*x**US Copyright Notice™***

No further reproduction or distribution of this copy
is permitted by electronic transmission or any other
means.

The user should review the copyright notice on the
following scanned image(s) contained in the original
work from which this electronic copy was made.

Section 108: United States Copyright Law

The copyright law of the United States [Title 17, United
States Code] governs the making of photocopies or
other reproductionsof copyrighted materials.

Under certain conditions specified in the law, libraries
and archivesare authorized to furnish a photocopy or
other reproduction.One of these specified conditions is
that the reproduction is not to be used for any purpose
other than private study, scholarship, or research.If a
user makes a request for, or later uses, a photocopy or

reproduction for purposes in excess of "fair use,” that
use may be liable for copyright infringement.

This institution reserves the right to refuse to accept a
copying order if, in its judgement, fulfillment of the order
would involve violation of copyright law. No further
reproduction and distribution of this copy is permitted by
transmission or any other means.



Dealdwer wiss
forian R
Weas i nae

Pl
W & Fili

Tee e ot

BCCoUnT 0045‘
Pmk : K

sl Smecount ITn

[ aim

o and Coppe
ke e

s,

eI




Bulletin of the Seismological Society of America, Vol. 75, No. 4, pp. 939-964, August 1985

S

IMPLICATIONS OF FAULT SLIP RATES AND EARTHQUAKE
RECURRENCE MODELS TO PROBABILISTIC SEISMIC HAZARD
ESTIMATES

By ROBERT R. YOUNGS AND KEVIN J. COPPERSMITH

ABSTRACT
sed to constrain earthquake recurrence

Increasingly, fauit slip rates are being u
relationships for site-specific probabilistic seismic hazard (ground motion) as-

sessments. This paper shows the sensitivity of seismic hazard assessments to
| variations in recurrence models and parameters that incorporate fault slip rates.
; Two models are considered to describe the partitioning of the slip rate or seismic
i moment rate into various magnitude earthquakes: an exponential magnitude
i distribution and a characteristic earthquake distribution. Assuming an exponential
» distribution, the activity rate, N(m®), is constrained by the upper bound magnitude,
m*, the b-value for the region and the fauit slip rate, S. For a given S, variations
in m* and b-value have significant effects on recurrence and computed hazard,
depending on whether the assumption is made that the seismicity rate is constant

or the moment rate is constant.
There is increasing evidence that the characteristic earthquake model is more
ntial magnitude distribution.

appropriate for individual faults than the expone!
Based on seismicity data from areas having repeated large earthquakes, a

generalized recurrence density function is developed, and the resulting recur-
rence relationship requires only m“, b-value, and S. A comparison of the recur-
rence relationships from this model with the historical seismicity and paleoseism-
icity data on the Wasatch and San Andreas faults shows a good match. The
computed hazard based on the characteristic earthquake model differs from that
obtained for the exponential model as a function of the tault-to-site distance and
the acceleration level. One check on the recurrence models using slip rate is to
compare over large regions activity rates based on seismicity data and slip rate
data. Such a comparison in the westem Transverse Ranges shows a reasonable
match for both the exponential and characteristic earthquake models in the

moderate-to-large magnitude range.
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Probabilistic seismic hazard analyses result in estimates of the probability of
considering earthquake location,

~o various levels of ground motion by
hat only consider ground motions

exceeding
timing. and size. Unlike deterministic analyses t
probabilistic analyses are based on the

due to the “maximum credible” earthquake,
likelihood of occurrence of various magnitude earthquakes and their contributions
f earthquake occurrence, or

to ground motion hazards. Therefore, the frequency o

recurrence, is an essential parameter. Increasingly, late-Quaternary fault slip rates
relationships for probabilistic

are being used to constrain earthquake recurrence
seismic hazard assessments. The purpose of this paper is to illustrate the use of
nd to show the sensitivity of

fault slip rates to estimate earthquake recurrence a
calculated seismic hazard estimates to various assumptions regarding fault-specific

seismicity parameters and earthquake recurrence models.
Seismic hazard analyses for engineering purposes are usually conducted for

rather than regions. Because of this, there has been a move to make
fic and as fault-specific as possible. This requires

particuiar sites,
y its own earthquake recurrence behavior. Further,

hazard assessments as site-speci

that each fault be characterized b,
939
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depending on the engineering structure of interest, hazard estimates are usually
made for a relatively short future time window (e.g., 50 yr) and for low probability
levels (e.g., 1072 to 107*). The historical seismicity record in the United States and
most other areas of the world is generally too short to characterize the recurrence
characteristics of particular faults, especially for “rare” or low probability events.
To accomplish this, geologic data must be considered.

FAULT SLIP RATE AND SEISMIC MOMENT

Geologic data are commonly used to estimate maximum earthquake magnitudes
on faults and are becoming increasingly useful in constraining fault-specific earth-
quake recurrence. Empirical relationships between fault behavior characteristics
and magnitude have been compiled for historical earthquakes te.g., Slemmons, 1977,
1982), and these provide a basis for estimating upper bound magnitudes (e.g.,
Schwartz et al., 1984). Geologic studies along fault zones such as the San Andreas
fault (Sieh, 1978, 1984) and the Wasatch fault, Utah (Swan ¢ al.,.1980; Schwartz
and Coppersmith, 1984) have been successful at identifying prehistoric earthquakes
in the geologic record and at estimating average recurrence intervals between
surface-faulting earthquakes. However, this type of paleoseismicity data is usually
not available for most faults. even for the most active faults of the San Andreas
system. In these cases, the geologic slip rate often proves to be the only available
data constraint on earthquake recurrence.

