordingly, this paper focuses on character-
izing the spatial variation of slip on the fault. The slip models
of shallow crustal earthquakes are characterized by strong spa-
tial variation in slip on the fault surface, including asperities
(which we define as regions of large slip on the fault).

In the following sections, we describe analyses of the
characteristics of slip models of fifteen crustal earthquakes.
Except for the 1978 Tabas and 1995 Kobe earthquakes, all of
the earthquakes occurred in western North America. The
slip models were derived in a fairly uniform manner from the
inversion of lowpass-filtered near-source strong-motion
recordings and teleseismic body waves. We quantify the
characteristics of asperities of individual earthquakes and

60 Seismological Research Letters  Volume 70, Number 1

examine their average characteristics. We then examine how
the slip models scale with seismic moment. We also use the
spatial wavenumber spectrum as an additional method of
describing the heterogeneity of slip on the fault surface.

SLIP MODELS

The slip models of past earthquakes show that the spatial
variation of slip (and seismic wave radiation) over the fault
surface is an important aspect of the earthquake source.
Summaries of slip models of these earthquakes are given by
Mendoza and Hartzell (1988b) and Heaton (1990). Enough
slip models have been derived over the past twenty years that
we can now examine their systematic features. We can then
use these systematic features to generate slip models for the
prediction of strong ground motion.

The earthquakes analyzed in this study are listed in
Table 1. All fifteen of these crustal earthquakes have rupture
models in which the slip varies spatially over the fault sur-
face. The orientation of the fault planes and reference to the
slip model used are given in Table 2, and the dimensions and
discretization of the fault planes are given in Table 3.

In this study, we use a rectangular representation of the
fault rupture because our objective is to develop methods of
generating slip models on rectangular fault planes. In most
slip model inversions, the rectangular dimensions of the fault
are chosen to be at least large enough to accommodate the
entire fault rupture, and so they generally overestimate the
actual dimensions of the rupture area. Accordingly, we
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TABLE 2.
Orientation of Fault Planes

depth oftop  depth of bottom -
Earthquake (km) (km) dip strike slip model reference

Landers 0.0 15.0 90° 355° Wald et al., 1994
334°
320° _
Tabas 1.0 20.0 25° 330° Hartzell & Mendoza, 1991
Loma Prieta 34 20.3 70° 128° Somerville efal., 1993;
Wald et al., 1991
Kobe: Nojima 0.2 20.0 80° 45° Wald, 1996
Suma/Suwayama 0.2 20.1 85° 230°
Borah Peak 1.0 20.9 49° 152° Mendoza & Hartzell, 1988a
Nahanni (85/12/23) 2.0 9.0 , 25° 160° Hartzell et al., 1994
Northridge 5.0 214 40° 122° Wald et al., 1994
Nahanni (85/10/05) 0.2 8.2 35° 160° Hartzell et al., 1994
San Fernando (SM) 3.0 12.7 54° 290° Heaton, 1982
Imperial Valley 0.0 10.0 90° 143° Hartzell & Heaton, 1983
Superstition Hills (#3) 3.95 12.0 90° 127° Wald et al., 1990
Morgan Hill 0.5 12.0 90° 148° Hartzell & Heaton, 1986
North Palm Springs 40 13.63 46° 287° Hartzell, 1989
Whittier Narrows 1241 171 30° 280° Hartzell & lida, 1990
Coyote Lake 3.5 9.5 80° 336° Liu & Helmberger, 1983
TABLE 3.
. Dimensions and Discretization of Fault Planes*
length width dx dy kx"'-’?‘ kyw
Earthquake T B L R (km) (km) nx ny (km) (km) (km™) (km™)
Landers 1 2 69.0 15.0 23 6 30 25 0167 02
Tabas 95.0 45,0 21 10 452 45 0111 0.111
Loma Prieta 1 40.0 18.0 20 9 2.0 2.0 0.25 0.25
Kobe 60.0 20.0 18 8 3.33 2.5 0.15 0.2
Borah Peak 1 48.75 26.4 15 8 3.25 33 0.154  0.152
Nahanni (12/23) 2 2 3 34.67 16.49 13 7 267 236 0187  0.212
Northridge 18.0 21.0 14 14 1.29 1.5 0.386  0.333
Nahanni (10/05) 2 2 2 29.33 13.92 11 8 267 174 0187  0.287
San Fernando (Sierra Madre) 2 1 1 13.36 12.03 5 9 267 133 0187 0375
Imperial Valley 1 36.0 10.0 12 4 3.0 25 0167 0.2
Superstition Hills (event 3) 3 20.0 8.05 20 7 1.0 1.15 05 0.435
Morgan Hill 1 26.0 115 26 6 1.0 1.92 0.5 0.26
North Palm Springs 1 1 20.0 13.3 10 7 2.0 19 0.25 0.263
Whittier Narrows 10.0 - 100 10 10 1.0 1.0 0.5 05
Coyote Lake 2 2 2 2 55 457 11 12 05 0.38 1.0 1.312

*T,B, L, and R in the first four columns refer to the numbers of rows trimmed from the top (T) and bottom (B) of the slip model, and from the left side (L)
and right side (R) of the slip model.
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A Figure 1. Slip model of the 1989 Loma Prieta, California earthquake (Somerville ef al., 1994, based on Wald ef 4/, 1991) and identification of asperities

on it.

reduced the dimensions of the rectangular fault slip models
using a standard criterion for trimming the edges of the slip
models. The criterion is that an edge row or column of the
slip model is removed if the average slip per fault clement in
the entire row or column is less than 0.3 times the average
slip of the whole fault. The edge row or column that has the
lowest slip per fault element is removed fitst, and then the
process is repeated until all edge rows and columns have nor-
malized average slip per fault element of 0.3 or larger. The
trimming of each event is documented in Table 3. The
trimmed fault defines the rupture area used in this study. As

an example, the slip model of the 1989 Loma Prieta earth-
quake is shown in Figure 1.

