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PREFACE 

This report was prepared during the period 1 August Hl84 through 1 July Hl8G by Dr. Ot.t.o 

W. Nutt.Ii and Mr. Chiou-Fen Shieh, Department of Earth and Atmospheric Sciences, Saint Louis 

Universit.y, under Contract No. DACW39-84-K-0001. It is part of ongoing work at the U.S. Army 

Engineer Waterways Experiment Station (WES) in Civil Works Investigation Study, "Earthquake 

Hazard Evaluations for Engineering Sites," sponsored by Office, Chief of Engineers, U.S. Army. 

Preparation of this report was under the direction of Dr. E.L. Krinitzsky, Engineering Geol

ogy and Rock Mechanics Division (EG & RMD), Geotcchnical Laboratory (GL). General direction 

was by Dr. D.C. Banks, Chief, EG & R~ID, and Dr. William F. Marcuson III, Chief, GL. 

Col. Allen F. Grum, USA, was Director, Col. Dwayne G. Lee, CE was Commander and 

Director, and Dr. Robert W. Whalin was Technical Director of WES during the period of this 

study. 
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Part 1 

INTRODUCTION 

Response spectra commonly are used to describe strong ground motion, inasmuch as they 

contain information related to frequency content and duration of motion, as well as peak values of 

ground acceleration, velocity and displacement. For design purposes it is desirable to have avail

able response spectra for different magnitude earthquakes, including the largest expected one, over 

a range of distances from the epicenter, the fault rupture surf ace, or some similar measure of dis

tance. 

The largest historic California earthquakes, of Ms about 8.3, occurred near Los Angeles in 

1857 and near San Francisco in 1906. Both of them ruptured over 400 km of the San Andreas 

fault, and are considered to be maximum-magnitude earthquakes for California. Strong-motion 

instruments were first developed and deployed in 1932. Therefore no strong-motion records exist 

for the maximum-magnitude earthquake of California. The largest California earthquake for 

which strong-motion records were obtained occurred in Kern County on 21 July 1952 with an Ms 

value of 7.7 and an m6 value of 6.6 (the Appendix gives a brief discussion of the relation between 

the magnitude scales). It was recorded by accelerographs at epicentral distances of 43, 90, 120 and 

126 km (Chang, 1978). 

The purposes of the research described in this report are to produce a set of response spectra 

at a reference distance, arbitrarily taken to be 50 km, for western United States earthquakes of m6 

5.0 to 7 .0, and to provide formulas that will allow response spectra to be calculated at any larger 

distance from those at the reference distance. To do this we need to know how ground motion, in 

particular spectral amplitude, attenuates with distance and how spectra at the reference distance 

scale with magnitude. The range of magnitude is that of the smallest earthquake capable of pro

ducing structural damage up to the maximum-magnitude earthquake for the western United 

States. 

The first part of the report addresses the question of attenuation, and the latter part that of 

spectral scaling. The quantity and quality of available strong-motion data make the former more 
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amenable to solution, if the assumption is made t.hat attenuation is independent of earthquake 

magnitude. Such an assumption may be violated in the near-field region, where the motion may 

be non-linear. Also, the assumption of a point source of wave motion, rather than a distributed 

source over a rupture area of relatively large dimensions, is not satisfied. Therefore the results of 

this study will apply for distances of 50 km and greater, except possibly for earthquakes of mb > 

6.0. At smaller distances prediction of strong ground motion is subject to large uncertainty, 

because of unique charaderistics and peculiarities of the rupture processes of individual earth

quakes. However, earthquakes of m6 5.0 to 6.0 will have fault rupture lengths of only 10 to 50 

km, respectively (Nuttli, 1985). For them the response spectra at the reference dist.a.nee of 50 km 

likely can be extrapolated to smaller distances, although in doing so it would be advisable to use 

distance to the fault surface rather than epicentral distance. 

4 



Part 2 

ATTENUATION OF RESPONSE SPECTRA 

By dividing the problem of the calculation of relative-velocity response spectra for arbitrary 

distances and magnitudes into individual problems of attenuation and scaling, the trade-off 

between attenuation and magnitude that occurs in the construction of such response spectra is 

eliminated. 

Attenuation in the range of frequencies of interest is known to be frequency dependent, e.g. 

Aki and Chouet (1975). Usually this frequency dependence is expressed in the form (Nuttli and 

Herrmann, 1984) 

(1) 
where Q(f} is the specific quality factor value at frequency f, Q0 is the 1-Hz value of Q(f}, and n is 

a constant whose value lies between 1 and o. Usually n is larger in tectonically active regions and 

smaller in stable continental regions (Singh and Herrmann, 1983). Small values of Q correspond to 

strong values of anelastic attenuation, and large values of Q correspond to little anelastic attenua-

tion. 

A relation exists between Q(f) and the coefficient of anelastic attenuation k(f). It is (Nuttli 

and Herrmann, 1984) 

k(f) = 7r/ /U(f) Q(f) (2) 

where U is the propagation velocity of the waves of frequency f. U can be determined by measur-

ing the time of travel of the wave and the epicentral distance. 

Response spectral amplitudes, v,_, at frequency f,_ are assumed to be related to distance_r_and_ 

magnitude m6 by the relation (Nuttli and Herrmann, 1984) 

log1o v,(f) =A(!)+ B(f) mb - 0.83 log1o r/r0 - [k(f) (r - r0 ) log10e] (3) 

The value of B(f) determines the scaling of the response spectra, A(f) determines the level of the 

curves, and k(f) is a measure of the anelastic attenuation. The term 0.83 log10r accounts for 

geometrical spreading. The value of r 0 is arbitrarily taken to be 50 km. 
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Eq. (3) was used to calculate a set of response spectra at a distance of 50 km from spectra 

obtained from accelerograms recorded at larger distances, for various Q0 and n values. This was 

accomplished by adding to the log10v,(f) values, observed at distance r for various frequencies f, 

the terms 0.83 log10 r /r0 and k(f) (r - r0 ) log10e. The actual or "true" values of n and Q0 will 

result in a unit slope for the velocity response spectrum at short periods, and an acceleration value 

at short periods that equals the maximum ground acceleration at 50 km. The maximum ground 

acceleration at 50 km can be calculated by use of an equation relating acceleration to distance and 

magnitude, such as given by Joyner and Boore (1981). 