Fault slip rates offer the advantage over historical seismicity data of spanning
several seismic cycles of large-magnitude earthquakes on a fault and thus allowing
estimates of the average earthquake frequency. However, several assumptions are
required: (1) all slip measured across the fault is usually assumed to be seismic slip
unless fault creep has been recognized; (2) the slip rate is an average and does not
allow for short-term fluctuations in rate to be recognized; (3! the average slip rate
is assumed to be applicable to the future time period of interest; and (4) surface
measurements of slip rate, which are usually point estimates. are assumed to be
representative of slip rates at seismogenic depths and along the length of the fault.

The first and probably the simplest use of slip rate to estimate earthquake
recurrence was proposed by Wallace (1970)

R=D/S (1

where R is the recurrence interval, D is the displacement per event, and S is the
average seismic slip rate (total slip rate minus creep rate). Displacement per event
is estimated from past historical earthquakes or from geologic evidence of prehistoric
events. A basic assumption of this simple model is that all of :he slip along a fault
is released by displacement events of size D. No allowance is made for the occurrence
of events of various other sizes along the fault.

A more complete approach to the assessment of earthquake recurrence using slip
rate is through the use of seismic moment. Seismic moment. Mo, is the most
physically meaningful way to describe the size of an earthquaxe in terms of static
fault parameters

M, =uAD (2)

where y is the rigidity or shear modulus (usually taken to be ~3 X 10" dyne/cm?),
A, is the rupture area on the rault plane undergoing slip during the earthquake, and
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9 is the average displacement over the slip surface (Aki, 1966). The total seismic
oment rate M, or the rate of seismic energy release along a fault is estimated by
Brune (1968)

M, = pAS 3)

«here S is the average slip rate along the fault, and Ay is the total fault plane area.
The seismic moment rate provides an important link between geologic and seismicity
sata. For example, seismic moment rates determined from fault slip rates in a
-2gion may be directly compared with seismic moment rates based on seismicity
iata (e.g., Doser and Smith, 1982). Seismic moment is translated to earthquake

magnitude according to an expression of the form
log My =cm + d. 4

In California, Hanks and Kanamori (1979) have indicated ¢ = 1.5 and d = 16.1 on
-he basis of both theoretical considerations and empirical observations. The moment
~agnitude, m, defined in equation (4) is considered to be equivalent to local
nagnitude in the magnitude range 3 < M, < 7 and surface wave magnitude in the
~agnitude range 5 < Ms < .Nw.

Once the fault slip rate is used to constrain the seismic moment rate on the fault,
5 model must be assumed for the manner in which the rate of moment release is
distributed to earthquakes of various magnitudes. Two models are considered in
<his paper: (1) an exponential distribution of magnitudes; and (2) a distribution
appropriate to the characteristic earthquake model.

Anderson and Luco (1983) present the sensitivity of slip rate constrained recur-
-ence relationships to variations in some of the input parameters. Our intent in this
saper is to extend these comparisons to examine the sensitivity of seismic hazard
probabilistic ground motions) assessments to changes in recurrence parameters, as
well as to examine the effects based on both an exponential magnitude distribution
~odel and a characteristic earthquake distribution model.

EXPONENTIAL MAGNITUDE DISTRIBUTION

Form of recurrence relationship. The general form of the Gutenberg-Richter (1954)
:xponential frequency magnitude relationship is (Richter, 1958)

log N(m) =a —bm (5)

here N (m) is the cumulative number of earthquakes of magnitude greater than m,
:nd a and b are constants. Equation (5) can be written in the complimentary
-umulative form of a shifted exponential distribution as

N(m) = N(m®exp(—B(m — m?) (6)

+vhere m® is some arbitrary reference magnitude and 8 = b-1n 10.

When applying equations (5) and (6) to an individual fault, or finite volume of
.rust encompassing a set of faults, the existence of an upper limit to the size of
sarthquakes that can occur must be introduced, requiring truncation of the magni-
-ude distribution. The most reasonable approach for truncating a distribution is to
-runcate and renormalize the density function, unless there are compelling argu-
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ments to do otherwise 'an alternate form of truncation. the characteristic earth-
quake model, is discussed later in this paper).
The frequency density function for magnitude is obtained by differentiating the

complement to equation (6).
n(m) = d(N(m°)(1 ~ exp(—B{m — m%)1)/dm = N(m)8exp(=B(m = m®). (7)

Introducing an upper hound magnitude, m’, and setting n(m) = 0 for m > m*, the
truncated density function is renormalized as

N(m®)gBexp(=B(m — m")
1 — exp(—B(m* — m?)

n(m) = for m = m“ (8)

Integrating equation (8. the truncated form of equation 16) becomes

expi—B8(m — m%) — exp(=B(m* — m%)
1 - exp(—B(m* — m?)

N(m) = N(m®% for m = m“ (9)

This form was first proposed by Cornell and Van Marke (1969) motivated by the
arguments given above. Berrill and Davis (1980) have shown that equation (9)
arises naturally from maximum entropy considerations when an upper bound
magnitude is assumed 10 exist.

Other forms of truncation at the upper bound magnitude have been proposed,
including generalized forms of the magnitude density function (e.g., Yegulalp and
Kuo, 1974; Caputo, 1977 Main and Burton, 1981), quadratic forms of equation (5)
(e.g., Shlien and Tokséz. 1970; Merz and Cornell, 19733, and multilinear forms of
equation (5). While these forms will not be pursued here. they could readily be used
to formulate slip rate constraints on earthquake recurrence.

Slip rate constraints 2n exponential magnitude recurrence relationships. Several
authors (e.g., Smith, 1876; Campbell, 1977; Molnar, 1979: Anderson, 1979; Papas-
tamatiou, 1980) have developed relationships between earthquake recurrence pa-
rameters and fault or crustal deformation rates, assuming an exponential magnitude
distribution. Anderson and Luco (1983) have reviewed various forms of recurrence
relationships that have been developed using slip rate constraints and discuss the
use of these constraints in estimating earthquake recurrence parameters.