The slip duration (or dislocation rise time) determined
from the inversion of each event is shown in Table 1. The rise
time was based on the time-window length for the five events
having a single time window and on an assessment of the
predominant rise time for the ten events having multiple
time windows. This parameter has a direct influence on the
amplitudes of high-frequency ground motions: the shorter
the slip duration, the larger the ground motions. Heaton
(1990) showed that the slip duration is short relative to the
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rupture time. In a later section, we derive an empirical rela-
tion between the slip duration and the seismic moment.

Heaton (1982) derived a slip model of the 1971 San
Fernando earthquake that involves slip on two separate rup-
ture planes. In this study, we concentrate on the deeper
(Sierra Madre) rupture plane because the slip model of the
shallower (San Fernando) rupture plane may not be accurate
at shallow depths (Vidale and Helmberger, 1988). Wald ez
al. (1990) detived a slip model of the 1987 Superstition Hills
earthquake that has three spatially overlapping subevents.
We analyze only the third and largest subevent.

DISTRIBUTION OF SLIP AND SEISMIC MOMENT
RELEASE WITH DEPTH

One of the most important aspects of slip models is the vari-
ation of slip with depth. We expect this depth dependence of
slip to be a systematic feature of earthquakes on a given fault
or fault system, since it is presumably controlled by the
dependcncc of rock rheology on depth. We expect that the
variation of slip along strike may be controlled by geometri-
cal factors such as fault bends or lateral changes in rock type
and that these variations may be more random than varia-
tions with depth.

For this analysis, we divide the earthquakes into three
categories: strike-slip, oblique, and dip-slip. The distribution
of slip and moment release with depth for individual events
within each of these categories are shown in Figure 2. The
slip and the seismic moment release in these figures are aver-
ages per km of fault length along strike. The seismic moment
release is proportional to the product of slip and shear
modulus.

The distribution of slip with depth for the six strike-slip
carthquakcs is characterized by a very large degree of variabil-
ity. Slip was concentrated at shallow depths in the Landers
earthquake, was distributed uniformly with depth in the
Kobe earthquake, and was concentrated in the depth range
of 5 to 12 km in the 1979 Imperial Valley and 1987 Super-
stition Hills earthquakes. Both of the latter two earthquakes
occurred in or on the margins of a sedimentary basin that is
about 5 km thick, suggesting that seismic radiation may be
confined mostly to regions of the fault where there is crystal-
line rock on both sides.

The two oblique earthquakes occurred on regions of the
San Andreas Fault system where a regional bend in fault strike
produces a dipping fault and a combination of strike-slip and
reverse-slip motion. These are the 1986 North Palm Springs
earthquake and the 1989 Loma Prieta earthquake. The deep-
est depth of slip for these events is significantly greater than
that for the strike-slip faults in California, and the slip gener-
ally increases with depth down to at least 10 km.

The one normal faulting and six thrust earthquakes are
from a wide range of faulting environments. Although they
have rather different slip distributions with depth, there is a
tendency for slip on some reverse faults to decrease with depth
below about 5 km, rather than increase as is the case for the
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A Figure 2(A). Distribution of average slip and average seismic moment
release per km of rupture length as a function of depth for strike-slip earth-
quakes.

oblique earthquakes. However, the Northridge earthquake,
which was a blind thrust event, has slip concentrated at depth.

The slip distribution of the Borah Peak earthquake, which isa

normal faulting event, is relatively uniform with depth.

ANALYSIS OF FAULT ASPERITIES

An asperity is a region on the fault rupture sutface that has
large slip relative to the average slip on the fault. For the pur-
poses of this study, we have defined an asperity as a rectangu-
lar region in which the slip exceeds, in a specified way, the
slip averaged over the entire fault rupture. We chose a rectan-
gular definition of asperities to facilitate the generation of
slip models of future earthquakes using this simple geometry.
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A Figure 2(B). Distribution of average slip and average seismic moment
release per km of rupture fength as a function of depth for oblique-slip
earthquakes.

An asperity is initially defined to enclose fault elements
whose slip is 1.5 or more times larger than the average slip
over the fault and is subdivided if any row or column has an
average slip less than 1.5 times the average slip. The asperity
is then trimmed until all of the edges have an average slip
equal to or larger than 1.25 times the slip averaged over the
entire rupture area. The discretization of the fault into fault
elements places limits on the size of the smallest asperity. In
view of this discretization, we require an asperity to have a
minimum of two elements if the slip of each is 2 or more
times the average slip, and a minimum of four elements if
the slip of each is 1.5 or more times the average slip, or the
slip of one is 2 or more and the slip of two others is 1.5 or
more times the average slip. We apply this definition of an
asperity to the fifteen slip models described above. As an
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A Figure 2(C). Distribution of average slip and average seismic moment
release per km of rupture length as a function of depth for dip-slip earth-
quakes.

example, the asperities for the slip model of the 1989 Loma
Prieta earthquake are shown at the bottom of Figure 1.