Fig. 1 presents a set of response spectra (station no. 267) extrapolated to a distance of 50 km 

from spectral data at a distance of 220 km. All of the response spectra used in this study were 

obtained from a digital tape of the California Institute of Technology's "Analyses of Strong Motion 

Earthquake Accelerograms, Response Spectra," Vol. 3, Parts A-Y, 1973-1975. The spectra shown 

in the figure are 5% damped values, and are the logarithmic average of the two horizontal com

ponents of motion. Each of the curves corresponds to an extrapolated curve for a particular value 

of n. The figure shows curves for n values from 0.4 to 0.9 in steps of 0.1. For clarity, to avoid 

confusion by showing too many curves, the curves for n = 0.1, 0.2 and 0.3 are not included in the 

figure. The straight lines superposed on the figure, which have a unit slope, correspond to lines of 

constant spectral acceleration. At short periods (less than 0.1 sec) the spectra have a unit slope 

and approach the value of the maximum ground acceleration (Newmark and Rosenbleuth, 1971, 

pg. 274). 

In Fig. 1 the value of n that gives a unit slope at short periods (n = 0.75) is noted, as well 

as the corresponding acceleration (amax = 0.10 g). From the figure it can be observed that values 

of n smaller than 0.75 cause the spectra to bend up at the short periods, resulting from incorrectly 

large values of k, the coefficient of anelastic attenuation, at short periods. Incorrectly large values 

of k at short periods result in incorrectly large values of spectral velocity at those periods, when 

extrapolated back to a distance of 50 km. For values of n larger than 0.75 the spectra bend down 

(have a slope greater than unity for periods less than 0.1 sec) at the short periods, because the k 
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Figure 1. Response spectra (5% damped) extrapolated from 220 km to 50 km epicentral distance, 
assuming Q0 = 100, for the earthquake of 8 April 1968 recorded in the basement of the Jet Pro
pulsion Laboratory, Pasadena, California. The predicted maximum acceleration for this earth
quake and distance is 0.062 g {Joyner and Boore, 1981). 
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Figure 2. Response spectra (5% damped) extrapolated from 220 km to 50 km epicentral distance, 
assuming Q0 = 150, for the earthquake of 8 April 1968 recorded in the basement of the Jet Pro
pulsion Laboratory, ·PasaO.ena, ·ca.liforriia. "The preilictea ma.Ximum acceleration for this earth
quake and distance is 0.062 g (Joyner and Boore, 1981). 
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Figure 3. Response spectra (5% damped) extrapolated from 220 km to 50 km epicentral distance, 
assuming Q0 = 200, for the earthquake of 8 April 1968 recorded in the basement of the Jet Pro
pulsion Laboratory, Pasadena, California. The predicted maximum acceleration for this earth
quake and distance is 0.062 g (Joyner and Boore, 1981). 
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Figure 4. Response spectra (5% damped) extrapolated from 220 km to 50 km epicentral distance, 

assuming Q0 = 250, for the earthquake of 8 April 1968 recorded in the basement of the Jet Pro
pulsion Laboratory, Pasadena, California. The _predicted maximum _a.ewer-at.ion for t.his .earth

quake and distance is 0.062 g (Joyner and Boore, 1981). 
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values and the spectral velocities at the short periods are underestimated. 

Fig. 2 is similar to Fig. 1, except that the curves are extrapolated by using a. Q0 value of 

150. The curve with a unit slope at the short periods has an n value of 0.7 and an 4mu: value of 

0.05 g. Figure 3, for Q0 = 200, indicates an n value of 0.6 and an amax of 0.04 g. Finally, Fig. 4 

shows extrapolated spectra for Q0 = 250, which suggest an n value of 0.6 and an 4max of 0.03 g. 

Figs. 1 through 4 indicate that there is a trade-off between Q0 values and values of n and 

amax· The best combination of values of Q0 and n is taken to be that for which the amax value 

obtained from the response spectra agrees with that calculated from Joyner and Boore's (1981) 

relation. Rather than rely on data from a single station for a single earthquake, data from four

teen stations for two earthquakes were used. Table 1 gives the epicentral and accelerograph sta

tion coordinates, the epicentral distances and the moment magnitudes, Mw, of the earthquakes. 

Table 2 presents amax and n values obtained from the extrapolated spectra for various values of 

Q0 , as well as ama.x values at 50 km distance as calculated from Joyner and Boore's (1981) relation. 

Q0 values of 150 and 200 are seen to give smaller standard deviations of the ama.x (average) values 

of the two earthquakes than do Q0 values of 100 and 250. Also, the amax (average) values for Q0 

of 150 and 200 are closest to the amax values predicted by Joyner and Boore (1981). To be conser

vative (in the sense of estimating the largest ground motion) in predicting response spectra the 

lower Q0 value of 150 was selected, rather than the average value of 175. Then (average) values 

corresponding to Q0 = 150 and 200 are 0.62 and 0.58, respectively. Their average value, n = 

0.60, was selected. In summary, the anelastic attenuation is described by Q0 = 150 and n = 0.6. 

The 14 stations used for this portion of the study were selected on the basis of their epicen

tral distances, 88 to 226 km. At smaller distances the values of Q0 and n have little influence on 

the shape or amplitude of the spectra calculated at a distance of 50 km. 

The data used in this study were obtained from digital tapes provided by the National Geo

physical Data Center of the National Oceanic and . Atmospheric Administration in Boulder, 

Colorado. They are a part of the collection of strong-motion data processed by the California 

Institute of Technology. 
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TABIE 1 

ACCELEROORAPH DATA USED FOR A'ITENUATION STUDY 

Earthquake Earth(~e Coordinates M Accelerograph Accelero§:aph Coordinates Epicentral 
Date Lat. N) Long. ( 0 w) w Number Lat. ( N) Long. ( 0 w) Distance (km) 

21 July 52 35.ood 119.033 7.4 133 )4.083 118.333 119.9 
135 )4.083 118.333 119.9 
283 )4.424 119.701 87.7 
475 )4.139 118.121 127.7 

8 April 68 33.190 116.128 6.6 000. 34.050 118.250 218.8 

130 33,765 118.225 205.4 

134 J4.083 118.333 226.4 

135 )4.083 118.333 226.4 

...... 253 34°133 118.117 210.9 
N 

264 )4.137 118.125 214.2 

267 )4.200 118.174 219.8 
268 )4.200 118.174 219.8 
281 33.750 117.867 173.2 
288 34.000 118.200 212.0 



TABLE 2 

MAXIMUM ACCELERATION AND n VALUES FOR ASSUMED Q0 VALUES 

Earthquake Accelerograph 1 
Qo = 100 Q = 150 Q0 = 200 ·Q; = 250 

~~j 0 0 
Date Number 8.max n a max n a max n a.zt~x n 

21 July 52 133 0.10 0.-20 0.55 0.1.2 0.50 0.13 0.50 o.o6 o.4o 

135 0.10 0.14 0.60 0.12 0.60 0.10 0.60 0.05 0.50 
283 0.10 0.25 0.35 0.12 0.30 0.12 0.20 0.12 0.20 

