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Summary 

Spectra of more than three hundred short-period, vertical component L, 
waves of 78 earthquakes in the central United States were determined. 
From these an empirical relationship between the long-period level of 
the L, spectrum and the seismic moment was developed. The shape of the 
reduced spectrum shares some characteristics of Aki’s revised model A. 
There is a uniform relationship between the corner period and the seismic 
moment, which implies a uniformity of earthquake processes in the central 
United States over a wide range of event sizes, as opposed to California 
where wide variations in the corner frequency are observed for source 
spectra having the same seismic moment. Using the reduced spectra, a 
method for relating magnitude observations at periods other than 1 s to 
mb is outlined. 

Introduction 

Recent developments have led to better understanding of the seismic source. 
Early field and aftershock studies provided information on the fault area and average 
dislocation, and consequently the seismic moment (Brune & Allen 1967). Later Wyss 
& Brune (1968) developed an empirical relationship between the area beneath the 
coda envelope of a seismogram and the seismic moment. Aki (1967, 1972) proposed 
several models for the seismic source spectrum which accounted for far-fie!d observa- 
tions of the seismic moment, Ms vs mb relationships, and other measurable properties 
of earthquakes. Aki’s models provided initial estimates of the nature of the seismic 
source spectrum. 

Brune (1970, 1971) assumed an instantaneous rupture on a circular fault plane 
and used the parameters of source dimension, fractional stress drop, and seismic 
moment to specify the shape of the far-field S-wave spectra. Thatcher & Hanks 
(1973) applied Brune’s theory to a study of earthquakes in southern California. 
Trifunac (1972) and Hanks & Wyss (1972) modified Brune’s theory in order to derive 
source parameters from P-wave spectra. 

For many earthquakes the S phase is not a distinct arrival, but is associated with 
other arrivals of body- and surface-waves. The theory of Brune (1970,1971) and work 
by Savage (1972) have not approached the problem of estimating source parameters 

* Present address: Weston Geophysical Research, Inc., P.O. Box 550, Westboro, M A  01581 
t Present address: Post-Doctoral Fellow, CIRES, University of Colorado, Boulder, CO 80302 

$ Received in original form 1974 September 3 

51 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/41/1/51/643918 by U

.S. D
epartm

ent of Justice user on 16 August 2022



52 R. L. Street, R. B. Herrmann and 0. W. Nuttli 

4 
m 

m 

Y 
Z 
c! 

0; 
3 
Y 

: 
I 
f 

J 
0 
P ou 

E 

? 

Z 
c 

t- 
e 
Y 
0 
I9 
I 

4 > 
J :: *< 

a 

7 ,I c 

cd 
+- In 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/41/1/51/643918 by U

.S. D
epartm

ent of Justice user on 16 August 2022



Spectral characteristics of the LB wave 53 

from such a complicated set of arrivals. The objective of this paper is to accomplish 
this task. 

Data analysis 

The events studied occurred in the central United States between 1961 and mid- 
1974. The mb magnitudes of these events fell between 0.5 and 5.0. For the smaller 
events, spectral observations were available from only one station, whereas for larger 
events up to ten spectral observations were made for an individual earthquake. The 
63 seismograph stations which provided L, observations at various times are shown 
in Fig. 1. These stations were part of the WWSSN, LRSM, Saint Louis University, 
or independent networks. 

The instrument responses of the short-period vertical instruments varied from 
station to station. Fig. 2 illustrates some typical instrument responses used. This 
figure contains the familiar response curves of the WWSSN and LSRM networks 
together with the response of a magnetic tape recording system at FRM, Flat River, 
Missouri. To avoid undue amplification of noise at frequencies away from the pass 
band of the system, the suggestion of Berckhemer & Jacob (1970) was followed. The 
instrument-corrected spectra of the ground motion were used for analysis only in a 
pass band for which the instrument response was greater than one-tenth the maximum 
response. 