The number of asperities in the slip models of the fifteen
events ranges from one to six. In Tables 4 and 5, we list each
parameter of the individual asperities for each of the events. In
Table 4 we list the asperity’s area, its area as a fraction of the
overall rupture area (called the area ratio), its average slip, its
average slip as a fraction of the average slip of the overall rup-
ture (called the slip ratio), its average distance from the hypo-
center, and its average rupture time relative to the origin time.
In Table 5, we list its length and width, both absolute and nor-
malized to the length and width of the fault, respectively, and
its horizontal and down-dip distance from the “left” top cor-
ner of the fault (from which the fault strike is positive), both
absolute and normalized to the length and width of the fault.
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TABLE 4.
Area, Slip, and Hypocentral Distance of Individual Asperities
Area of Avg. Slip Hypo.
Asperity (km?) (cm) Dist. Rupt. time
Earthquake Asp. # abs norm abs norm (km) (sec)
Landers 1 67.5 0.065 a1 175 46.70 17.29
2 180.0 0174 498.9 1.86 33.28 12.32
3 45.0 0.043 513.0 1.91 15.59 5.77
Tabas 1 122.1 0.029 92.52 1.86 20.57 8.23
2 40.71 0.095 1417 2.84 . 18.48 7.39
3 814.3 0.190  122.348 2.45 24.33 9.73
4 61.07 0.014 102.47 2.06 43.26 17.3
5 81.43 0.019 87.23 1.75 53.94 21.57
Loma Prieta 1 80.0 0.1 307.0 1.85 7.75 2.87
2 72.0 0.10 270.1 1.63 6.32 2.34
Kobe 1 33.3 0.028 121.93 1.83 22.47 8.02
2 266.7 0.222 125.8 1.88 11.20 4,00
Borah Peak 1 514.8 0.40 75.62 1.62 171 5.90
Nahanni (12/23) 1 2513 0.044 260.94 3.24 17.95 6.41
2 131.93 0.231 190.563 2.37 7.41 2.65
Northridge 1 30.9 0.082 153.1 2.06 15.43 514
2 7.1 0.020 191.8 2.57 8.73 2.91
3 15.43 0.041 1383 1.87 8.95 2.98
4 3.86 0.010 158.0 2.12 4.40 1.47
5 17.36 0.046 15632 2.06 2.93 0.98
Nahanni (10/05) 1 27.84 0.068 228.63 2.65 13.47 4.81
2 46.40 0.114 250.96 2.90 4,08 1.46
3 18.56 0.045 159.3 1.84 14.31 511
San Fernando (SM) 1 42.86 0.27 240.0 1.60 5.58 1.99
Imperial Valley 1 90.0 0.25 127.0 1.85 16.12 6.20
Superstition Hills #3 1 6.9 0.043 122.7 157 7.38 3.07
2 21.6 017 1405 1.79 12.65 527
Morgan Hill 1 3.83 0.013 76.8 4.56 2.80 1.00
2 3.83 0.013 77.3 459 372 1.32
3 3.83 0.013 55.25 3.28 6.00 214
4 3.83 0.013 52.8 3.13 14.0 50
5 23.0 0.077 55.73 3.31 15.40 5.50
6 3.83 0.013 36.5 217 25.63 9.15
North Palm Springs 1 34.2 0.13 36.6 2.10 2.44 0.81
Whittier Narrows 1 4.0 0.04 50.0 1.90 5.02 2.01
2 9.0 0.09 52.2 1.99 2.69 1.07
3 2.0 0.02 57.95 2.21 0.71 0.28
4 20 0.02 54.2 2.06 3.04 1.22
Coyote Lake 1 8.0 0.32 114.8 1.51 2.56 0.92
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TABLE 5.