475 0.10 0.25 0.50 0.10 0.45 0.07 0.40 0.05 o.4o 

amax (average) + 0.21-0.05 0.12±0. 01 + 0.11-0.03 + 0.07-0.03 

8 April 68 000 o.o62 0.09 0.70 0.07 0.65 o.04 0.60 0.02 0.50 
130 0.062 o.o6 0.80 0.05 0.75 o.04 0.70 0.02 0.70 

134 o.o62 0.13 0.80 o.o6 0.65 0.05 0.65 0.03 0.60 

135 0.062 0.13 0.70 0.11 0.60 o.o6 0.60 0.02 0.60 

253 0.062 0.10 0.70 0.06 0.60 O. OJ 0.60 0.01 0.60 

264 0.062 0.11 o. 75 0.10 0.70 0.10 o".60 0.03 0.60 

267 0.062 0.07 0.75 0.05 0.70 o.04 0.60 0.03 0.60 
268 o. 062 0.11 0.90 0.10 0.85 o.o6 0.85 0.04 0.80 

281 0.062 0.05 0.70 0.05 0.60 0.05 0.50 0.05 0.50 
288 0.062 0.07 0.85 0.05 0.80 0.03 0.80 0.02 0.80 

amax (average) + 0.09-0.03 o.0?±0.02 0.0,5±0.02 o. 03±0. 01 

n(average) 0.69±0.15 0.62±0.14 0.58±0.17 + . 0.56-0.16 

1 . 
The 8.max value was calculated from an equation given in Joyner and Boore (1981). 
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Part 3 

DETERMINATION OF MAGNITUDE SCALE TO BE USED 

FOR SPECTRAL SCALING 

Four different magnitude scales have been and are being used for California earthquakes. 

They are: local magnitude (ML), body-wave magnitude (mb ), surface-wave magnitude (Ms), and 

· moment magnitude (M.,, ). Also used is the seismic moment (M0 ), another measure of earthquake 

strength obtained from seismographic data. The Appendix briefly discusses the relation between 

these scales. 

To scale spectra with earthquake magnitude requires the selection of a particular magnitude 

scale for that purpose. In this study the choice of magnitude scale was made empirically, i.e. the 

spectra were plotted as a function of magnitude for each of the magnitude scales, and the magni

tude scale was chosen that gave the greatest consistency or correlation between spectral ordinate 

values and numerical values of magnitude. 

Unfortunately, numerical values for all four magnitude scales were not available for the 

earthquakes selected for use in this study. In every case except one there was an ML determina

tion made by either the Seismological Laboratory of the California Institute of Technology (PAS) 

or the Seismographic Stations of the University of California {BRK). Examination of these ML 

values for the earthquakes studied indicates that there appears to have been an underestimation 

of ML by PAS of about 0.2 magnitude units for earthquakes piior to 1940. In general, Ms values 

were determined only for the larger earthquakes. Beginning in the early 1960's the U.S. Coast 

and Geodetic Survey (CGS) and the International Seismological Centre (ISC) routinely deter

mined m6 values from 1-sec period P-wave amplitudes. In the 1970's the U.S. Geological Survey 

(GS) supplanted the CGS in epicentral location and magnitude determination activities. Seismic 

moment, and correspondingly M.,, values, were either unavailable or not reliably estimated for a 

number or the earthquakes used in this study. 

When the response spectra, extrapolated to 50 km, were arranged according to their 

corresponding magnitude values, it was found that the best correlation was obtained when the 
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mb , rather than the ML or Ms, scale was used. Therefore mb was chosen as the magnitude to be 

used for spectral scaling in this study. In retrospect, this conclusion is to be expected. Body

wave magnitude, mb , measures wave amplitudes at periods of 1 sec or frequencies of 1 Hz, which 

lie in the well-determined portion of response spectra. Surface-wave magnitude, Ms, measures 

wave amplitudes at periods of 20 sec or frequencies of 0.05 Hz, beyond those for which the spectra 

are determined. This statement applies as well for M.. and M0 , which are a measure of the 

infinite period or zero frequency level of the spectrum. The local magnitude, ML , is a measure of 

the largest amplitude recorded on a \Vood-Anderson seismogram, which can have dominant 

periods of anywhere between 0.1 to 2 sec, or frequencies between 10 and 0.5 Hz, depending upon 

epicentral distance and the earthquake source spectrum. Thus Mi does not measure the spectral 

amplitude at any one given frequency, which makes it undesirable for spectral scaling purposes. 

Once the decision was made to use mb values for scaling, it was necessary to obtain the best 

estimates of the mb value of the earthquakes studied. To do so a variety of correlations between 

mb and the other magnitude scales was used, resulting in a number of mb estimates for individual 

earthquakes. These were combined to give a single estimate. Correlations between m6 and Ms 

or M0 are given in Nuttli (1985). Catalogs were studied to obtain the relation between m6 and 

Mi for California earthquakes, from which it was found that on average m6 = Mi - 0.3 after 

1940 and mb = ML - 0.1 prior to 1940. 

The western Washington earthquake of April 13, 19-19 was 75 km deep. Therefore its 

observed Ms value of 7 .2 needs to be increased by 0.3 (0.1 units for every 10 km below the aver

age continental crustal thickness of 40 km) to compensate for its depth. 

Table 3 gives the relevant magnitude information for the earthquakes used in the study. 
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Earthquake Date 

10 March 19JJ 
2 October 1933 
JO December 1934 
18 May 1940 

1J April 1949 

21 July 19.52 

22 March 1957 

8 April 1961 
27 June 1966 

12 September 1966 

10 December 1967 

8 April 1968 

9 February 1971 

TABLE J 

DETERMINATION OF ~ VALUES 

Observed Magnitude 

- 6 1 Mt - .J 
Mr, = 5.41 

Mr.= 6.51 

Mr, = 6. 71 6 
Mo = J.6 x 1026 dyne-cm 

Ms = 7.25 
Ms (depth corrected) = 7 .5 
Ms = 7.75 6 
Mo = 1.4 x 1027 dyne-cm 

M1 = 5.31 24 6 
M0 = 1.0 x 10 dyne-cm 

ML= 5.61 

mb = 4.9? 
mb = '4.84 
Mr, = 5.61 6 
Mo = 1.6 x 1025 dyne-cm 

mb = 5.74 
mb = 5.4 
Mr. = 6.o 

mb = 5.~ 
mb = .5· 2 
Mr. = 5.6 
mb = 6.1f 
Mr, = 6.4 6 
M0 = 8.9 x 102.5 dyne-cm 

mb = 6.~ 
mb = 6.21 
Mr. = 6.4 6 
M0 = 8.9 x 102.5 dyne-cm 

Estimated 
mb Value 

6.2 
5.3 
6.4 
6.4 
6.2 

6.6 
6.7 
6.6 

5.0 
5.1 
5,3 
4.9 
4.8 
5.3 
5.7 
5.7 
5.4 
5.7 
.5·8 
5.5 
5.3 
6.1 
6.1 
6.o 
6.2 
6.2 
6.1 
6.1 

Assigned 
mb Value 

6.2 
5.3 
6.4 
6.3 

6.6 
6.6 

s.6 

.5·5 

6.1 

6.2 

1ML value from PAS (California Institute of Technology) 
2Mr, value from BRK (University of California at Berkeley) 
J~ value from U. s. Coast and Geodetic Survey or U. s. Geological Survey 
4 mb value from International Seismological Centre 
.5Ms value from U. S. Coast and Geodetic Survey 
6 M0 value from Joyner and Boore (1981) 
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Part 4 

SPECTRAL SCALING RELATIONS 

Thirty-four spectra, extrapolated to a distance of 50 km, were used to determine the scaling 

relation with respect to m6 • The earthquakes listed in Table 3 were divided into four groups. 

