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INTRODUCTION

For a long t~.me it has been known that large under-ground nuclear explosions have small M~ values compared
to earthquake s ha w ing the same a~ values as those of the
explosions . Thi s conclusion has been found also to begenerally true for intermediate and smaller sized explo-
sions . That is, when a plot of the m~ values as abscissae• and *g values as ordinates is made, the earthquakes separatefrom the explosions , with the latter lying below and to

• the right of the earthquake points }bwever, it has been
found that some earthquakes plot in or near the explosionpopulation . These are called anomalous earthq uakes .

The primary purpose of this research is to search
for shallow-dept h Eurasian earthquakes that have anoma-
lous mb: M5 values . Furthermore, because it is for inter-
mediate to smell magnitude events that it is most diffi-
cult to discriminate between earthquakes and explosions ,events were selected which had m~ values in the range of
~& t o 5.5.

Other aims of the research are to identify geographi-
cal regions where anomalous earthquakes occur, to deter-
mine the effect , if any , of focal depth and focal mechanism
on observed mb: M~ values, to investigate differences in
the P-wave spectra of anomalous and non-anomalous earth-
quake., and to determine Love-wave 143(JI~ I.) values for
anomalous earthquakes .

METHODOLOGY

Standard teohniquee ’ were used for determining the aband M~ values of the earthquakes and explosions studied .• I That Is, for m~ evaluation the largest amplitude in the
first 3 cyoles of the P-wave motion on the vertical-
component , short-period seismogram was used, along with
the Gutenberg-Richter (Richter , 1958) calibrating tune-• tion . Average ~~ values, along with their standard •

• deviations and the number of stations used , are reported ,
as well as average mb values and the number of stations
as given by the National Earthquake Informat ion Center
and the International Seismological Centre .

To determine 113 the largest amplitude of the verti-
cal component Ray leigh-wave motion in the period range
of 17 to 23 seconds was used, along with the formulas

.5 I
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*3 — 3.30 + 1.66 log A + log A,’r for 25° 6~’ 1*0
0

and

K3 — *.l6 + l.O7 log A + log A/’r for lO0~~~,~~~250 ft

where A is the epicentr al distance in degree s, A is themaximum ground motion in microns, and T is the periodin seconds . We examined the use of N3 formulas derivedfor waves of periods substantially less than 20 secondsas recorde d at smell to regional distances , and found ingeneral that they were not as satisfact ory as the second• of the formulas given above (NuttU. and Kin, 1975). MeanN5 values, along with their standard deviations and numberof stations used, are presented . In general the NationalEarthquake Information Center does not dete rmine 1(3 valuesfor small to intermed iate magnitude events , a~~ the Int er-nationa l Seismologica l Centre never determines *3 values .
~ I The seismograph stations whose data were used to

determine mb and *3 values were the Wor ld-Wide StandardSeismograph Network (WWSSN) stations ALQ, A~ J, BLA, ~ JL,CND, CCL, JOT, ~ JG, OOL, KOD, KON, NIL, REL, ZIPS, MAT,EBS, MDI, NRA , OGD, QUE, SKO SRI and SIEJ and. the VeryLong Period Experiment (VLPE5 stations PM, ALQ, TLO,C~1, O?A and LIII.

Focal depths were determined for a selected numberof earthquakes, principally by means of the depth phasespP and 53 • When depths of earthquakes in an aftershocksequence were compared , we also used the period of theminimum in the Rayle igh-wave spectrum . The latter
method is principally of value in establish ing that twoor more earthquakes of the same region have th. samedept h, rather than in making an absolute determinationor that depth.

DATA

Much of the basic mb~ N3 data have alread y been pre-F sented in Scient ific Report No. 1 ~tutt li and Kin, 197*)and Scientif ic Report No. 3 (Nutt li, Kim and Wen, 1975).• In Report No. 1 data for 96 earthq uakes and 10 under-ground explosions were given , and in Report No. 3 the
mbMS values for 155 eart hquake s and 4 explosions were

. Inasmuch as these reports are rea dily avail-able , a relisting of these data will not be given here .