In digitizing the seismograms, the magnetic tape system offered the best time 
resolution. The LSRM short-period seismograms, when viewed through a 10 x 
viewer, were recorded at a rate of 150mm min-' whereas the WWSSN seismograms 
were recorded at a rate of 60 mm min- '. The LRSM seismograms gave good spectral 
results at periods as short as 0.1 s, while the WWSSN data were useful only down to 

0.1 1 .o 10. 
PERIOD (SEC) 

FIG. 2. Representative instrument responses encountered in this study. 
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Spectral characteristics of the L, wave 55 

periods of 0.3 s. In general, the ground motion spectra from the same event recorded 
at different stations agreed very well, even though the various spectra may have been 
derived from different instrument systems. 

A typical seismogram and time window used are shown in Fig. 3. The record was 
digitized from the time of the maximum trace offset, associated with the S, or L, 
arrival, until the signal reached the background noise level. For some events, the 
complete L, wave train could not be digitized, due to magnetic tape saturation or 
loss of the photographic trace due to rapid high amplitude motion of the beginning 
of the L, arrival. In such a case, it was found that if only the first 10-30 s were missing 
in the digitized seismogram, the resultant spectrum could be used for the location of 
the corner periods, although not for the determination of the seismic moment. 

Sample displacement spectral densities are shown in Fig. 4. In this figure, the 
ground motion spectral densities (cms) are plotted versus the period (s). A study 
of the two spectra contained in this figure leads to several observations. For both 
events, the spectrum is flat at the long-period end. On the other hand, ignoring the 
flatness at very short-periods, the L, spectrum falls off with decreasing period, T 
as T2 (or o-’, where o is the angular frequency). For some events, such as that of 
1962 July 23, an intermediate o-’ trend was observed. The coo, o-’, and o-’ 
asymptotic trends of the spectra are indicated in Fig. 4 by the heavy straight lines. 

The effect of anelastic attenuation upon the determination of the seismic moment 
and the choice of the corner frequencies was considered. Nuttli (1973) found a value 
of 6 x km-’ for the anelastic attenuation coefficient y of the 1 s L, wave in the 
central United States. Because of the low attenuation, the maximum error in neglect- 
ing this effect would only be a factor of 3 at a distance of 1600 km for the l-s period 
spectral components. Most of the observations were made at distance less than 500 km 
from the source, in which case the correction would be negligible. This is the period 
at which the oo level, and hence the seismic moment, were set. Events with corner 
periods near 1 s would not exhibit much variation in the experimentally determined 
corner period for the same reason. Very small events, with corner periods near 
0.1 s, were only recorded by stations within 50 km of the source, for which the anelastic 
attenuation corrections are again negligible. For these reasons, it was felt that neglect 
of the anelastic attenuation correction would not substantially affect the results. 

Development of the empirical relationship 

The similarity of the shape of the L, spectrum, Fig. 4, with that predicted by 
Brune (1970) was noted early in the study. However, direct interpretation of the 
spectra according to Brune’s (1970) theory did not seem valid since the L, spectra 
were obtained from the vertical rather than the tangential component of motion, 
because the range of distances over which the spectra were studied no longer seemed 
adequate for the application of body-wave theory for an infinite medium, and because 
the L, arrival is not a clear S phase but most likely a superposition of higher-mode 
surface waves and scattered waves. 

The approach taken was to look for a relationship which properly corrected the 
I,, spectrum for geometrical spreading and at the same time related the long-period 
flat portion of the spectrum to the seismic moment M,. As a starting point we used 
the relation of Keilis-Borok (1960) between the seismic moment M ,  of a double- 
couple seismic source and the far-field long-period spectral level of the S wave, no: 

(1) 
where p is the density, B is the shear-wave velocity, R,, is the S-wave radiation 
pattern, and r is the distance from the source. This formula is valid only for a shear- 
wave source in an infinite medium. Thatcher & Hanks (1973), in their study of SH 
spectra, adapted equation (1) to a half-space situation by accounting for the twofold 

M ,  = 4 n p j 3  rn, R;:, 
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Date 
1965 March 6 