The link between fauit slip rate and earthquake recurrence rates is made through
the use of seismic morent. The total rate of seismic moment can be related to
earthquake occurrence rate by the expression

M, = H n(m)M,(m) dm (10)

o

where 7i(m) is the densizy function for earthquake occurrence rate [r(m) and N(m)
represent n{m) and N~ normalized to number of events per unit time]. Using
equations (3), (4), and ' 5. equation (10) can be written as

uA,S = bN(m")M exp(—3(m* — m®)/fe = b)(1 = exp(—=3(m* = m°)) (11)

which is equivalent to :he relationship developed by Anderson (1979) and the type
2 relationship presentec by Anderson and Luco (1983). The term M," is the moment
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for the upper bound magnitude m®. If uncertainty in the conversion from magnitude
ro moment, equation (4), is included explicitly, then My should be replaced by its
expected value E[Mo | m*). Assuming the slip rate, S, on a fault is known, equation
(11) provides a constraint on the three parameters of the recurrence relationship
N(m%, b, and m*.

The constraint imposed by fault slip rate allows the development of fault-specific
recurrence relationships in regions where the historical seismicity data are only
sufficient to establish the regional recurrence rate for small-to-moderate size earth-
quakes. For each fault in the region, estimates of the upper bound magnitude, m*,
can be made using fault characteristics (e.g., Slemmons, 1982; Schwartz et al., 1984).
The historical seismicity data can be used to determine a regional b-value. Assuming
the individual faults all have a b-value equal to the regional b-value, the earthquake
activity rate for each fault, N(m"), can be computed from the estimated slip rate
for the fault using equation (11). Finally, by summing the recurrence relationships
developed for the individual faults in the region, an estimate of the overall regional
seismicity rate for small-to-moderate earthquakes is obtained. This estimate can be
compared with the observed historical seismicity for consistency. Examples of this
type of comparison are made later in this paper.

In well-instrumented, seismically active regions, it may be possible to estimate
the recurrence rates for small-to-moderate magnitude earthquakes on an individual
fault directly from the seismicity catalog. Given values of N(m®) and b-value from
historical seismicity, and estimates of the fault slip rate, equation (11) can be used
to estimate the upper bound magnitude. Alternatively, if the upper bound magnitude
can also be constrained by physical fault characteristics, the slip rate estimates can
be used to evaluate the validity of the exponential magnitude distribution versus
other recurrence models.

Effect of parameter uncertainty on recurrence relationships and computed seismic
hazard. Anderson and Luco (1983) present the sensitivity of slip rate constant
recurrence relationships to variations in some of the parameters. Our intent here is
to extend these comparisons to examine the sensitivity of hazard assessments to
changes in recurrence parameters, in a similar fashion as recently presented by
Bender (1983).

The most common formulation used for seismic hazard analysis is that developed
by Cornell (1968) is which the occurrence of peak values of a ground motion
parameter Z in excess of some specified level, z, are modeled as a Poisson process.
The annual probability that the specified ground motion level will be exceeded,
P(Z > z), is given by the expression

PZ>2)=1—-e*?=y(z) for v(z) <L (12)

The parameter v(z) represents the mean annual rate of exceedance of ground motion
level z at the site due to the occurrence of earthquakes on all sources that may
affect the site. If we restrict our attention to the hazard due to a single source
(fault), then v(2) is given by

v(z) = % a(m)P(Z > z| m) dm. (13)

0

The term P(Z > z | m) is the conditional probability that an earthquake of magnitude
m occurring on the fault will result in an exceedance, and is a function of the
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distribution of diszznces from the site to earthquakes on the fault and the atten-
uation of seismic er.zrgy from the source to the site. The lower magnitude level m*®
represents the minium magnitude considered capable of producing ground motions
of engineering sigr.ricance. In practice. the integral in equation (13) is usually
replaced by the summation

v(2) = X Mm)P(Z >z ) (14)

where A(m;) is ob-zined by discretizing the cumulative recurrence relationship,
N(m), over the meznitude range m® to m*“ using an increment Am.

The use of slip '=oment) rate to impose a constraint on the recurrence relation-
ship results in diffezent sensitivity in computed hazard levels to parameter changes
than are observed =hen the recurrence relationships are based solely on historical
seismicity. These eZfects are illustrated using the hypothetical example shown in
Figure 1 of three sizes located at varying distances from the center of a long fault.
The sensitivity in zze hazard assessments at these sites is examined for two cases:
(1) the annual nuroer of earthquakes occurring on the fault of magnitude Z 4 is
held constant [i.e.. \(m®) equal to a constant based on historical seismicity}; and
(2) the rate of seiszic moment release is held constant [ie., M,7 equals a constant
based on slip rate].

e 400 km |
| LN\ —

® R=5km

® R =15km

® B =30km

Fic. 1. Hypotheticz. zodel for seismic hazard calculations. Fazult is assumed to be a vertical strike-
slip fault having lengt™ -2 400 km and down-dip width of 10 km. Example sites are located at distances
of 5, 15. and 30 km.

The attenuation -zlationships used in the examples are those presented by Sadigh
(1983), which yielc similar estimates of median peak ground acceleration to those
obtained using the relationships developed by Campbell (1981) and Jovner and
Boore (1981).

The most uncer-zin parameter in the recurrence relationship for a fault is the
overall level of se:zmic activity (either expressed as the rate above a threshold

magnitude or as ::smic moment rate). Examining equation (14) indicates that
hazard assessmen:: are directly proportional to the overall seismicity rate either
expressed directly s the cumulative seismicity rare, N(m" [equation (9)], or
indirectly through siip rate [equation {11)]. Thus. an increase in seismicity rate
translates directly :nto an equal increase in the rate of exceedance.