2
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Table 1 presents the hypocentra]. coordinates of 37earthquakes and 9 explosions whose ab: Mg values have not
been included in any previous report. Table 2 gives the
m~ and *3 valu es of the event s described in Table 1.

The 23 nuclear explos ions took plac. at the testing
sites in Novaya Zealya , easter n K*zakhstan and western
Kazakhstan and at scattered sites in western Russia .Figure 1 is a plot of the mb: N5 value s of thes e explosions .The dashed line in the figure Is the curve obtained byEvernde n et al (1971) from Nevada Test Site dat a when *3was deter i~nid~ tram 20-second period Rayleigh waves . Thetwo solid-line curves mark the envelopes or outer bounds
of the Eurasian data . Prom the upper of these two curves
we can see that all the explosion data satisfy the rela-
tion

n 1 )-M3~~~l.2 tor ab>k.6.

The single point m~ — 14.4 , N3 — 3.3 of Figure 1 suggests
that for m~ < 4.6 the difference mb - Ms may became
smaller than 1.2, with the difference decreasing as mbdecreases . However, much more data in the small n*gn1~-tude range than we have axe required to J ustify such a
conclusion.

Table 3 contains a list of 33 earthquakes, out of
the 278 studied , which had m~ minus 1(g values of 1.2 or
greater, and which thus would overlap the explosion popu-
lation on an mb:M3 diagram . The mb:M3 values of these• earthquakes are plotted in Figure 2, along with the ex-
plosion bounds as determined from Figure 1. Pro. Figure• 2 it can be seen that the anomalous earthquakes listed inTable 3 have nb : *3 values that spread over the rang. of
explosion values.

Considering next the non-anomalous earthquakes, our
data indicate that shallow oceanic margin earthquakes
(Aleutian., Ksaichatka Japan, Taiwan, Phi lippines , New
Hebrides, New Britain) all have mb:M5 values to the leftand above the upper-bound curve of the explosion popula-
tion. Thus they present no problem in being distinguished• from explosions. Figure 3 is a plot of ab:M3 values of

• oceanic margin earthquakes.

All of the anomalous earthquakes that are listed in• Table 3 and plotted in Figure 2 are intraplate earthquakes.

H . 3
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Not all intraplate earthq uakes, however , are anomalous .
Thus , for example, of the 128 intraplate earthquakes that
we studied for the year 1972, only 23 had anomalous mb: Msvalues . S

For the 1972 eart hquake s, surface -wave magnitudes were
calculated using Love-wave amplitudes as well as the ampli- . -
tudes of the ver tical-component Rayleigh waves . Of the
122 earthquakes for which Love-wave 1(.~ value s could be de-
termined, only 19 had l*3,R - M3,Ll ‘ 0.3. Thus, in mostoases, the N3 R and ~~ L values were essentially thesane. 0? the ’19 which’ehowed a significant difference,
only 6 had N3 I. *3 R • Thus there is litt le evidence of
small Mg R value. oo~pared to ~~ j  values, as might beexpected’ to occur if the focal d~pth were such that there
would be a minimum in the Rayleigh-wave spectrum at aperiod near 20 seconds . From this we conclude that focaldepth (unless it is very large , i .e.  greater than the
cruata l thickness) canno t genera lly be called upon to ex-
plain small M~ values of earthquakes , and thus anomalous
mb: PI~ values .

Evernden (1976) d.tscuased the use of M~ II values to
discriminate between earthquakes and explosl6na . At places
where the release of regional tectonic strain by the ex-
plosion is low, the resulting *3 L values are small cc.-pared to the *3 II values . Of th& 23 explosions consideredin this report ,’Love waves of 20-second period could be
identi fied for only two. The firs t is the East Kazakhstan
explosion of 16 August 1972, for which a very small ampli-tude Love wave was tentatively identified at a single• VLPE station (KON) . For this event N3 R ii 3.7 and ~ q Lis 3.0. The second event occurred in N~5vaya Zemlya o~’• 28 August 1972. It was a large explosion, and 20-second

• peri od Love waves were ident ified at 18 stations . For it
was 5.0 and NS,L was 14.b.