1971 June 30 

R. L. Street, R. B. Herrmann and 0. W. Nuttli 

Table 1 
Choice of r ,  

Moment estimate 

OT(UT) Station 
21 08 51 GRV 

SLM 
MHT 
DBQ 
MDS 
GVTX 
ATL 
BLWV 
BRPA 

05 08 24 D Y 4  

GRV 
FRM 

DY-5 

r,, = 
r ( k m )  20km 

80 9.2E20 
147 l . lE21  
515 8.2E20 
559 1.lE21 
661 5-4E20 
742 4.9E20 
761 6.6E20 
876 1.1E21 

1099 6.0E20 

40 4.5E19 
40 4.6E19 
73 2.5E19 

152 3.0E19 

ro = 
100 km 
1.8E21 
2.4E21 
1.8E21 
2.4E21 
1.2E21 
l . lE21 
1.5E21 
2.3E21 
1 .3E21 

5.9E19 
6.0E19 
5.2E19 
6 .  OE 19 

ro = 
200 km 
1.8E21 
2.9E21 
2.6E21 
3.5E21 
1.7E21 
1.5E21 
2.1E21 
3.3E21 
1.9E21 

5.9E19 
6.0E19 
5.2E19 
8.4E19 

To2 (s) 
0 .6  

0.65 

0 .20  
0.17 
0.15 
0.23 

increase in the amplitude of an SH wave at the free surface. This correction is 
theoretically valid only for SH-type motion and not the vertical motion of the SV 
wave. 

Because of the complexity of the L, wave train, it was decided to use equation (1) 
only as a guide in establishing the following empirical relationship, which relates the 
observed L, spectrum Q(o) at a distance r from the source to the distance corrected 
far-field estimate of the source spectrum S(w): 

4zpp3 ro(r/ro) Q(w) r < ro 1 4.rcpf13 ro(r/r,)+ Q(o) r 3 ro. 

Here ro serves two functions. First, if it is decided to restrict p and p to reasonable 
values for the medium, ro adjusts the scaling so that S(w = 0) = M,. Secondly, r ,  
establishes a distance which marks the change in the character of the geometrical 
spreading of the L,  wave train from that of typically body-wave at near distances to 
typically surface-wave at large distances. Note that the value of ro has no real physical 
significance, only an empirical one. A radiation pattern term has not been included 
since the later portions of the L, train are composed primarily of scattered waves, 
which averages out the radiation pattern effects. 

The values finally adopted for the parameters in equation (2) were p = 2.5 g ~ m - ~ ,  
p = 3.5 kms-l, and r ,  = 100 km. Table 1 shows the effect on the seismic moment 
estimate by using other values for r,. The table also gives the values of the corner 
period To2 for each event to indicate the consistency in the corner period determina- 
tions. The data for the 1965 March 6 event shows a variation of about a factor of 
two between the smallest and largest seismic moment estimates for each choice of r,. 
However, the choice of r ,  = 100 km shows slightly less variation between the largest 
and smallest estimates than the other choices of ro.  For the 1971 June 30 event, the 
seismic moments estimated from data at short epicentral distances, r, are greater 
than those estimated for large epicentral distances for the particular choice of 
ro = 20 km. For r ,  = 200 km, just the opposite occurs. Therefore, r ,  = 100 km 
represents a reasonable compromise. 

To test the appropriateness of the values for p ,  p, and ro in estimating the seismic 
moment, the seismic moments estimated from the L, spectrum by using equation (2) 
are compared in Table 2 with the determinations made by Herrmann (1973, 1974) 
from a study of the long-period, fundamental surface-wave excitation by nine central 

(2) S ( 0 )  = 
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Spectral characteristics of the L, wave 

Table 2 
Comparison of seismic moment estimates 

Mo * Mot Number 
Date dyne-cm dyne-cm observations 

1962 February 2 2.6E22 2.0E22 1 
1963 March 3 7.7E22 7.5E22 2 
1965 August 14 1.4E21 1.7E21 4 
1965 October 21 6.9E22 7.OE22 5 
1967 July 21 1 .2E22 9.OE21 2 
1969 January 1 3.8E22 3.7E22 1 
1970 November 17 l.lE22 1 .2E22 4 
1972 September 15 1 .7E22 1 .7E22 4 
1973 November 30 1 . OE22 1 ' 2E22 4 

* Long-period surface wave determinations (Herrmann 1974) 
t L, estimates (equation (2)) 

57 

and eastern United States earthquakes. The agreement is excellent in view of an 
estimated multiplicative error of 1.5 in the surface-wave seismic moment determina- 
tions (Herrmann 1974). 