The upper boun< magnitude for the fault is likely to be the next most uncertain
parameter in the re:urrence relationship. Figure 2 shows the effect of varying m*
in the range of 6 2 3 in terms of the recurrence relationship for the fault. In this
figure, and in marz +hat follow, two analvsis cases are considered. In the first, the
seismicity rate in szrms of the annual number of earthquakes above a particular
magnitude (in this ase, magnitude 4) is assumed o be constant. This might be
appropriate, for exzample, if the number of earthquakes in the historical seismicity
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record is assumed to be a constraint on the activity rate. In the second case, the
moment rate is assumed to be constant. This would be appropriate if the fauit slip
rate is the principle constraint on the activity rate.

For the case of a constant seismicity rate, increasing in the upper bound magnitude
results in an imperceptible reduction of the recurrence rate for smaller magnitude
events as the number of larger events added represents only a very small fraction
of the total number of earthquakes. For the case of a constant moment rate,
increasing the upper bound magnitude from 6 to 8 results in a dramatic decrease in
the recurrence rate for smaller events, because a single large earthquake contains
the equivalent moment of many smaller events.

Figure 3 shows the effect of variations in the upper bound magnitude on the
computed hazard at the three sites in Figure 1. Shown are the annual rates of
exceeding various levels of peak ground acceleration (generally termed hazard

Constant Seismicity Constant Moment
Rate Rate
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: 1 : ¥
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cere e mU=6 md=7 —===mi=8

Fic. 2. Effect on the recurrence relationship for a fault of variations in upper bound magnitude,
which ranges from 6 to 8 {b-value = 0.8).

curves) obtained using the recurrence curves shown in Figure 2. As can be seen
from the top row of plots for the case of a constant seismicity rate, increasing the
upper bound magnitude results in an increase in the probability of exceedance, with
the effect being more pronounced at larger accelerations and greater distances from
the fault. However, for the case of a constant moment rate, increasing the upper
bound magnitude results in a decrease in the hazard for sites near the fault, while
for larger accelerations and sites at greater distances from the fault, the hazard
increases with increasing upper bound magnitude. At various acceleration levels,
depending upon the distance to the fault, one observes that the hazard levels at
first increase and then decrease as the upper bound magnitude is increased.

The explanation for the effects shown in Figure 3 can be seen by examining the
relative contribution of various magnitude earthquakes to the hazard at the three
sites. Figure 4 shows the contributions of various magnitudes to hazard as a function
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of acceleration level and distance from the fault (for b = 0.8 and m“ = 8). For the
site close to the fault and low to moderate acceleration levels, small to moderate
earthquakes contribute the most to the hazard. For the case of a constant seismicity
rate, the recurrence rate for the smaller events is relatively unaffected by changes
in upper bound magnitude, and thus the hazard curves are also relatively insensitive
to changes in upper bound magnitude. For the case of constant moment rate, the
recurrence rates for smaller events decrease rapidly as the upper bound magnitude
increases (Figure 2), and thus the hazard is reduced.

R=5km R =15km

1 L L e e T

Constant Seismicity Rate

A_°|m n 1 1 1 i

1w

102}

Annual Rate of Exceedance, v (z)

10-3¢

Constant Moment Rate

104}

‘—Olm A n I A i

0 0.2 0.4 06 0 0.2 04 060 0.2 04 0.6
Peak Acceleration, z (g) Peak Acceleration, z (g) Peak Acceleration, z (g}

EXPLANATION
......3:" _.SCH.\ lllll BCHN

FiG6. 3. Effect on computed hazard (peak acceleration) from variations in upper bound magnitude,
which ranges from 6 to 8 (b-value = 0.8).

At greater distances from the fault, larger magnitude events become the predom-
inant contributors to hazard, especially at higher acceleration levels. For the case
of a constant seismicity rate, including larger events by increasing of the upper
bound magnitude continually increases the hazard because the recurrence rate for
smaller events remains nearly constant and the larger events are much more likely
to produce larger ground motions at the site. For the case of a constant slip rate,
there is a trade-off between the larger ground motions produced by the larger
magnitude earthquakes and the effect of including these larger events on the
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recurrence rates of smaller events. At first, including larger magnitude events
increases the hazard, although the effect is not as great as for the case of a constant
seismicity rate because the inclusion of larger events reduces the recurrence rate
for smaller events. However, once the upper bound magnitude goes beyond the peak
of the distributions shown in Figure 4, then the effect of including larger events is
to reduce the hazard by reducing the recurrence rate for those events contributing
the most to hazard.

R=5km R=15km R =30 km
50 ——— ——r ——
4t it it 1
30t it 1t 1
=
i 20 b - b - o -

Percent Contribution to Annual Probability of Exceeding:
0.3g

059

4 5 6 7 8 4 5 6 7 4 5 6 7
Magnitude, m . Magnitude, m Magnitude, m

FIG. 4. Relative contribution of various magnitude earthquakes to computed seismic hazard as a
function of acceleration and distance from the fault (b = 0.8, m*“ = 8).