MA INS }fOCK-APrERS ROCK SEQUENCES
One of the most important findings of this study was

that some aftershocks of a sequence can have anomalous
mb: *3 values , whereas the mainahock and other aftershocks• have non-anomalous values . This finding is particularly
important because it enables us to obtain a better under -
standing of the cause of anomalous earthquakes , by elimina-

• ting as an explanation certain characteristics that are
often proposed as the cause : of anomalous mb:*3 values.

Jii l
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Among these are the source and receiver cruet and the
transmission path, which are identical for all eventsof a sequence for a given seismograph station, and the
focal depth and focal mechanism, which are shown to be
the sane for selected event s of selected sequences.

A more complete discussion of the data and con-
clusions is given in Appendix 1, which is a manuscript
of a paper submitted for publica tion , In this section• of the report we merely present some of the data and• s”~~srize the conclusions .

Mainshock-afterehook sequences in Szeohwan province
• of China, Tibet , the Iraq-Iran border region and the New
• Hebrides islands were investigated. Table 14 lists the

hypocentral coordinates and the m
~ and N3 values of the

earthquakes studied . For the events which were of suffi-
ciently large magnitude, focal mechanisms and P and Ray-.
leigh-wave spectra were determined . The focal mechanism
solution s verif ied that the earthquakes of a given sequence
had nearly identical mechanisms, and the Rayleigh-wave
spectra , along with the time differences pP-P and sS-S,
established that the events of a given sequence had nearly
identical focal depths .

From the P-wave spectra it was found that for earth-
quakes of the sane *3 or seismic moment , iç~, the anoas-

• : lou. earthqu akes had smaller spectra l corner periods than
the non-anomalous ones . This indicated that there is arelative enrichment of the short-period part of the spec-
trum for the anomalous earthquake s. Observat ion. in the
t ime domain showed that for earthquake. of the same a~the duration of the short-period P-wave motion was smaller
(more pulse-like) for anomalous than for non-anomalous
earthquakes, even though the maximum amplitude of the P-wave motion was the same .

• Although we have no conclusive explanation as to the
cause of the anomalous aftershocks, the observations in
both the frequenoy and time domains suggest they are re-
lated to the time history of the fau lt rupture and pos-
sibly to the stress drop .

RELEVANCE OF THE RESEARCH TO THE
DISCRIMINATION OF UNDERGR(VND EXPLOSIONS

3 One point of immediate significance is the finding
that anoma lous earthquakes do not occur at pl ate margins,I • but rather only within the Euras ian plate . (We did not

5
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look at earthquakes in other continental area..) Because
• earthquakes occurring along plate margins constitute the

great majority of earthquake s, our finding suggests that
for this large class of earthquakes the mb:*3 criterion
will readily separate explosions f rom earthquakes.

A second point of significance is that the anomalous
earthquakes of Eurasia are not restricted to any single
or’ few geographic areas . Table 3 demonstrates that they
occur anywhere from southern Europe to• eastern Asia .

Although from theory one might expect a minimum in
the Rayle igh-wave spectrum at 20-second period for a
certain range of focal depths within the crust, and thus
anomalous mb: MS values for these earthquakes, our data
suggest that for actual earthquake. recorded at a suffi-
cient number of stat ions this is not an important phenoss-
enon . Nor does the character of the fault motion, whether• it be strike-slip or thrust faulting, lead to anomalous
ab: N3 values by itself it the Rayleigh waves are recorded
over a sufficient range of azimuth.