The first, which consists of the events of 13 April 1949 and 21 July 1952, is considered to have an 

m6 of 6.6. The second, with an average m6 of 6.2, consists of the earthquakes of 10 March 1933, 

30 December 1934, 18 May 1940, 8 April 1965 and 9 February 1971. The third, which has an 

average m6 of 5.5, is made up of the earthquakes of 2 October 1933, 8 April 1961, 27 June 1966, 

12 September 1966 and 10 December 1967. The fourth group contains spectra of the earthquake 

of 22 March 1957, which had an mb of 5.1. 

Fig. 5 shows the logarithmic mean of the spectra of the first group, of m6 = 6.6. There 

were seven spectra in this group that were averaged. The vertical lines represent one:.standard

deviation values, plus or minus, calculated at discrete periods. 

Fig. 6 presents the logarithmic mean and the standard deviation of thirteen spectra of the 

second group, of m6 = 6.2. Fig. 7 presents similar information for the average of the six spectra 

that comprise the third group, of mb = 5.5. Fig. 8 presents the logarithmic average and stan

dard deviation for the eight spectra making up the fourth group, of m6 = 5.1. 

Fig. 9 combines the average spectra of Figs. 5 through 8 in a single plot, without the stan

dard deviation values. Joyner and Boore (1981) showed that peak acceleration exhibited little 

dependence on soil or rock conditions at the accelerograph site. The same conclusion can be 

drawn from the behavior of the spectra of Fig. 9 at the short periods, where they are more-or-less 

uniformly spaced. However, at periods where the spectra begin to flatten out and which are asso

ciated with the maximum ground velocity, the spectra behave more erratically. Likely this is a 

result of differences in site material at the accelerograph stations, with larger velocities produced 

by soft soil. Joyner and Boore (1981) found such an effect on peak ground velocities. 

Fig. 10 presents idealized response spectra (mean values) for 5% damping, horizontal

component ground motion at a distance of 50 km. In the case of earthquakes with long rupture 
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lengths the distance would correspond to distance from the fault surface. Curves are plotted for 

mb values of 5.0 to 7.0. An mb value of 5.0 is about the lower limit of magnitude for earth-

quakes that are capable of producing damage. For the western United States an m6 of 7 .0 

corresponds to an Ms of 8.3 (Nuttli, 1985), similar in size to the 1857 southern California and 

1906 San Francisco earthquakes. Therefore mb = 7 .0 is taken to be the maximum-magnitude 

earthquake for California and the adjacent states of the West. 

The curves of Fig. 10 are idealized. Beginning at the shortest periods and proceeding to the 

larger, the spectra have slopes of 1, 2, 1 and 0. At periods larger than those shown in the figure 

the spectra arc expected to have a slope of minus one, corresponding to a constant (maximum) 

ground displacement. 

The equations of the curves of Fig. 10 are: 

For all m6 values 

For m6 = 7.0 

log v (cm /sec)= 0.54 + 0.47 (m6 - 5.0) +log T 

for 0.01 sec < T :5 0.086 sec 

log v (cm /sec)= 2.55 + 2.0 log T 

log v (cm /sec)= 2.20 +log T 

for 0.086 sec :5 T :5 0.45 sec 

for 0.45 sec :5 T :5 0.70 sec 

log v (cm/ sec ) = 2.05 for 0.70 sec < T :5 5 sec 

For mb = 6.5 

(4) 

(5a) 

(5b) 

(5c) 

log t1 (cm/ sec) = 2.31 + 2.0 log T for 0.086 sec :5 T :5 0.30 sec (6a) 

log v (cm/ sec ) = 1.80 + log T for 0.30 sec :5 T :5 0.67 sec (6b) 

log v (cm/ sec ) = 1.62 for 0.67 sec < T :5 4 sec (6c) 

For mb = 6.0 

log t1 (cm/ sec ) = 2.08 + 2.0 log T for 0.086 sec :5 T :5 0.26 sec (7a) 

log v (cm /sec ) = 1.49 + log T for 0.26 sec :5 T :5 0.51 sec (7b) 

log v (cm /sec ) = 1.20 for 0.51 sec < T :5 3 sec (7c) 

For m6 = 5.5 

log v (cm /sec)= 1.84 + 2.0 log T for 0.086 sec < T :5 0.21 sec (8a) 
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log v (cm/ sec ) = 1.17 + log T for 0.21 sec :5 T :5 0.41 sec 

log v (cm/ sec ) = 0.78 for 0.41 sec :5 T :::;. 2.3 sec 

·For mb = 5.0 

(8b) 

(8c) 

log v (cm/ sec ) = 1.60 + 2.0 log T for 0.086 sec :5 T :5 0.19 sec (9a) 

log v (cm/ sec ) = 0.88 + log T for 0.19 sec :5 T :5 0.30 sec (9b) 

log v (cm /sec)= 0.35 for 0.30 sec :5 T :5 1.7 sec (9c) 

Figs. 5 through 8 show one-standard-deviation values of the response spectra for the four 

groups of earthquakes. Examination of the spectra reveals that, for any given magnitude, the 

standard deviation depends upon the period. For a given period, the standard deviation also can 

be seen to depend on magnitude. A simple visual estimate of the average value of the standard 

deviation, for all periods and magnitudes, is approximately 0.25 logarithmic units. Therefore, the 

mean plus one standard deviation will be approximately 1.78 times the mean value, and the mean 

minus one standard deviation will be approximately 0.56 times the mean value. These multiplica-

tive factors can be used along with equations 4 through 9 to estimate the mean values of spectral 

velocity at 50 km distance, as a function of period and magnitude, as well as the mean plus or 

minus one-standard-deviation values. 

Equations·(4) through (9), together with (1) through (3), can be used to calculate idealized 

response spectra at any distance for earthquakes of any mb value between 5.0 and 7 .0. Fig. 11 

presents a set of curves for an epicentral distance of 100 km. Comparison of Figs. 10 and 11 

shows that the short-period spectral velocities decrease by a factor of ten as the distance increases 

from 50 to 100 km, whereas the long-period spectral velocities decrease by only a factor of two. 