Dimensions and Locations of Individual Asperities

Length Width Horiz. Dist. Vert. Dist.
(km) (km)
Earthquake Asp# abs norm abs norm abs norm abs norm
Landers 1 9.0 0.13 75 05 16.5 0.239 3.75 0.25:,,.
2 120 0.174 15.0 1.0 300 0435 75 05
3 6.0 0.087 75 05 48.0 0.696 3.75 0.25
Tabas 1 9.05 0.095 135 0.30 452 0.0488 6.75 0.15
2 452 0.048 9.0 0.20 226 - 0.0244 315 0.70
3 4524 - 0476 18.0 0.40 36.19 0.381 9.0 0.20
4 452 0.048 13.5 0.30 61.07 0.643 20.25 0.45
5 452 0.048 18.0 0.40 7012 0.738 9.0 0.20
Loma Prieta 1 8.0 0.200 10.0 0.56 14.0 0.350 11.0 0.61
2 12.0 0.300 6.0 0.33 26.0 0.650 15.0 0.83
Kobe 1 6.67 0.111 5.0 0.25 3.33 0.056 2.50 0.13
2 13.33 0.222 20.0 1.00 13.33 0.222 10.0 0.50
Borah Peak 1 19.5 0.40 26.4 1.0 26.0 053 13.2 0.50
Nahanni (12/23) 1 10.67 0.308 2.4 0.14 533 0.154 1.18 0.07
2 8.0 0.231 16.49 1.00 14,67 0.423 8.25 0.50
Northridge 1 5.143 0.286 6.0 0.286 2.57 0.143 9.0 0.43
2 2.57 0.143 3.0 0.143 6.43 0.357 19.5 0.93
3 514 0.286 3.0 0143  10.29 0.571 10.5 0.50
4 1.29 0.071 3.0 0143 1093 0.607 19.5 0.93
» 9] 3.86 0.214 45 0214 1350 0.750 15.75 0.75
Nahanni (10/05) 1 16.00 0.545 1.74 0.13 10.67 0.364 0.87 0.06
2 5.33 0.182 8.70 0.63 533 0.182 9.57 0.69
3 5.33 0.182 3.48 0.25 18.67 0.636 5.22 0.38
San Fernando (SM) 1 5.34 0.40 8.02 0.67 8.02 0.60 668 055
Imperial Valley 1 12.0 0.33 75 0.75 15.0 0.42 6.25 0.63
Superstition Hills #3 1 3.0 0.15 23 0.29 6.5 0.325 2.3 0.29
2 4.0 0.20 6.9 0.86 14.0 0.70 4.6 0.57
Morgan Hill 1 1.0 0.038 3.83 0.33 0.50 0.019 5.75 0.50
2 1.0 0.038 3.83 0.33 3.50 0.135 7.67 0.67
3 2.0 0.077 1.92 0.17 6.0 0.231 8.63 0.75
4 2.0 0.077 1.92 0.17 14.0 0.538 8.63 0.75
5 30 0.115 7.67 0.67 16.5 0.635 575 0.50
6 2.0 0.077 1.92 0.17 25.0 0.962 2.88 0.25
North Palm Springs 1 6.0 0.30 5.7 0.43 9.0 0.45 8.55 0.64
Whittier Narrows 1 2.0 0.20 2.0 0.20 1.0 0.10 8.0 0.80
2 3.0 0.30 3.0 0.30 45 0.450 7.50 0.75
3 2.0 0.20 1.0 0.10 2.0 0.500 450 0.45
4 2.0 0.20 1.0 0.10 8.0 0.800 450 0.45
Coyote Lake 1 3.0 0.55 2.67 0.58 25 0.45 2.1 0.46
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In all, the fifteen earthquakes have thirty-nine asperities,
or 2.6 asperities each on average. In Figure 3, we plot histo-
grams of the distribution of slip contrast (the average slip on
the asperities as a fraction of the average slip of the overall
rupture) and normalized asperity area (the area of the asper-
ity as a fraction of the fault rupture area) in this set of thirty-
nine asperities. The slip contrast has an asymmetrical distri-
bution, with most asperities having a ratio between 1.5 and
3.0. The cutoff at 1.5 is due to the definition of an asperity
as a region whose slip is larger than 1.5 times the average slip.
Individual asperities typically occupy a few percent of the
rupture area, with the largest asperity on average occupying
17.5% of the overall rupture atea.

In addition to analysis of the properties of individual
asperities, we analyze the overall average properties of asper-
ities for each earthquake. In Table 6 we list for each event the
number of asperities, the total fault rupture area, the overall
area of the asperities, their overall area as a fraction of the
total rupture area, the average fault slip, the maximum fault
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slip, the average slip on the asperities, and the slip contrast.
In Figure 3, we also plot histograms of the distribution of
slip contrast and normalized asperity area values, each value
representing the average over the asperities for a single earth-
quake. The slip ratio is concentrated in the range of 1.5 to
2.8, with an average value of about 2. Asperities make up
about 22% of the total rupture area on average and account
for 44% (that is, 2 times 22%) of the total slip on the fault.
Asperities on both strike-slip and dip-slip faults tend to
have along-strike length to down-dip width ratios (aspect
ratios) of about 1, except for the two Nahanni events, which
cach have a long, narrow asperity at the top of the fault rup-
ture. In contrast, the mainshock rupture zones of the seven
strike-slip faults (including the oblique Loma Prieta earth-
quake) have an average aspect ratio of 2.75, whereas the those
of the eight dip-slip faults (including the oblique North Palm
Springs event) have an average aspect ratio of 1.6. These find-
ings are reflected in the statistics of the dimensions of indi-
vidual asperities shown in Figure 4. The distributions of
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TABLE 6.
Asperity Parameters of Individual Earthquakes

Av. Slip Max. Slip Asperity Area Av. Asp. Slip’
Earthquake Area (km?)  (cm) (cm) (km®)  Norm./Area  (cm)  Norm./Av Slip
Landers 1035 269 794 . 293 0.28 305
Tabas 4275 50 213 1120 0.26 116
Loma Prieta 720 166 496 152 0.10 290
Kobe 1200 67 348 300 0.25 125
Borah Peak 1287 47 147 515 0.40 75.6
Nahanni (12/23) 572 80 516 157 0.27 202
Northridge 378 74 286 75 0.20 154
Nahanni (10/05) 408 86 383 93 0.23 226
San Fernando (SM) 161 150 300 43 0.27 240
Imperial Valley 360 69 180 90 0.25 127
Superstition Hills 3 - 161 78 186 35 0.21 137
Morgan Hill 299 17 100 42 0.14 576
North Palm Springs 266 17 45 34 0.13 36.5
Whittier Narrows 100 26 90 17 017 52.6
Coyote Lake 25 76 120 8 0.35 115
Strike-Slip Dip-Slip Strike-Slip and Dip-Slip
Normalized Asperity Length Normalized Asperity Length Normalized Asperity Length
15 T T T ] BT 7T ] ST T 7
:g 10 — E 10 = ::i
5 — =) — =]
0 02 04 .06 08 1 0 02 04 06 08 1 . . 6 08 1
Normalized Length Normalized Length Normalized Length
Normalized Asperity Width Normalized Asperity Width Normalized Asperity Width
BT T T T ] BT T T B——T—7117 71
Zé 10} - ::% 10} - g 10
:;‘j I g [ § I
5 sL ] g ol z
L L 2
% 02 04 06 08 1 : 6 06 08 1 2 04 06
Normalized Width Normalized Width Normalized Width

A Figure 4. Distributions of asperity length and width, normalized to the length and width of the fault rupture, for strike-slip, dip-slip, and all events.
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asperity length and width, normalized to the length and
width of the fault rupture, are similar for the dip-slip events.
Howevet, the distributions of normalized asperity length and
width are different for the strike-slip events, having much
lower normalized lengths than normalized widths.