L, spectral character 

Equation (2) was applied to the spectra obtained from 78 earthquakes in the central 
United States. For each event average values of the seismic moment and corner 
periods were determined from the distance corrected spectra. The pertinent para- 
meters for each event are summarized in Table 3. This table contains an identification 
number, date, origin time, epicentral co-ordinates, mean seismic moment estimate, 
number of observations, corner-periods, and magnitude for each earthquake. In 
Table 3, the column headed by To, represents the corner-period between the coo 
and w-l  asymptotic trends of the source spectrum. T I ,  is the corner-period between 
the 0 - l  and w - 2  trends and To, is the corner-period between the mo and w-' trends. 
For many events there was only a To, corner-period. For events having To, and T I ,  
corners, a To, corner-period is defined as the geometrical mean of To, and T,,; 
these T , ,  are enclosed in parentheses. 

Table 3 was used to plot Fig. 5, which is a sketch of the general features of the L ,  
source spectra estimates. Fig. 5 conatins the coo, w W 1 ,  and m-' asymptotes from some 
representative events. The number to the right of each spectrum refers to the event 
number in Table 3. It is interesting to note that for events with seismic moments less 
than 10'' dyne cm, no m-' trend was observed. For events with greater seismic 
moments, w-' trends were noted at times. 

Fig. 6 is a plot of the To2 corner period versus the seismic moment. The average 
trend of the corner-period is indicated by the straight line segments. Several interesting 
features are seen in this plot. First, there is a consistent relationship between the 
corner-period and the seismic moment. A similar relationship has not been found in 
southern California, where wide ranges in stress drop introduce a wide variation in 
corner-periods for a given seismic moment value (Thatcher & Hanks 1973). The 
kink in the corner-period is a characteristic of Aki's (1972) revised model A. On the 
other hand, the relationship of the seismic moment to the cube of the corner-period, 
in regions excluding the kink, is a characteristic of Aki's (1972) models A and By but 
not of his revised model A. 

Brune (1970, 1971) derived an expression for the far-field spectrum of the SH 
wave from a source in an infinite medium. He related the corner-period To, to the 
source dimension and found that under the conditions of constant stress drop there 
is a relationship between the seismic moment and the cube of the corner-period. 
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FIG. 5.  General shape of the Lg estimated source spectra S(w). 

If we interpret our L,  spectra according to the relationships derived by Brune (1970, 
1971), it is found that central United States earthquakes with seismic moments less 
than 10" dyne cm are characterized by a constant stress drop of about 1 bar, whereas 
events with seismic moments between 5 x lo2' and loz3 dyne cm exhibit a constant 
stress drop of about 6 bars. The kink in Fig. 6 marks a transition between earthquakes 
with stress drops of 1 bar and 6 bars. 

The shape of the reduced spectra shown in Fig. 5 can also be interpreted using 
Brune's (1970) terminology of partial and complete stress drop events. In Fig. 5 ,  
it is seen that events with seismic moments less than 3 x lozo dyne cm exhibit only an 
cod', or complete stress drop behaviour. Some of the larger events also exhibit an 

trend, which is indicative of partial stress drop events. 

Development of magnitude scales 
The development of source spectrum models by Aki (1967, 1972) was based on 

known values of seismic moment, an assumption of the shape of the source spectrum, 
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0. I I .o 
Period (S) 

FIG. 6. Plot of the To2 corner period as a function of seismic moment. 

and variation on the position of the corner-period as required by mb vs M s  scaling. 
As the shape of the source spectrum, the seismic moments, and the M s  and mb values 
are known for the set of central United States earthquakes studied, we can compare 
the M,, Ms and mb values with magnitude scales utilizing other wave periods. 
Thatcher (1973) considered the effect of source spectrum scaling upon the local 
magnitude ML derived from different instrument systems. However, we use a 
magnitude definition based upon ground amplitudes, obtained by accounting for 
the particular seismograph response. 