Figs. 12, 13 and 14 present calculated response spectra at distances of 150, 200 and 250 km, 

respectively. The short-period ends of the spectra continue to show a rapid decrease in spectral 

velocity with increasing distance (almost a thousand times from 100 to 250 km) whereas the 

long-period ends of the spectra show relatively little change (about three times from 100 to 250 

km). If the frequency dependence of Q behaved as Q0 / 1.o, rather than Q0 f o.e, the attenuation 

would be the same at all periods, i.e., the spectra would keep the same shape as the distance 

increased. 
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Figure 11. Idealized mean response spectra (5% damped) for the horizontal component of motion 
· at a distance of 100 km, with body~wave magnitude as the parameter. The spectral curves are 

described by eqs. (4) through (9). 
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Fig. 15 presents calculated response spectra at 25 km distance. Caution must be exercised 

in using them, because earthquakes of m6 2: 5.5 will have rupture lengths of 25 km and greater. 
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Part 5 

COMPARISON OF OBSERVED FAR-FIELD SPECTRA WITH CALCULATED SPECTRA 

Figs. 11 through 14 present spectra extrapolated from the scaled spectra at 50 km to dis

tances of 100, 150, 200 and 250 km, respectively, by means of eqs. (1) through (9). In arriving at 

these figures and equations it was necessary to determine the attenuation of strong ground motion 

and the magnitude-scaling relation for spectra at 50 km distance. This chapter, Part 5, is con

cerned with checking the derived results, which will be accomplished by comparing response spec

tra of 12 sets of horizontal accelerograms with spectra calculated by means of eqs. (1) through (9). 

Table 4 lists the accelerograms by date, station number, station location, epicentral distance 

and body-wave magnitude. The C.I.T. file numbers are taken from Chang (1978), as are the 

classification of site conditions as alluvium, intermediate or hard rock. Five of the twelve 

accelerograms in Table 4 also can be found in Tables 1 and 2, i.e., they were used to derive the 

attenuation relation. 

Figs. 16 through 27 contain calculated response spectra and spectra obtained directly from 

accelerograms. In all cases the spectra are 5% damped values, and represent the arithmetic mean 

of th~ logarithm of the spectral velocities for the two horizontal components of motion. There is 

no correction for site conditions, although the three site categories are included in Table 4. Two 

calculated curves are plotted in Figs. 16 through 27, for m6 values in steps of 0.5 just above and 

just below the m6 value of the earthquake. 

In Figs. 16 though 27 all of the spectra obtained from accelerograms (observed spectra) lie 

between the calculated values that are intended to bound them over a sizable range of periods. 

--rhat-is, the agreement between the observed spectra, obtained from the accelerograms, and the 

calculated spectra, obtained from eqs. (1) through (9), is very good. The differences lie well 

within the plus-or-minus one-standard-deviation values typically obtained from strong-motion 

data, such as those presented graphically in Figs. 5 through 8. Nine of the spectra in Figs. 16 

through 27 are for accelerograph sites on alluvium and three for intermediate-type material. The 

site characteristics, for this limited data set, do not appear to affect the level or the shape of the 
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TABLE 4 

EARTHQUAKE AND SITE PARAMETERS FOR DISTANCES GREATER THAN 50 KM 

Earthquake ~ Station C.I.T. File Site Name Site Distance 
Date Number Number Material (km) 

21 Jul 1952 6.6 28.3 A005 Santa Barbara Courthouse alluvium 87.7 

09 Feb 1971 6.2 114 P220 Ground Floor, Costa Mesa intermediate 94.4 

09 Feb 1941 6.1 02.3 B027 Ferndale City Hall intermediate 10.3. 2 

09 Feb 1971 6.2 274 0206 San Bernardino Hall of Records alluvium 106.6 

08 Apr 1968 6.1 280 B040 San Onofre SCE Power Plant intermediate 135.4 

09 Feb 1971 6.2 12.3 0210 Hemet Fire Station alluvium 144.J 

07 Aug 1966 5.7 117 T29.3 Imperial Valley Irrigation Dist. alluvium 148.7 

12 Nov 1954 6.o 117 T289 Imperial Valley Irrigation Dist. alluvium 150.0 

12 Sep 1966 5.6 o62 V.3.32 Sacramento Telephone Building alluvium 151.0 
w 08 Apr 1968 6.1 25.3 YJ76 Caltech Athenaeum, Pasadena alluvium 210.9 w 

08 Apr 1968 6.1 288 YJ79 CMD Building, Vernon alluvium 212.0 

08 Apr 1968 6.1 264 YJ75 Caltech Millikan Basement alluvium 214.2 
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Figure 16. Observed and calculated response spectra for the earthquake of 21 July 1952. C.I.T. 
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Figure 18. Observed and calculated response spectra for the earthquake of 9 February 1941. 
0.1.T. file number B027 (Chang, 1978). 
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Figure 23. Observed and calculated response spectra for the earthquake of 12 November 1954. 
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Figure 24. Observed and calculated response spectra for the earthquake of 12 September 1966. 
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Figure 27. Observed and calculated response spectra for the earthquake of 8 April 1968. C.I.T. 

file number Y375 (Chang, 1978). 
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response spectra. 

In summary, eqs. (1) through (9) are reliable predictors of response spectra in the period 

range of about 0.05 to 3 sec for distances of 50 to 200 km. Because of limitations of available 

data, this statement must be qualified by noting that observational data used to compare with 

predicted values are limited to the m6 range of 5.6 to 6.6. 
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Part 6 

COMPARISON OF OBSERVED NEAR-FIELD SPECTRA WITH CALCULATED SPECTRA 

Figs. 28 through 41 present response spectra based on actual accelerograms of earthquakes 

recorded in the free-field or in the basements of buildings at distances of 11.1 to 28.9 km. The 

figures also contain bounding curves, for m6 values above and below that of the actual earth

quake, for earthquakes of m6 5.1 to 6.3. 

Extrapolation of response spectra from 50 km to smaller distances is more uncertain than 

extrapolation to distances greater than 50 km because the fault rupture length and directivity, or 

nonuniform radiation of seismic energy in different directions from the fault, become important. 

For the earthquakes considered in this chapter, Nuttli (1985) gives the following relation between 

m6 and fault rupture length, L: m6 = 5.1, L = 10 km; m6 = 5.3, L = 15 km; m6 = 6.2, L = 

65 km; m6 = 6.3, L = 80 km. For Figs. 33, 34, 38, 39, 40, 41 and 42, the dist~ce to the 

accelerograph is 1/4 to 1/2 times that of the fault rupture length. For Figs. 28, 29, 30, 31, 32, 35, 

36 and 37 the distance to the accelerograph is one to two times that of the fault rupture length. 