The centers of asperities of both strike-slip and dip-slip
faults are distributed fairly evenly both along strike and
down-dip, as shown in Figure 5. The down-dip distribution
for both styles of faulting tends to have a trimodal distribu-
tion, with asperities concentrating at depths of 0.2, 0.45,
and 0.7 times the down-dip width.

SCALING OF PARAMETERS OF SLIP MODELS
WITH SEISMIC MOMENT

We can use the large range of seismic moment values of the
fifteen earthquakes listed in Table 1 to look for systematic
features of the scaling of slip models with magnitude. These
scaling relations, listed in Table 7, are important for estab-
lishing general rules for developing source models for simu-
lating strong ground motions. The simplest scaling
relationship is a self-similar one in which the basic properties
of the slip models, and of the asperities that they contain,
remain scale invariant. The basic property of a self-similar
system is that events of different sizes cannot be distin-
guished except by a scale factor.

Seismological Research Letters  Volume 70, Number 1

The relationship between seismic moment and fault
parameters is given by:

M,=uDLW

where M, is seismic moment, (L is shear modulus, D is aver-
age fault displacement, Z is fault length, and Wis fault width.
In a self-similar system, increase in seismic moment occurs by
proportionately equal changes in average slip D, fault length
L, and fault width W so that the stress drop (proportional to
the ratio of D to L or W) remains constant. Also, the duration
of slip on the fault Ty increases in proportion to D, or equiv-
alently to L or W so that the slip velocity (the ratio of D to
Ty) remains constant. In this self-similar model, the size of
asperities in relation to L (and W) remains constant, their
average slip in relation to D (slip contrast) remains constant,
and the number of asperities remains constant.

The self-similar model is convenient to use, and in many
instances its use can be justified because it provides a reason-
ably good description of nature. For example, Tanioka and
Ruff (1997) found that the teleseismic source time functions
of large earthquakes are compatible with a self-similar scaling
model. In this study of crustal earthquakes, we find that the
scaling of the fault parameters described above with seismic
moment is also reasonably well fit by a self-similar model. For
each parameter, we first give the unconstrained scaling relation
and then the relation that is constrained to be self-similar. The
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TABLE 7.
Scaling Relations of Slip Models Assuming Self-Similarity

Rupture Area vs. Seismic Moment

Average Slip vs. Seismic Moment

Combined Area of Asperities vs. Seismic Moment
Area of Largest Asperity vs. Seismic Moment
Radius of Largest Asperity vs. Seismic Moment
Average Number of Asperities

Area of Fault Covered by Asperities

Average Asperity Slip Contrast

Hypocentral Distance to Center of Closest Asperity vs. Moment
Slip Duration vs. Seismic Moment

Comer Spatial Wavenumber Along Strike (km™)
Corner Spatial Wavenumber Down Dip (km™")

A=223x 1070 x M
D=156 %107 x M,
A,=5.00x 10716 x M2

A (km?) = 3.64 x 10718 x M1, 2%
r,(km)=1.08x 108 x M,
26

0.22

2.01

Ry=135%10"x Mo
Tp=2.03x 107 x Mo'®

log KC,=1.72-05M

log KC,=1.93-05 M

difference between these two relations provides an indication
of how closely the data satisfy the self-similar scaling relation.
For each relationship, the scatter in the data is sufficiently large
that the self-similar scaling relation is compatible with the
data. We expect that limits in the dimensions of faults (espe-
cially the down-dip width W) are reached for very large crustal
earthquakes, especially strike-slip earthquakes, causing depar-
tures from this self-similar model (Shimazaki, 1986). How-
ever, for the moderate-sized crustal earthquakes that make up
most of the data set that we analyze here, we conclude that the
self-similar model is a reasonable approximation. Except
where noted, all of the relationships use cgs units.

Rupture Area vs. Seismic Moment

The relation between rupture area A and seismic moment M,
determined without constraining the slope is:

A=130x 1078 x pM07

Constraining the slope to be 2/3, we obtain the relation
shown in Figure 6:

A=223x10" x M??