The nainshock-afterahook studies indicate that for
some cases , at least , it is not focal depth, focal mech-
anism, source crust , crust-mantle transmission path or
receiver crust which is the cause of anomalous mb: ?l3values . Whatever is the explanation, it causes the P-
wave spectra to be enriche d at the short periods for the
anomalous eart hquake s by shifting the spectral corner
p riod (or periods ) to smaller values . Our finding that
anomalous nb:M3 earthquakes fairly often occur as after-
shook. of intraplate earthquakes suggests that it might
be a difficult task to distinguish between a small magni-
tude explosion and an aftershock of an int raplate eart h-

• 
• quake, if the explosion were deliberately detonated after

the mainehook.
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• Figure 1. ab: N3 value s of Eura sian underground explo-
sions . The m~ values are those of the International

• SeIsmological Centre, and the 1I~ value s are those
determined in the present study . The solid-line
curves mark the upper and lower bounds of the explo-
sion data. The dashed-line curve is the NTS explosion
curve, where PI.~ is determined from 20-second period
surface waves, a. given by Evernden et *1 (1971).

• Figure 2. m~: MQ values of anomalous Eura sian earth-
quakes , foe’ which mb-MS > 1.2. The solid-line
curve s are the upper and lower bounds of the ex-
plosion data, as given in FIgure 1.

Figure 3. C~ : ) 1q values of Eurasian oceanic margin
earthqu*ke~ of 1972 . The solid-line curves are
the upper and lower bounds of the explosion data,
as given in FIgure 15

I 
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• FIgure 1. mb:M3 values of Eurasian underground explo-

sions . The mb values are those of the International
• Seismological Centre, and the 1(3 values are those• determined in the present study. The solid-line

curves mark the upper and lower bounds of the explo-
sion data . The dashed-line curve is the NTS explosion
curve, where N3 Is determined from 20-second period
surface waves , a. given by Evernd.n ~~ ~~ (1971).
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Figure 2. a~: M~ values of anomalous Eurasian earth-
quakes, to!’ which 4)b-M3 > 1.2. The solid-line
curves are the upper and lower bounds of the ex-
plosion data, as given in Figure 1.
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APPENDIX 1.

SPECTRAL AND MAGNITUDE CMARACTERISTICS

OP AIO1I*L(~13 EURASIAN KA~~I~ J~US

by

So Gu £im~ and Otto W. luttli

ABSTRACT

A number of mainshook-aftarshock sequences in the Eurasian
interior contain some aftershocks whose ab: M3 values are close
to those of underground explosions . This paper is concerned
with a study of the amplitude spectra of the P waves and Ray-

leigh waves for earthquakes of those aainahock-aftershoek se-
quences . It ii found that for any given sequence studied there

is little it any variation in focal depth or focal mechanism.

This rules out var iations in these quantities as being the cause

of anomalous ab: N3 values • A study of the P-wave spectra estab-

lishes that one or both of the corner periods of anomalous

• earthquakes are smaller than those of non-anomalous earth-
quakes of the same moment . Thus the cause of anomalous a~: K8
values of the earthquakes studied is a relative enrioheant of

~ J the short-period portion of the spectrum of the anomalous
events , which cannot be attr ibuted to focal depth or focal

mechanism.

* Present address: Seismogr aph Service Corporation, Tulsa,
Oklahoma.

19

— •~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~• -~~~~~~~~



IJITROWCTION

A recent study of b and K3 values of approximately 300

inter mediate-size Eurasian shallow-focus earthquakes revealed

that momt anomalous earthquakes (events whose bz N3 value s are

closer to thos. of explosions than to those of ordinary eart h-

quakes ) occurred In the continental int.rior rather than at the

oceanic margins (Ruttli and xlm,l975). Addition al study has

established that the majority of anomalous event s occurred as

aftershocks, or in same oases foreshocks , of non-anomalous math-

shocks. Not all foreshooks or aftershocks, however, were found

to be anomalous.