Also, at these small distances, there is a question as to which distance is most appropriate: epicen

tral distance, hypocentral distance, or nearest distance to the fault surface. 

Not surprisingly, the calculated response spectra at distances of 11 to 29 km to not agree as 

well with the observed curves as was the case for spectra extrapolated to far-field distances. For 

example, the observed spectra in Figs. 30, 33 a~d 37, all from instruments on alluvium sites, are 

substantially below the calculated ones. The same is true of Fig. 38, which is for a hard-rock site 

and of Fig. 35, which is of an intermediate-material site. Most likely these discrepancies are 

caused by directivity effects, or by not taking into account of the focal depth. The observed spec

tra of Figs. 28, 31 and 39, on hard-rock sites, lie a little below the calculated spectra. This could 

be due to the station-site effect. A similar explanation may be offered for the spectrum of Fig. 32, 

for a recording on alluvium, which lies a little above the calculated spectra. The observed spectra 

of Figs. 29, 34, 36, 40, 41 and 42 are reasonably well bounded by the calculated spectra. In gen

eral, the observed spectra never lie substantially above the calculated ones, suggesting that the 
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TABLE 5 

EA.RTHQUAKE AND SITE PARAMETERS FOR DISTANCES LESS THAN 50 KM 

Earthquake Stati'on C.I.T. File Site Name Site Distance 

Date ~ Number Number Material (km) 

22 Mar 1957 5.1 077 A015 Golden Gate Park, San Francisco hard rock 11.1 

12 Sep 1970 5.3 290 WJ34 6074 Park Dr., Wrightwood intermediate 13.2 

16 Dec 1955 5.1 117 T292 Imperial Valley Irrigation Dist. alluvium 22.2 

12 Sep 1970 5.3 111 WJ35 Allen Ranch, Cedar Springs hard rock 22.2 

08 Apr 1961 5.3 028 A018 Hollister City J!a11 alluvium 22.2 

29 Apr 1965 6.3 329 U310 Federal Office Bldg., Seattle alluvium 22.2 

09 Feb 1971 6.2 128 J144 Array Sta. 12, Lake Hughes intermediate 23.3 

22 Mar 1957 5.1 049 A017 Oakland City Hall Basement intermediate 23.3 

ii:. 27 Jun 1966 5.3 015 B035 Cholame, Shandon Array No. 8 alluvium 25.5 
()) 

14 Nov 1941 5.1 000 V317 Los Angeles Chamber of Commerce alluvium 26.6 

09 Feb 1971 6.2 127 J143 Array Sta. 9, Lake Hughes hard rock 26.6 
09 Feb 1971 6.2 126 J142 Array Sta. 4, Lake Hughes hard rock 27.7 
09 Feb 1971 6.2 466 H115 Basement, Los Angeles alluvium 28.9 
09 Feb 1971 6.2 461 I137 Basement, Los Angeles alluvium 28.9 

, 09 Feb 1971 6.2 220 L166 Basement, Los Angeles alluvium 28.9 



~101 
(f) 

' L 
u 
i......_; 0 

>-10 
~ 5.5. 
~ 5.0 
u 
0 
_J -
Wl 01 
> 

m b =So 1 

I I I I u.U _...__..!_..!....._! .._.! !.......,! d_..._..1 ~'~I ~I I ~I" 

1 0 ·2 1 0 -l 1 0 ° 
PERI 0-D-CS-ECJ-

I II!!!" 

Figure 28. Observed and calculated response spectra for the earthquake of 22 March 1957. C.l.T. 
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Figure 29. Observed and calculated response spectra for the earthquake of 12 September 1970. 

C.I.T. file number W334 (Chang, 1978). 
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Figure 31. Observed and calculated response spectra for the earthquake of 12 September 1970. 
C.l.T. file number W335 (Chang, 1978). 
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Figure 32. Observed and calculated response spectra for the earthquake of 8 April 1961. C.I.T. 
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Figure 33. Observed and calculated response spectra for the earthquake of 29 April 1965. C.l.T. 
file number U310 (Chang, 1978). 
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Figure 34. Observed and calculated response spectra for the earthquake of 9 February 1971. 
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Figure 36. Observed and calculated response spectra Cor the earthquake or 27 June 1966. 0.1.T. 
file number B035 (Chang, 1978). 
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Figure 37. Observed and calculated response spectra for the earthquake of 14 November 1941. 
C.l.T. file number V317 (Chang, 1978). 
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Figure 38. Observed and calculated response spectra for the earthquake of 9 February 1971. 

C.l.T. file number Jl43 (Chang, 1978). 

59 



~101 
(f) 
.......... 

2: 
u 
I._} 0 
.>-10 
!-
1--l 

u 
0 
_J -1 
w10 
> 

6.5 

6.0 

1 0 -·2 1 0 ·· l 1 0 ° 
PER I OD CSECJ 

I I I! tlr 

Figure 39. Observed and calculated response spectra for the earthquake of 9 February 1971. 
C.l.T. file number Jl42 (Chang, 1978). 
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Figure 40. Observed and calculated response spectra for the earthquake of 9 February 1971. 
C.l.T. file number H115 (Chang, 1978). · 
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Figure 41. Observed and calculated response spectra for the earthquake of 9 February 1971. 

· C.I.T. file number 1137 (Chang, 1978). 
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Figure 42. Observed and calculated response spectra for the earthquake oC 9 February 1971. 
C.I.T. file number L166 (Chang, 1978). 
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spectra calculated from eqs. (1) through (9) are upper bounds on spectra at epicentral distances of 

10 to 30 km. 

Boore (1983) presented 5% damped response spectral velocity values as a function of 

moment magnitude, M 111 , at a distance of 10 km for four discrete frequencies, 0.4, 1.1, 2.9 and 7.6 

Hz. He used both time-domain simulation and random vibration theory to calculate the response 

spectral amplitudes. Silva (1986} also presented calculated response spectra for western United 

States earthquakes at distances from a few to 15 km. He determined attenuation characteristics 

empirically from data of small magnitude earthquakes, and then used a physical model of the 

earthquake source to scale up to larger magnitude earthquakes. 

Direct comparison of the results of Boore (1983), Silva (1986) and the present study are 

difficult for a number of reasons. They include: 1) extrapolation of values at 50 km to values in 

the near-field region by the present study requires an assumption of a point source, which cannot 

be justified; 2) the measures of dist~nce are not the same in the three studies; 3) source directivity 

effects, resulting in azimuthal assymetry in the strong ground motion in the near field, is not 

taken into account. In spite of these limitations, the values calculated in the present study gen

erally agree with those of Boore (1983) and Silva (1986) within a factor of three. 
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Part 7 

SUMMARY 

The purpose of this study was to develop empirically a set of relations that can be used to 

calculate response spectra for western United States earthquakes, principally in California, given 

the values of the body-wave magnitude and epicentral distance. The spectral values are 5% 

damped, logarithmic mean values of the two horizontal components of ground motion. 