Expressing this relation in terms of moment magnitude M
and area in square km, we obtain:

M=logA+3.95

where moment magnitude M (Hanks and Kanamori, 1979)
is given by:

M =2/3log M,—10.7

The fault rupture areas used in this relation reflect the zone of
the fault that radiated seismic energy, and so this relation is

70  Seismological Research Letters  Volume 70, Number 1

directly relevant to the prediction of strong ground motion.
Wells and Coppersmith (1994) derived a relationship
between seismic moment and rupture area from a much
larger set of crustal earthquakes, primarily using the dimen-
sions of the early aftershock zone. This is a less direct kind of
evidence than that derived from the seismic radiation during
the mainshock. Nevertheless, the Wells and Coppersmith
(1994) relationship for a dataset that includes all styles of
faulting is very similar to the one derived here and is given by:

M=0.98log 4+ 4.07
Average Slip vs. Seismic Moment

The relation between average slip D and seismic moment A,
determined without constraining the slope is:

D =3.16x107 x M, >3

Constraining the slope to be 1/3, we obtain the self-similar
relation shown in Figure 7:

D=1.56x107 x M

Combined Area of Asperities vs. Seismic Moment

The relation between the combined area of asperities 4, and
seismic moment M, determined without constraining the
slope is:

A,=5.93x 1072 x M 086

Constraining the slope to be 2/3, we obtain the self-similar
relation shown in Figure 8:

A,=5.00x 1071 x M 2P
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The ratio of the combined area of asperities to the total rup-
ture area shows no clear dependence on seismic moment,
and its value averaged over these events is 22%. The two
events in which asperities cover a large part of the fault are
the Borah Peak and Coyote Lake events. The four events in
which asperities cover a small part of the fault are the Loma
Prieta, North Palm Springs, Morgan Hill, and Whittier Nar-
rows earthquakes.

Area of Largest Asperity vs. Seismic Moment

The relation between the area of the largest asperity 4, and
seismic moment M, determined without constraining the
slope is:

A= 174 x 1072 x M ¥

Constraining the slope to be 2/3, we obtain the self-similar
relation shown in Figure 9:

A (km?) = 3.64 x 10716 x M02/3 (dyne-cm) or

7, (km) = 1.08 X 10°% X M,'"* (dyne-cm)

72 Seismological Research Letters  Volume 70, Number 1

where 7, is the radius of a circular asperity. The area of the
largest asperity in each slip model scales in an approximately
self-similar way and on average occupies 17.5% of the total
rupture area. The radius 7, of the average asperity is:

7, (km) = 0.78 x 1078 x Mal/a {(dyne-cm)

Average Asperity Slip Contrast vs. Seismic Moment

The average asperity slip contrast shows no clear dependence
on seismic moment, consistent with a self-similar scaling
relation, and its value averaged over these events is 2.01.
Events having the largest slip contrasts are the Morgan Hill
event, the two Nahanni events, and the Tabas event.

Hypocentral Distance to Closest Asperity vs. Seismic
Moment

The question of whether earthquake ruptures begin at asper-
ities is potentially important both for rupture dynamics and
for strong-motion prediction. The distances between the
hypocenter and the centers of individual asperities are listed
in Table 4, and the relation between the hypocentral distance
to the center of the closest asperity R, and the seismic
moment M, is shown in Figure 10. The relation determined
without constraining the slope is:
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R, =1.43%x1073 % M 053

If the hypocenter were located at the center of an asperity,
then the distance between the hypocenter and the center of
the closest asperity would not increase with seismic moment.
The fact that this distance does increase with seismic moment
indicates that the location of the hypocenter is not correlated
with the location of the closest asperity. The unconstrained
relationship indicates that the distance between the hypo-
center and the closest asperity, normalized to the fault dimen-
sion, increases with seismic moment. Constraining the slope
of the relation to be 1/3, which represents the case where the
normalized distance is invariant with seismic moment, we
obtain the self-similar relation shown in Figure 10:

R, =1.35x10"%x M

This distance is 1.7 times larger than the radius 7, of the aver-
age asperity, indicating that on average the hypocenter is
located outside of the closest asperity.

Hypocentral Distance to Largest Asperity vs. Seismic
Moment

Of the ten events with more than one asperity, which on
average have 3.4 asperities, three have hypocenters closest to
the largest asperity and seven have hypocenters closest to
other asperities. This indicates that the hypocenter is not sys-
tematically located closest to the largest asperity. The relation
between the hypocentral distance to the center of the largest

10 ——

asperity R; and seismic moment M,, determined without
constraining the slope, is:

R;=2.63x 10712 x M4

Constraining the slope of the relation to be 1/3, which p-
resents the case where the distance, normalized t6% Fiult
dimension, is invariant with seismic moment, we obtain the
self-similar relation:

Rj=2.09x108x M1

Slip Duration vs. Seismic Moment

The slip duration listed in Table 1 is chosen to represent an
average over the fault surface for a given earthquake. The
relation between slip duration and seismic moment deter-
mined without constraining the slope is:

Tp=1.48x 1071 x M 04

Constraining the slope to be 1/3, we obtain the self-similar
relation shown in Figure 11:

Tr=2.03x 107 x M1/

This rise time is similar to the rupture duration of the largest
asperity, using the above relation between seismic moment
and dominant asperity dimension and assuming a rupture

velocity of 2.7 km/sec.
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A Figure 11. Relation between slip duration and seismic moment. Dots represent individual events, and the line is a least-squares fit under the constraint

of self-similarity (slope = 1/3).
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Rupture Velocity

The rupture velocities V3 of the slip models, listed in Table 1,
fall within the fairly narrow range of 2.4 to 3.0 km/sec, with
an average value of 2.73, and there is no evidence of a depen-
dence of rupture velocity on seismic moment.