In general the equation for determining magnitude within a certain distance 
range of applicability is of the form (Nuttli 1972) 

(3) 
where D is the epicentral distance and A is the maximum sustained ground displace- 
ment at period T of the given wave type. The coefficient C corrects for geometrical 
spreading and anelastic attenuation. The factor B scales the formula to some pre- 
determined level. 

mT = B(T)+C(T Dl ~o~lO(D)+~o~lO(A/T)  
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Table 4 
MO 

dyne-cm 
1023  

1022 
102' 
1020 

10'8 - 
1019 

MS mb m . 3  mo. 1 

4.2 5 .0  (4.0) (3.0) 
3T2 475 (3.9) (3.0) 
2.2 3.2 3 . 3  2.4 
1.2 2.5 2.5 1 . 8  
0 .2  1.5 1.5 1 - 5  
.0.8 0.5  0.5 0.5 

Assuming that the magnitude defined for a given period T is directly related to 
log,, S(o), a relationship between a magnitude scale at period T and some other 
period T' can be established by comparing the relative levels of the source spectrum 
at the two periods. For example, from Fig. 5, in comparing spectra with M ,  = 10'' 
dynecin to M ,  = 10Z1dynecm, we would expect a 1-0 unit change in M s  (20-s 
period) and mb (1-s period) and a 0.7 unit change in the magnitude mo.3 based 
on a 0.3 s L, component and a 0.7 unit change in m,.,, a magnitude based on the 
0.1-s period component. 

To clarify this, assume that the C(T, 0) are known and that B ( T )  have been 
specified such that mb = mT at T = 0.3 seconds and T = 0.1 seconds for an 
m b  = 1.5 earthquake. Using the L, spectra of Fig. 5, the new magnitude scales are 
compared in Table 4. This table gives the correspondence between the values of 
Mo,  M,, mb, mo.3 and m,.,. The table is scaled by using the observed M,, Ms, and 
mb values (underlined) for the 1963 March 3 and 1965 October 21 earthquakes. 
The mo.3 and mo.l quantities in parentheses represent values for which the shape of 
the short-period source spectrum is not adequately known and an w-' trend is 
assumed. 

Because of the predictability of source characteristics for the central United 
States earthquakes, as noted from Fig. 6,  a reliable estimate of mb can be made from 
signals with periods other than 1 s by using a relationship such as that found in 
Table 4. This is of importance since microearthquake studies usually record periods 
less than 1 s and this relationship will allow the consistency of using the same 
magnitude mb. 

Conclusions 
A study of the vertical component L, spectra has led to several new results. An 

empirical relationship has been developed to determine the seismic moment and the 
far-field estimate of the source spectrum shape from the L, wave. The technique made 
use of observed L, spectral data at a number of distances in order to determine the 
effect of geometrical spreading on the spectra. Known seismic moment values, in 
this case obtained independently from long-period, surface-wave studies, were used 
to scale the empirical relationship. 

The shape of the source spectrum as estimated from the L, spectra for central 
United States earthquakes is characterized by too and o-' trends for events with 
seismic moments less than 1O''dynecm. For some events with greater seismic 
moments, an trend was also observed. Events with seismic moments less than 
lo2' dyne cm exhibit constant stress drop behaviour with a stress drop of about 
1 bar, whereas events with seismic moments greater than 5 x 10" dyne cm have 
constant stress drops of about 6 bars. This relationship is so consistent as to suggest 
a uniformity of earthquake processes in the region as compared to southern Cali- 
fornia, where a wide range in stress drops occurs for events with the same seismic 
moment. 

Finally, the observations of the L, source spectra estimates were used to establish 
a relationship between mb and magnitude scales based on periods other than 1 s. 
This will be of use in assigning mb values to microearthquakes in the region. 
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