The remaining parameter in the recurrence relationship is the b-value. The
b-value controls the relative frequency of different magnitude earthquakes, with
lower b-values (in absolute value) resulting in an increase in the relative frequency
of large events as compared to small events. Studies by Bender (1983) have shown
that hazard assessments are sensitive to changes in b-values. However, as was the
case for variations in upper bound magnitude, the effect on hazard due to changes
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in b-value is different for the case of a constant seismicity rate than for a constant
moment rate. Figure 5 shows the effect of changes in b-value in the range of 0.4 to
1.2 on recurrence relationships. For the case of a constant seismicity B"m. gm
recurrence curves are anchored at the minimum magnitude, and ormzmmm in ﬁmm b-
value have the greatest effect on the frequency of the larger events. For the case of
4 constant moment rate, the recurrence curves are anchored at the large magnitudes
E&.z& b-value has the greatest effect on the frequency of the smaller events B
Figure 6 shows the effect of changes in b-value on the computed hazard m.; the
three sites 5.:. ﬁ__.n 7). At close distances to the fault, changes in b-value assumine
a constant seismicity rate has the opposite effect on the hazard than when mmm::::m
a4 constant moment rate. Reducing the b-value increases the computed hazard mom
the case of a constant seismicity rate and decreases the hazard for the case of
Constant moment rate. At greater distances from the fault and larger accelerations
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Rate Rate
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b=08 ~-—-- b=12

FiG, 5. Effect i i TS .
10 1t L qw.n on recurrence relationships for a fault of variations in b-value, which ranges from 0.4

reducing the b-value increases the hazard with the increase much more significant
for the case of constant seismicity rate. Again, these results can be readily explained
by e¢xamining the effect of changes in b-value on the recurrence curves AEU re 5)
and the relative contributions of different magnitude earthquakes to ,rmnmwm as a
function of distance and acceleration level ( Figure 4). At larger distances and hi rmn
acceleration levels, the hazard results primarily from the larger magnitude m<%=$
For a constant seismicity rate, changes in b-value have a larce effect on 2:.“
recurrence rate for these events and thus have a large effect oa: hazard. For a
constant moment rate, changes in b-value have little effect on the 805.8:.8 rate
for larger events and thus have little effect on the computed hazard

It should be noted that, in practice, when recurrence vmnmamﬁmmm are obtained
from seismicity data, the N(m°) and b-value estimates are usually coupled such that
when the b-value is increased, there is a corresponding increase in N (m"), produci
compensating effects on the computed hazard. P e

FAULT SLIP RATES AND EARTHQUAKE RECURRENCE RELATIONSHIPS 949

The above comparisons were made for the annual probability of exceeding various
levels of peak ground acceleration. If one were considering a ground motion
parameter more sensitive to earthquake magnitude, such as peak velocity or spectral
acceleration at periods greater than 0.1 sec, or considering the effects on hazards
sensitive to ground motion duration, such as liquefaction, then somewhat different
sensitivities to parameter variations would be observed. For these ground motion
parameters, the contributions from the larger magnitude earthquakes dominate the
hazard, and the results are most sensitive to changes in the frequency of these
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events. An example is presented in Figure 7 which shows the effect of variations in
upper-bound magnitudes on the annual probability of exceeding various levels of 5
per cent damped spectral acceleration at a period of 1 sec. [The attenuation
relationship used is presented in Sadigh (1983)]. Comparison of these results with
those shown in Figure 3 show an increased sensitivity to changes in upper bound
magnitude for the case of constant seismicity rates. For the case of constant moment
rate, the results in Figure 7 show that the point at which an increase in upper bound
magnitude produces an increase in hazard occurs at closer distances and lower
ground motion levels when longer period ground motions are considered.
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CHARACTERISTIC EARTHQUAKE MODEL

Form of recurrence relationship. Although the distribution of earthquake magni-
tudes on a seismic source is usually assumed to follow an exponential distribution
there is increasing evidence that a characteristic earthquake model may be Eo_,m,
appropriate for individual faults. The characteristic earthquake model NmOrimJN
and Coppersmith, 1984) is based on the hypothesis that individual faults and fault
segments tend to generate same-size or characteristic earthquakes. “Same-size”
means within about one-half magnitude unit. Characteristic earthquakes occur on
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Fi1G. 7. Effect of variations in upper bound magnitude on ann ili i i
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a fault not at the exclusion of all other magnitudes, but with a frequency distribution
that differs from an exponential magnitude distribution model.

The basis for the characteristic earthquake model lies in both geologic and
mmmmamnmn% data. Geologic investigations along the Wasatch and San Andreas faults
indicate repeated same-size displacements associated with paleo-earthquakes along
the same segments of the faults (Schwartz and Coppersmith, 1984). This constancy
in dimension and displacement strongly suggests constancy in seismic moment or
earthquake size. Aki (1984) has suggested that the characteristic earthquake is the
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result of the persistence of barriers to rupture through repeated seismic cycles.
Bakun and McEvilly (1984) argue for the existence of a characteristic earthquake
along the central segment of the San Andreas fault on the basis of nearly identical
source parameters for five historical earthquakes.

When geologically derived recurrence intervals for characteristic earthquakes are
compared with relationships derived from seismicity data, a marked mismatch
occurs (Schwartz and Coppersmith, 1984; Figures 13 and 14). Only by assuming a
tow b-value in the moderate magnitude range can the geologic data be reconciled
+ith the seismicity data (Figure 8). It should be emphasized that the characteristic
.arthquake model appears to be applicable to individual faults and fault segments.
Large regions, which typically contain a number of faults, usually display exponen-
tial recurrence behavior. However, if a seismic hazard analysis is intended to have
fault-specific seismic sources, then it may be most appropriate to model the
recurrence behavior based on the characteristic earthquake model.

100¢ T T T T T _ E
x i

w 10 = d =
> E E
8§ F .
= [ i
= C _
2 10 =
E E 3
3 e pu
Ne - seismicity 7
2 - data ]
2 C i

3

£ o 3
o - / -
o \ 3

C \ ]

/I,'

= geologic 3

¢ = data Y3
0,015 | l | | | | ]
. 2 3 4 5 6 7 8 9

Magnitude, M

F16. 8. Hypothetical recurrence relationship for a fault showing the constraints provided by seismicity
data and geologic data (modified from Schwartz and Coppersmith, 1984).

In order to observe this type of “nonlinear” recurrence behavior along a particular
fault, either geologic data regarding prehistoric earthquake recurrence must be
available or an historical seismicity record long enough to include characteristic
events is required. In addition, the spatial extent of earthquakes included in the
catalog should be restricted enough such that the catalog is dominated by the
behavior of an individual fault. In highly active regions containing a large number
of faults, the larger the region considered becomes, the less evident is the behavior
of any single fauit.