WAVENUMBER SPECTRUM ANALYSIS OF SPATIAL
HETEROGENEITY IN SLIP

In the above analysis, we have made some approximate
quantitative estimates of the parameters of slip models and
analyzed their scaling with seismic moment. In this section,
we follow an alternative approach to quantifying slip models
for use in developing characteristic slip models of future

earthquakes. To characterize the spatial variation in slip ina -

way that is useful for constructing slip models, we have ana-
lyzed the 2-D Fourier transforms of the slip functions sum-
marized above. In taking the Fourier transform, we are
viewing the slip function as the sum of a series of slip func-
tions each of which is a 2-D sinusoidal function having a sin-
gle spatial wavelength. The two dimensions are the
dimension along-strike and the dimension down-dip. The
Fourier transform describes the relative amplitudes of these
different spatial wavelengths in the slip model.

It is conventional to describe the spatial wavelength in
terms of its reciprocal, the spatial wavenumber. Small wave-
numbers are equivalent to long wavelengths and represent
broad fluctuations of slip over the fault surface, while large
wavenumbers are equivalent to short wavelengths and repre-
sent local fluctuations over the fault surface. The spatial sam-
pling of the fault in the along-strike and down-dip directions
controls the highest wavenumber (Nyquist frequency) for
which the slip model is complete. These maximum spatial
wavenumbers are listed in Table 3. To eliminate poorly sam-
pled information at higher wavenumbers, we lowpass filtered
the wavenumber spectra using a cosine filter that was unity
at the Nyquist frequency and zero at twice the Nyquist fre-
quency. We did not consider it necessary to filter the slip
models at lower wavenumber, because the slip models are
generated using a distribution of point sources covering each
fault element, and so they are effectively derived from a sam-
pling that is more dense than the Nyquist. All of the slip
models were resampled at 1 km spacing using bilinear inter-
polation. The slip distributions were also padded with zeros
to 128 km in each direction. This produced even sampling of
the wavenumber spectra.

As an example, we show the spatial wavenumber spectra
of the 1989 Loma Prieta earthquake in Figure 12. £, is the
wavenumber along-strike and £, is the wavenumber down-
dip. We show only the amphtudye spectrum, which describes
the relative amplitudes of the different wavenumbers that
compose the spectrum. The phase spectrum determines the
way in which these components are summed to produce the
particular pattern of slip by constructive and destructive

Seismological Research Letters  Volume 70, Number 1

interference. There is an infinite number of slip models that
satisfy a single wavenumber amplitude spectrum.

The gradient of the contours represents the rate at
which the amplitude of slip decreases with decreasing wave-
length or increasing wavenumber. A steep gradient indicates
a relatively smooth spatial variation in slip, while a gradual
gradient indicates a relatively abrupt spatial variation in.glip.
As described above, the asperities of strike-slip and dip=4if
faults both tend to have aspect ratios of about 1. Generally,
the strike-slip and oblique-slip earthquakes have a more
rapid decay of wavenumber in the along-strike direction
than in the down-dip direction, indicating more rapid varia-
tion in slip down-dip than along-strike, relative to the
dimensions of the fault. In contrast, the wavenumber spectra
of dip-slip faults have more similar decay of wavenumber
along-strike and down-dip.

We obtained the parameters of a wavenumber spectral
model of the slip distribution in earthquakes by fitting a sim-
ple functional form to the wavenumber spectra of individual
carthquakes. We used 2-D Butterworth filters to model the
wavenumber amplitude spectrum.

The corner wavenumbers KC, and KC, in the along-
strike and down-dip directions respcctlvely were assumed
each to have a self-similar scaling with moment magnitude
M. For self-similar scaling, the corner wavenumber is
inversely proportional to the one-third power of seismic
moment, and the logarithm of the corner wavenumber is
proportional to one half the moment magnitude. The least
squares fit resulted in the following model:

log KC,=1.72-05M
log KC,=193-05M

The Butterworth filters have 2.0 poles, and the corner wave-
numbers are approximately log normally distributed with
astandard error of 0.26. The wavenumber amplitude is
given by:

1
2 2
| [ 2] L] 2
KC, KC,

This spectrum falls off as the inverse of the wavenumber
squared at high wavenumbers, consistent with the model of
Herrero and Bernard (1994). In Figure 13, we compare a
simplified form of our normalized model where KC is
approximated by the inverse of the fault dimension L:

amp(kx, by) =

2.0

amp(#) = [1 + (RL)4]™"

with the model of Herrero and Bernard (1994):
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A Figure 12. Spatial wavenumber spectrum of the 1989 Loma Prieta, California earthquake.
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Figure 13 demonstrates that these two models have the same
decay at high wavenumber. Herrero and Bernard (1994)
based their model on the assumption of self-similarity in slip
distribution, independent of seismic moment. They showed
that this is consistent with the stochastic fault model of
Andrews (1981), which has a stress drop that decays as the
inverse of the wavenumber. The model of Herrero and Ber-
nard (1994) is also consistent with the fractal model of
Frankel (1991) when the fracral dimension is 2.

Herrero and Bernard (1994) show that the wavenum-
ber-squared model, when combined with the assumptions of
constant rupture velocity and scale-dependent rise time,
results in a kinematic source model whose frequency spec-
trum falls off as the inverse of the frequency squared. This
frequency squared decay was first proposed by Aki (1967)
and is commonly found to describe the source spectra of

earthquakes (e.g., Houston and Kanamori, 1986). As pointed

out by Herrero and Bernard (1994), the assumption of con-
stant rupture velocity is probably too restrictive. They con-
sider that the wavenumber spectrum may actually include
the effects of spatial variations in slip distribution, rupture
velocity, and slip velocity, which combine to give a decay with
wavenumber that is approximately a power of two.