First the anelastic attenuation was determined from response spectra calculated from 

observed strong-motion time histories. From these data the relation Q(f) = 150 f 0·6 was deter

mined, where Q is the specific quality factor and f is the frequency, in Hertz. Eqs. (2) and (3) 

then allow the spectral velocity to be calculated as a function of epicentral distance and magni

tude, subject to the assumption that the earthquake source can be treated as a point source that 

radiates energy equally in all directions. 

Second the scaling coefficients, the numbers that specify how the logarithm of the spectral 

velocity changes as the magnitude changes, were determined as a function of wave period. In 

doing so we found that the best choice of magnitude scales for this purpose was the body-wave 

magnitude, m6 , scale. Eqs. (4) through (9) present the scaling equations as a function of period 

and magnitude for an epicentral distance of 50 km. 

Response spectra calculated from eqs. (1) through (9) show good agreement with observed 

spectra at distances of 50 to 200 km, for m6 v~lues of 5.6 to 6.6 and periods of about 0.05 to 3 

sec. At these distances the assumption of a point source of seismic waves is valid. 

At distances of about 10 to 30 km the calculated reSJ!Onse SRectra generally_ appear_to_be_an_ 

upper bound for the observed spectra. That is, the observed spectra either agree with or fall 

below the extrapolated spectra. At 10 km distance the calculated spectra agree with those 

presented by Boore (1983) and Silva (1986) within a factor of three. At these small distances the 

assumption of a point wave source and of uniform radiation from the fault are not valid. Near

field motion, by its very nature, always will show large standard deviations in observed values and 

will be difficult to predic.t theoretically, unless all the peculiarities of the physical rupture process 
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or the individual earthquake are known in advance or the earthquake's occurrence. 
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APPENDIX 

RELATION BETWEEN MAGNITUDE SCALES 

The first magnitude scale was developed by Richter (1935). He called it the local magni-

tude, ML , because it was based upon seismographic measurements of instruments located in 

southern California for southern California earthquakes. In defining the scale Richter arbitrarily 

selected the reference distance to be 100 km, and the reference level to be such that a zero-

magnitude earthquake caused a 0.001 mm trace amplitude on a standard Wood-Anderson seismo-

graph record (uncorrected Cor instrument magnification) at a distance of 100 km. The equation 

had the Corm 

ML = log A max( r ) - log A 0 ( r ) (A-1) 

where A max(r) is the maximum trace amplitude at '8. distance r, and A, (r) is a term that adjusts 

the A max(r) value to what it would have been if r equalled 100 km and also takes account of the 

reference level of the magnitude scale. A 0 (r) depends upon the attenuation oC the wave ampli-

tude, which Richter determined empirically. The attenuation correction varies geographically. 

For example, the attenuation correction is smaller in the eastern United States than in California. 

If Richter's attenuation correction for California were used for eastern United States earthquakes, 

the calculataed magnitude values would increase as the distance increases, a clear indication that 

the California attenuation relation is not applicable in the East. 

The local-magnitude scale proved so useful in classifying southern California earthquakes 

that Gutenberg and Richter (1936) sought a method for extending it to earthquakes occurring 

anywhere in the woWL At that- time- the- distTibutfon- of- seismograpn stations was SUCll tnat th-e 

only practical way or accomplishing this purpose was to make use of seismograms recorded at dis-

tances of 2000 km and greater. At these distances the instruments in operation at that time gave 

recordings that were dominated by 20-sec period surface waves.· Because these instruments had 

different operating characteristics among themselves, the maximum trace motion at 20-sec period 

had to be divided by the instrument magnification at that period to give the maximum ground 
-

motion at 20-sec period. The defining equation for surface-wave magnitude, Ms, was 
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(A-2) 

where A mu:(r) is the maximum surface-wave ground motion at and A0 (r) is the attenuation 

correction, corresponding to the ground motion at 20-sec period at a distance r for an Ms = 0 

earthquake. The A 0 (r) term was determined empirically by Gutenberg and Richter (1936) and 

given in tabular form. Nuttli (1973) showed, from theoretical considerations, that A 0 (r) could be 

determined analytically and described by a simple equation. 

Because surface-wave amplitudes decrease exponentially with earthquake focal depth, the 

Ms scale cannot be used for earthquakes with depths below the crust. Gutenberg (1945a,b) there

fore proposed a third magnitude scale which makes use of the amplitudes of body waves (P and S 

type) that travel deep into the Earth without an appreciable loss of amplitude. He called this 

scale the body-wave magnitude scale, m6 • It was defined by the relation 

m6 = b + c log r + log (A / T) (A-3) 

where T is the period of the body ·wave whose ground-motion amplitude is A. The term b sets 

the reference, or zero-magnitude, level, and the coefficient c accounts for attenuation. Gutenberg 

(1945a,b) gave empirical relations for b + c log r as a function of focal depth. 

When Gutenberg (1945a,b) defined the body-wave magnitude scale there were few short-

period seismographs in existence at observatories throughout the world. Typical periods of telese-

ismic P and S waves, as se~n on the existing instruments, were 5 to 10 sec. About 10 years later 

the Benioff short-period seismograph came into widespread use. Its seismograms showed P waves 

with periods of about 1 sec, and no S-wave motion at 1-sec period because S waves of that period 

are attenuated severely in traveling through the asthenosphere. In the early 1960's the U.S. Coast 

and Geodetic Survey, which -published the Frelimim:try Dcterminalion of Epicenter111 and the 

International Seismological Centre, which published more complete bulletins about two years after 

the earthquakes, both decided to measure m6 exclusively from 1-sec period P-wave amplitudes. 

This decision has been followed world-wide since then, except for a few special studies by indivi-

dual investigators. Because of the difference in wave periods, the now-standard 1-sec period m6 

value is 0.3 to 0.4 units smaller than that obtained using the amplitudes of 5- to 10-sec period P 
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and S waves, as Gutenberg (1945a,b} originally did. 

When Richter and Gutenberg defined the Mi , Ms and m6 scales, they attempted to set the 

reference levels so that all three scales would give the same numerical value for any individual 

earthquake, i.e. they intended Mi = Ms = m6 • To do so they used southern California earth

quakes that were large enough to generate 5- to 10-sec period P and S waves and 20-sec period 

surface waves at large epicentral distances. Practically this meant using earthquakes of Mi 

about 6, the largest California earthquakes for which they had seismographic data at that time. 

Thus the three scales converge for southern California earthquakes at magnitudes of about 6, 

except that mb obtained from 1-sec P-wave amplitudes will be about 0.3 to 0.4 units smaller. 