In regions where repeated characteristic earthquakes have occurred during his-
torical time, several authors have reported that the seismicity data show the
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distinctly nonlinear recurrence relationships predicted by this model (Figure 9).
Examples include subduction zones in Alaska (Utsu 1971; Purcaru, 1975; Lahr and
Stephens, 1982; Davison and Scholz, 1984) and Mexico (Singh et al. :me 1983)
and crustal faults in Turkey, Sweden and Greece (Bath, 1981, Emmﬂ.wwmwv, Lmvm:,
(Wesnousky et al., 1983), and the New Madrid region of the Central szmm States
(Main and Burton, 1984). Note that the recurrence data shown in Figure 9 are
reproduced directly from the original publications. These observational data suggest
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the period 1906 to 1981 (75.5 yr); the circles are data from 1963 to 1981 normalized to 75.5 yr. The plots
WMM.. __‘nvnom_.:nma directly from the original publications. Note the significant departure from a ~om.:ﬂ¢m_.

ationship.

that the magnitude range or increment of the characteristic earthquake is about
one-half magnitude unit, and that the increment between the minimum character-
istic magnitude and the portion of the recurrence curve showing exponential
behavior at recurrence rates greater than the rate for characteristic events is about
one magnitude unit (Figure 9). In other words, the magnitude range showing
.:o:mxﬁosmcam_ behavior in a cumulative plot is about 1.5 magnitude units. This is
in general agreement with the model proposed by Singh et al. (1983) whereby they
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«dentified a gap, v, between the main shock magnitude and the maximum magnitude
in the aftershock plus background seismicity plus foreshock sequence. The param-
eter y appears to have values of about 1.7 along the Mexican subduction zone
(Singh et al., 1983) and 1.4 along the Alaskan subduction zone (Utsu, 1971).

Slip rate constraints on characteristic earthquake recurrence relationships. To
provide a slip rate constraint on earthquake recurrence using the characteristic
earthquake model, a frequency density function for magnitude must be specified.
Although few data have been compiled to provide well-developed constraints on the
‘orm of the density function, the seismicity data shown in Figure 9 and reports of
.imilar recurrence relationships in other parts of the world provide a basis for
constructing a generalized form shown in Figure 10. We believe this to be a
reasonable form, at least for illustrating the application of the model to estimating
earthquake recurrence and the impact of its use on hazard assessments.

Log n {m)

n {m®)

Magnitude, m

FiG. 10. Generalized frequency magnitude density function for the characteristic earthquake model.
Magnitudes are exponentially distributed up to magnitude m’. The characteristic earthquake is uniformly
distributed in the magnitude range of m“ — Am. to m“.

The model shown in Figure 10 consists of exponentially distributed magnitudes
up to magnitude level m’. Above this magnitude lies the characteristic earthquake
which is uniformly distributed in the magnitude range of m* — Am, to m“ at a rate
density ri(m°). Using this density function, the slip rate constraint provided by
equation (10) becomes

WA, S = b(N(m°) - ZASJmevTE\S\ IoSo:Eﬂ + N(m)My“(1 —107%") (15)
(c—b)(1 —exp(—B(m’ —m"%)) ¢In(10)Am,

where N(m¢®) is the cmulative rate of characteristic earthquakes [N(m‘) =

n(m)aAm.] and N(m°) again represents the cumulative recurrence rate for earth-

quakes of magnitude greater than m?. To use equation (15), five of the six parameters

N(m°, b, m’, m*, Am., and N(m®), must be specified along with the slip rate

requiring a substantial amount of information in order to make assessments. To
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apply the model to the common situation where the only parameters that can be
estimated are S, b, and m", some simplifying assumptions must be made. For this
analysis, we make the following assumptions: (1) Am, equals ! magnitude unit; Am,v
m’ = m" — Am,, as there is no reason to exclude the occurrence of any size m«msn
below m*; and (3) n(m) = n(m’ — 1), which produces the desired flat portion in
Pm cumulative curve. These assumptions appear to be reasonable first approxima-
tion given the data in Figure 9. We are currently analyzing the seismicity data in
the region shown in Figure 9 and in other regions to further refine the density
function. Applying these assumptions to equation (15) yields )

VA,S = (N(m®) — N(m)exp(=g(m“ — m® = 1/2))M,"
(1 = exp(= g(m* — m* - 1/2)))

107 b exp(B)(1 — 1077%)

c—b c (16)
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 Fic Comp irrenc ps based on the model pres i
:.wno:.em_ seismicity and paleoseismicity data. Seismicity data, vm_mOm&wE_.n%m MMM%MM*.““M _%WHQH%G“M“,
and slip rates for the south-central segment of the San Andreas fault and the Wasatch fault are from
Schwartz and Coppersmith (1984). The height of the boxes and the length of the bars through the data
points represent one standard deviation error bars. 8 .

with

. Y 0y _ A ¢ u
N(m®) = b In(10)(N(m°) — N(m‘))exp(—3(m* — m°® — 3/2)) a7
2(1 — exp(—=B(m* — m°® - 1/2))) '
The term [N(m®) — N(m°)] represents the rate of non isti i
he t characteristic,
distributed earthquakes on the fault. ristic, exponentially
To test the nmmm.oumw_msmmm of the simplified characteristic earthquake model,
recurrence rate estimates were developed using equation (16) for the south-central
segment of the San v:mwmmm fault and the Wasatch fault zone. These estimated
rates are compared with the historical and paleoseismicity data for these fault zones
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\discussed in detail in Schwartz and Coppersmith, 1984) in Figure 11. The solid
circles represent the mean rates obtained from historical seismicity with their
associated error bars. The boxes represent the mean rates for characteristic earth-
quakes obtained from geologic data with associated error bars. The width of the box
represents the range in magnitude estimated for the characteristic events that have
occurred on the faults. As can be seen, the estimated recurrence rates compare very
well with the observed rates.
Implications of characteristic earthquake recurrence relationships to hazard assess-
rents. Figure 12 compares the earthquake recurrence relationships for a single fault
developed using an exponential magnitude distribution [equation (14)] with that
developed using the characteristic magnitude distribution. Both relationships were
developed using the same upper bound magnitude, b-value (for the exponential
distribution magnitude range), and fault slip rate. The use of the characteristic
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Fic. 12. Comparison of recurrence relationships based on an exponential magnitude distribution and
characteristic earthquake distribution. Both relationships assume the same upper bound magnitude of
b-value of 0.8, and fault slip rate.