In Figure 14, we compare the fit of our model to four
earthquakes which span the range of magnitudes in our data
set and which have some of the largest values of maximum
spatial wavenumber. As described above and listed in Table
3, the spatial sampling of the fault in the along-strike and
down-dip directions controls the maximum wavenumber for
which the slip model is complete. Figure 14 indicates that
our empirical model of the wavenumber spectrum is not well
constrained for wavenumbers higher than about 0.4 km™.
However, at high wavenumbers our empirical model has
exactly the same decay as the theoretical model of Herrero
and Bernard (1994). This suggests that our wavenumber
model may be reliable for higher wavenumbers and that,
given our current state of knowledge, it is reasonable to use
our empirical wavenumber model to generate slip models for
the prediction of high-frequency ground motion.
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SUMMARY

Over the past fifteen years, slip models have been derived for
enough crustal earthquakes that we can now identify system-
atic features of these slip models and their scaling with seis-
mic moment for use in the prediction of strong ground
motion. We have used two approaches in our analysis of
these slip models. The first approach is to use a set of param-
eters to quantify in a deterministic manner the properties of
slip models and asperities. The second approach is to quan-
tify the heterogeneity of slip on the fault surface by its two-
dimensional Fourier transform (the wavenumber spectrum).
In developing a method of generating slip models of future
earthquakes, we can use the asperity characteristics derived
from the first approach to constrain a model of the wave-
number spectrum based on the second approach.

In characterizing the slip models, we first analyzed the
depth distribution of slip. For strike-slip and oblique faults,
slip tends to increase with depth toward the central or lower
region of the rupture plane. For dip-slip faults, the distribu-
tion of slip with depth is less systematic, and it is possible
that slip is concentrated at shallower depths. We defined an
asperity as a region in which the slip is larger by a prescribed
amount than the average slip over the fault surface. We
found that slip models and the asperities on them scale in a

Seismological Research Letters  Volume 70, Number 1

self-similar manner with increasing seismic moment. In this
self-similar system, increase in seismic moment occurs by
proportionately equal changes in average slip D, fault length
L, and fault width Wso that the stress drop (proportional to
the ratio of D to L or W) remains constant. Also, the dura-
tion of slip on the fault T} increases in proportion to D, or
equivalently to L or W] so that the slip velocity (the ratio of
D to Tp) remains constant. The size of asperities in relation
to L (and W) remains constant, their average slip in relation
to D (slip ratio) remains constant, and the number of asper-
ities remains constant. '

Some quantitative measures of these self-similar scaling
relationships are as follows. The combined area of asperities
scales in a self-similar way with increasing seismic moment,
being proportional to the two-thirds power of seismic
moment. The combined area of asperities on average occu-
pies 22% of the total rupture area. The area of the largest
asperity in each slip model also scales in an approximately
self-similar way, and on average occupies 17.5% of the total
rupture area. The slip contrast of asperities (the ratio of aver-
age slip on asperities to average slip over the whole rupture
surface) is independent of seismic moment, consistent with
the self-similar scaling law, and its average value for the
events studied is about 2. There is no correlation between the
location of the hypocenter and the locations of the closest or
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largest asperities, and the hypocenter usually lies outside the
closest asperity. On average, the slip duration scales in a self-
similar way with seismic moment, being proportional to the
one-third power of seismic moment. The rupture velocities
of the slip models fall within the fairly narrow range of 2.4 to
3.0 km/sec and show no dependence on seismic moment.

An alternative method of representing the average char-
acteristics of the slip models of past earthquakes is to com-
pute the 2-D Fourier transforms of the slip functions of these
earthquakes and analyze the resulting spatial wavenumber
spectra. We derived a model for the wavenumber spectrum
which falls off as the inverse of the wavenumber squated at
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high wavenumbers, consistent with the model of Herrero
and Bernard (1994). This wavenumber spectral model is also
consistent with the stochastic fault model of Andrews (1981)
and with the fractal model of Frankel (1991) when the frac-
tal dimension is 2.

Herrero and Bernard (1994) show that the wavenum-
ber-squared model, when combined with the assumptions of
constant rupture velocity and scale-dependent rise time,
results in a kinematic source model whose frequency spec-
trum falls off as the inverse of the frequency squared, which
is the standard model of the earthquake source spectrum
(Aki, 1967). Our empirical model of the wavenumber spec-
trum is not well constrained for wavenumbers higher than
about 0.4 km™, due to the limited spatial sampling of the
fault in the slip models. However, the fact that at high wave-
numbers our empirical model has exactly the same decay as
the theoretical model of Herrero and Bernard (1994) sug-
gests that our wavenumber model may be reliable for higher
wavenumbers.

The scaling relations of earthquake rupture models that
we have developed are based on a relatively small set of
events, so it is possible that they will change as new and
potentially surprising information is obtained from future
earthquakes. Denser networks of near-fault recording sta-
tions and improved methods of accounting for the effects of
lateral variations in geological structure will be required to
obtain more highly resolved images of earthquake rupture
processes. This paper deals mainly with the characteristics of
earthquake rupture models inferred from lowpass filtered
strong motion recordings. Techniques for more adequately
characterizing the seismic radiation from faults at high fre-
quencies, such as that developed by Kaheki ez 2/ (1996),
need to be developed to provide a more reliable basis for pre-
dicting broadband ground motions for engineering design

and analysis. E
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