What Richter and Gutenberg did not know is that the source spectrum of an earthquake 

changes shape, as well as amplitude, as the strength of the earthquake changes. If one considers 

the spectral amplitude at a given period to be proportional to the magnitude measured by the 

amplitude of waves at that period, as first proposed by Aki (1967), it follows that Mi , Ms and 

m6 cannot possibly have the same numerical values for all size earthquakes. In the 1950's 

Richter and Gutenberg found this out empirically, and published empirical equations relating the 

magnitude scales (Richter, 1958). 

Nuttli (1973) showed that the names body-wave and surface-wave magnitude are misno

mers, but their use is so entrenched in the literature that the names cannot be changed. It would 

be preferable to call mb a 1-sec period magnitude, and Ms a 20-sec period magnitude. That is, 

mb can be determined from the amplitude of any seismic wave of 1-sec period. For example, 

Nuttli (Hl73} showed that the t-sec perfod~ nigher-mode surface waves called Lg can be made to 

give the same mb values as the 1-sec period P waves. Similarly, 20-sec period P or S wave ampli

tudes can be used to estimate Ms values. The coefficients in the equations for the magnitudes 

will be different, of course. 

Aki (1966) defined another measure of earthquake strength, the seismic moment, M0 • The 

name comes from the fact that the far-field elastic displacements caused by the earthquake

generating fault slip can be duplicated by a hypothetical equivalent force system acting at the 
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earthquake focus which consists of two perpendicular couples, each of the same moment but of 

opposite sign. Aki (1966) defined M 0 as the numerical value of the moment of one of the force 

couples. He also showed that 

M0 =GS d (A-4) 

where G is the rigidity modulus of the rock mass at the focus, S is the area of the fault rupture 

surface and d is the average displacement on the fault. From seismographic data the seismic 

moment can be determined from the spectral amplitude at very long periods (greater than 100 

sec) of either body or surface waves. It is a static, or D.C., spectral level, a measure of the earth

quake source strength. This can also be seen from eq. (A-4), where S and d are static measures of 

the fault movement. 

Strong-ground motion, on the other hand, is concerned with the dynamic, or high-frequency 

portion, of the seismic source. Therefore equations that relate strong ground motion to seismic 

moment, or moment magnitude (discussed below) assume that earthquakes of the same seismic 

moment will have identical source spectra, regardless of where they occur. More discussion of this 

assumption will be given later. 

Kanamori (1977) defined a magnitude, MID , which was a linear extension of the Ms versus 

M0 plot for large earthquakes. For such large earthquakes the Ms scale "saturates," and Ms no 

longer increases in a one-to-one manner with log M0 • Hanks and Kanamori (1979) called the MID 

scale the moment magnitude scale. They showed empirically that 

MID = 2/3 log M 0 - 10.7 (A-5) 

if M0 is in units of dyne-cm. 

The moment magnitude, being directly related, to M0 by eq. (A-5), is also a measure of the 

D.C. spectral amplitude. But the coefficient of 2/3 indicates that a tenfold increase in spectral 

amplitude produces a 3/2, rather than a unit, increase in MID. Thus Mw violates one of the fun

damental properties of magnitude scales, namely that a unit increase in magnitude corresponds to 

a tenfold increase in ground motion. In spite of this limitation, Joyner and Boore (1981) success

fully scaled peak ground acceleration and peak velocity with M111 for western United States earth-
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quakes. This indicates that all earthquakes in that region of a given Mw have the same spectral 

shape, extending from very low frequencies to at least as high as 10 Hz. 

Nuttli (1983, 1985) used observed m6 , Ms and M0 values to construct empirically a set of 

spectral scaling relations for mid-plate and plate-margin earthquakes, respectively. He found not

able differences between the two scaling relations for larger earthquakes, i.e. Ms greater than 

about 5. His findings are consistent with the observation thia.t, for a given Ms value, big plate

margin earthquakes have a significantly larger fault rupture length than mid-plate earthquakes. 

For example, the April 1906 San Francisco earthquake of Ms = 8.3 ruptured at least 400 km of 

the San Andreas fault, whereas the February 1812 New Madrid earthquake, of Ms = 8.7 to 8.8, 

occurred on a branch of the fault system that was only 75 km long. 

Nuttli's (1983) scaling relation for mid-plate earthquakes predicts spectral corner frequencies 

that are lower than those observed for recent small-magnitude eastern North America earthquakes 

(Haar et al., 1986). The latter authors conclude that mid-plate and plate-margin earthquakes 

scale in the same way. This is an important point of disagreement that needs to be resolved by 

further research. One possible, but not proved, solution to the problem would be for the small 

magnitude earthquakes to scale in the same way for the two classes of earthquakes, and the large 

magnitude earthquakes to scale differently. 

Tables A-1 and A-2 present relations between the various magnitude scales for plate-margin 

and mid-plate earthquakes, respectively. They are calculated from equations given by Nuttli 

(1983, 1985). As discussed above, they are not accepted by all the seismological community. 

Tables A-1 and A-2 show that, for earthquakes of m6 greater than 6, the m6 versus Ms 

relation for the two classes is very similar. However, for large earthquakes of a given mb or Ms, 

the Mw and M0 values will be larger for the plate-margin erthquakes. This is consistent with the 

fact that mid-plate earthquakes of the same Ms value will have smaller fault rupture lengths 

(also smaller rupture areas) and consequently smaller M 0 values. 
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TABLE A-1 

AVERAGE MAGNITUDE RELATIONS FOR PLATE-MARGIN EARTHQUAKES (after Nuttli, 1985) 

~ Kr, ~ M Mo w 
(dyne-cm) 

4.0 4.3 3.0 4.1 1.5 x 1022 

4.5 4.8 3.6 4.5 6.3 x 1022 

5.0 5.3 4.6' 5.2 6.3 x 1023 

5.5 5.8 5.6 5.8 6.3 x 1024 

6.o 6.3 6.6 6.6 7.7 x 1025 

6.5 6.8 7,3 7,3 1.0 x 1027 

7.0 7,3 8.2 8.2 2.3 x 1028 

TABLE A-2 

AVERAGE MAGNI'IDDE RELATIONS FOR MID-PLATE EARTHQUAKES (after Nuttl1, 1983) 

~ 1\ 1 ~ MW M 
0 

(dyne-cm) 
4.0 2.85 3.8 5.0 x 1021 

4.5 3.35 4.1 1.6 x 1022 

5.0 4.35 4.8 1.6 x 1023 

5.5 5.35 5.4 1.6 x 1024 

6.o 6.35 6.1 1.6 x 1025 

6.5 7.35 6.8 1.6 x 1026 

7.0 8.35 7,4 1.6 x 1027 

1 
~ generally not used for mid-plate earthquakes. 
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