earthquake model results in a slight increase in the frequency of the largest events
and a decrease in the frequency of the small-to-moderate events from that obtained
using an exponential magnitude distribution.

The hazard curves computed for the three sites in Figure 1 using these two
recurrence relationships are compared in Figure 13. At close distances to the fault,
use of the characteristic earthquake model results in lower hazard levels due to the
lower rate of the small-to-moderate earthquakes, which contribute the most to the
“azard at close distances. At greater distances and larger acceleration levels, where
the contributions from larger magnitude events dominate the computed hazard, the
characteristic earthquake model tends to produce higher hazard levels than the
exponential model.

It should be noted that one form of truncation of the exponential distribution
currently in use, namely direct truncation of the complementary cumulative rela-
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tionship at m“, produces a somewhat similar effect on computed hazard as the
characteristic earthquake model. However, this results simply from the discretiza-
tion of the truncated cumulative recurrence curve, rather than a direct choice of a
greater frequency for events in the highest magnitude increment such as the model
shown in Figure 10.

Use of the characteristic model constrained by slip rate produces similar sensitiv-
ity in hazard estimates to changes in slip rate, upper bound magnitude as those
obtained for the exponential distribution constrained by slip rate. As indicated by
equations (16) and (17), the recurrence rates N(m®) and N(m®) are directly propor-
tional to slip rate and thus by equation (14), the computed hazard is directly
proportional to the slip rate. )

The effect of changes in upper bound magnitude and b-value on the recurrence
relationship is shown in Figure 14. Changes in the upper bound magnitude have a
somewhat greater effect on the recurrence rate for smaller magnitudes when the
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F16. 13. Comparison of computed hazard (peak acceleration) fr i i istri
bution and the characteristic earthquake distribution (b =08, m" M:.ww.:m exponential magnitude distri-

characteristic magnitude distribution is used then the effect shown in Figure 2 for
the exponential magnitude distribution. This is due to the greater concentration of
seismic moment release near the upper bound magnitude for the characteristic
model as opposed to the exponential model. For the same reason, changes in b-
value have a smaller effect on the recurrence relationships for a characteristic model
than for an exponential model (see Figure 5).

The effects on hazard at the three sites in Figure 1 of changes in upper hound
magnitude and b-value in the characteristic earthquake model with slip rate con-
straints are shown in Figure 15. The results are consistent with the effects on the
recurrence relationships shown in Figure 14 and show a greater sensitivity to
changes in upper bound magnitude than observed for the exponential magnitude
distributions (Figure 3) and lower sensitivity to b-value than the exponential
magnitude distribution (Figure 6).

v
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EFFECT OF ATTENUATION RELATIONSHIP

The hazard curve comparisons presented in the previous sections were made
using an attenuation relationship appropriate for the Western United States. The
main characteristics of the selected attenuation relationship (Sadigh, 1983) are a
reduced dependence on magnitude in the near-field and a large change in slope with
respect to log R over the distance range of 1 to 30 km. To test the sensitivity of the
above comparisons to the choice of attenuation relationships, the parametric anal-
vses were repeated using an attenuation relationship recently developed for eastern

‘anada by Atkinson (1984). Atkinson’s relationship has a strong magnitude de-
pendence in the near-field (magnitude independent shape) and shows only small
changes in slope for distances greater than 10 km. The results of these analyses are
summarized in Figure 16. :
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FiG. 14. Effects on slip rate constrained recurrence relationships of variations in upper bound
magnitude and b-value, assuming a characteristic earthquake model.

Shown in the figure are the effects of changing the upper bound magnitude, the
b-value, and the form of the magnitude distribution in the slip rate constrained
recurrence relationships on the computed hazard as a function of distance for three
acceleration levels. On the left are the results obtained using Sadigh’s (1983)
attenuation relationship and on the right are the results obtained using Atkinson’s
11984) attenuation relationship. As can be seen, both attenuation relationships yield
similar results except that the curves obtained using Atkinson’s relationship are
shifted to greater distances, reflecting the lower rate of attenuation in eastern
Canada compared to California. Thus, one would expect to see similar sensitivity
of computed hazard levels to changes in the recurrence relationship parameters,
regardless of the applicable attenuation relationship.
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DISCUSSION

The use of geologic slip rate to constrain estimates of earthquake recurrence, and
ultimately seismic hazards, is based on some fundamental underlying assumptions
including: (1) the slip rate is an indicator of the average rate of seismic m:mauw
release; and (2) the long-term average past behavior is representative of the short-
term future behavior (e.g., next 50 yr). The validity of the latter assumption cannot
be directly assessed, but we can compare the long-term (geologic) average past
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Fic. 15. Effect on computed hazard (peak acceleration) of variations in upper bound magnitude and
b-value, assuming a characteristic earthquake model.

behavior to the short-term (historical) past behavior. In some cases, we can also
compare the long-term average slip rate with geologic evidence for the recurrence
of paleoseismic events. Tests of the validity of either assumption based on compar-
isons of slip rate and seismicity data cannot usually be made for individual faults
because of the relatively short record of historical seismicity. For those cases where
the historical record contains several large-magnitude earthquakes on an individual
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ault, the geologic slip rate is usually in agreement with the seismic slip rate. The
san Jacinto fault is one example (Thatcher et al., 1975; Anderson, 1979).

For the majority of cases where paleoseismic data are not available or the
historical record is too short to characterize the recurrence behavior of individual
faults, we may substitute space for time by looking at large regions and compare
activity rates based on geologic slip rates with those based on seismicity data.
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Unfortunately, in doing so we are forced to include several faults, and we lose the
cesolving power regarding fault-specific recurrence behavior. However, a regional
analysis does provide some constraints on whether fault-specific recurrence models
result in activity rates that are reasonably consistent with the observational seis-
micity record, which is the only independent data set available.

This section of the paper shows how slip rate recurrence on actual faults compares
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; regional recurrence based on seismicity data and the effect of the exponential
and characteristic recurrence models on that comparison.

Figure 17 shows a map of the western Transverse Ranges and the Santa Barbara
(‘hannel region of Southern California. The map shows the distribution of recorded
seismicity (open circles) and mapped larger Quaternary faults in the region. A
comparison (shown in Figure 18) was made using both the exponential magnitude
distribution [equation (11)] and the characteristic earthquake magnitude distribu-
rion [equations (16) and (17)]. The regional b-value for the study area outlined in
‘izure 17 was computed to be 0.75 using Weichert’s (1980) maximum likelihood

rmulation. The recurrence estimates based on historical seismicity are shown by
the dots in Figure 18 with their associated error bars. For the 15 faults located
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F1G. 18. Comparison of recurrence relationships based on slip rate and historical seismicity. The
region is that shown in Figure 17. Seismicity data are shown by the points, and bars represent one
standard deviation on estimates of the cumulative recurrence rate at each magnitude increment. The left
plot is based on an assumed exponential magnitude distribution for each fault in the region. The right
plot is based on a characteristic earthquake model. The solid curve assumes the b-value on individual
{aults is the same as the regional b-value. The dashed curve assumes that the b-values of individual
faults can be adjusted such that all of the faults in combination match the regional b-value.

completely or partially in the study area, there is varying degrees of uncertainty in
the slip rate, fault geometry, and upper bound magnitude. This uncertainty was
incorporated probabilistically in the recurrence estimates using the techniques
described by Kulkarni et al. (1984).

The solid curves in Figure 18 show the computed mean recurrence estimates
using the fault slip rates. As can be seen, both forms of the magnitude distribution
yield reasonable estimates of the recurrence for the larger earthquakes, indicating
that the observed seismic moment release in the region is consistent with the
observed average rate of crustal deformation represented by fault slip rates.

The comparisons in Figure 18 show that the match between the predicted
seismicity rate and the observed seismicity rate is poorest for the small magnitude
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TELESEISMIC TIME FUNCTIONS FOR LARGE, SHALLOW
SUBDUCTION ZONE EARTHQUAKES

By STEPHEN H. HARTZELL AND THOMAS H. HEATON

ABSTRACT

Broadband vertical P-wave records are analyzed from 63 of the largest shallow
subduction zone earthquakes which have occurred in the circum-Pacific in the
last 45 yr. Most of the records studied come from a common instrument, the
Pasadena, California, Benioff 1-90 seismometer. Propagation and instrument
effects are deconvolved from the P-wave records using a damped least-squares
inversion to obtain the teleseismic source time function. The inversion has the
additional constraint that the time function be positive everywhere. The period
band over which the time functions are considered reliable is from 2.5 to 50 sec.
Fourier displacement amplitude spectra computed for each of the 1-90 P-wave
trains indicate spectral slopes measured between 2 and 50 sec of w™'° to w™2%
with an average value of »~'%. These values assume an average attenuation of
t* =1.0. The seismic moments derived from the P-wave time functions compare
well with other published values for earthquakes having moments smaller than
2.5 x 10?* dyne-cm (M,, = 8.2). Because the 1-90 seismometer has little response
at very long periods, this technique underestimates the moments of the very
largest events. The time functions are characterized using five parameters: (1)
spectral slope between 2 and 50 sec; (2) roughness of the time function; (3)
multiplicity of sources; (4) puise widths of individual sources; and (5) overall
signal duration. The 63 earthquakes studied come from 15 subduction zones with
a wide range in the ages of subducted lithosphere, convergence rates, and
maximum size of earthquakes. Comparing the time function parameters with age,
rate, and M, of the subduction zone does not yield obvious global trends.
However, most of the subduction zones do behave characteristically and can be

grouped accordingly.
INTRODUCTION

In terms of the details of fault rupture or source complexity, our knowledge of
the very largest earthquakes is limited. Until very recently, most of what was known
about major earthquakes consisted of estimates of their focal mechanism and
moment. Although this information is of fundamental interest, it is desirable to

now more about the spatial and temporal distribution of moment release. The very
iirgest earthquakes have been shallow thrust events at convergent plate boundaries.
In this paper, we present the results of a survey study of teleseismic source time
tfunctions for major shallow thrust earthquakes. Sixty-three of the largest shallow
subduction zone earthquakes that have occurred in the circum-Pacific in the last
45 yr are studied. Earthquakes from 15 different subduction zones with very different
ages of subducted lithosphere and plate convergence rates are included.

The source complexity of the earthquakes is appraised by the physical features
of the teleseismic source time functions. These features include the overall duration,
~ultiple or single event character, individual source pulse widths, and roughness of

ne time function. The above measures of source size and complexity can then be

compared with the age of subducted lithosphere, plate convergence rate, and other

physical parameters of the subduction zone. Such comparisons are important for

increasing our understanding of the worldwide distribution of the largest earth-
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