The validity of using ab~ 
values in disting uishing between

earthquakes and explosions has been explained (Molnsr ~~
1969; Liebez’man and Pomeroy, 1970) in terms of a number of fac-

tors , namely source-time functions, source size, properties of

the travel path, source mechanism and focal depth. Tsai and Aki

(1971) argued against the first two factors as being the primary

cause of the difference in ab:JI~ values for earthquakes and ex-
plosions. Rather they maintained that the last two are dominant

after corrections due to differences in trave l path are tsken

into account . Evernden (1975 ) also concluded that anomalous
• event , can be explained principally by differences in source

mechanism and focal depth.
(~ the other hand , ICanamori and Anderson (1975 ) demonstrated

• that inter-plate eart hquakes which occur along or parallel to

major plat. boundaries show low stress drop compared to intra-

plate earthquakes which occur within the plates . Forsyth (1975)

20



concluded that anomalous mb:MS values observed for a foreshock-
mainshock-aftershock sequence In the KIrgIz-Sinkiang border re-

gion resulted from the source finiteness or the rupture-time

duration rather than from the focal depth or the focal mechan-

ism.

EARTHQUAKES STUDIED

In this paper we restrict our discussion to single mainshock-

aftershock sequences in the Szechwan province of China, in Tibet ,

In the Iraq-Iran border region and in the New Hebrides Islands .

Table 1 gives the latitude, longitude, origin time and focal

depth as determined by the National Earthquake Information Ser-

vice for the earthquakes whose focal mechanisms and P-wave and

Rayleigh-wave spectra were determined in this study . Also in-

cluded are the mb and M5 values as determined by us.

An inspection of Table 1 wIll show that the hypocentral co-

ordinates of the earthquakes of a given sequence show little

• variation . The time differences, pP - P and aS - 5, when they

could be observed , Indicated a nearly constant focal depth for

• all the events of a sequence . Further evidence for the same

focal depth is given by the periods of the minimum in the Ray-

leigh-wave spectra, which for a given station are almost constant

for all the events of a sequence . Sample Rayleigh-wave spectra

for two stations for the Szechwan and New Hebrides earthquakes

are given in Figures 1 and 2, respectively.

For all four earthquake sequences the focal mechanisms of

Individual earthquakes of a given sequence are remarkably

similar. This is demonstrated in Figures 3a and 3b , in which

21
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solutions based on the sign of the onset of the l~z~-period P
motion are presented .

• By selecting for study events of mainshock-aftershook se-
quances which have the same hypooentx’al coordinates, the same

focal mechanism and the same transmission path, we eliminate

many of the quantities which have been proposed in explanation
of anomalous mb:I13 values. We can thus restrict our attention

to quantities such as source finiteness, ruptur. velocity and

• stress drop.

Although we shall not present a physical explanation as
to why some eart hquakes have anomalous mb: K3 values, we wish
to point out certain ways in which the spectra of anomalous

earthquakes differ fro. those of non-anomalous ones . We shall
leave to others the interpretation of these spectra l differ-
ence,, and merely note that differences in the corner periods

and slopes of body-wave spectra have bee~i interpreted in terms
of ~ource finiteness (141’iks and Wysa , 1972; Forsyth, 1975 ) and
of fractional stress drop (Brune , 1970).

TIM~-DOIIA IN OBSERVATIONS

Direct observation of the seismograms led us orlgiially to
• 

a study of mainahoak-attershook sequences in a search for

anomalous events . That Xe, by lookin g at the seismograms we
could see that events which produced near ly the same P-wave
amplitudes at a station produced noticeably different Rayleigh-
wave amplitudes. Figure k gives some examples. ~~ the left-
han4 side are the seismograms far the Szechwan earthquakes.

The upper left shows the P-wave motion at two station s, BUL

22
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and SHK, for the three events. Maximu m amplitudes in the first
few cycles are abou t the same (the onset of the P motion at SU

• for event no. 3 is obscured by the minute marks; its psak and

• trough almost touch the trace above and below, respective ly).
The Rayleigh-w ave amplitudes for event no. 3, as recorded at sta-

• tion SRI are noticea bly less than for events 1 aM 2.
The P waves and Rayleigh waves for the two Tibetan events

are given in the right-hand side of Figure 14. The P-way.. are
shown fox’ stations ISUR, Sill and ITO and the Rayle igh waves for

station ~~G. Although th. duration of the P waves of event no.1

t is greater than of no. 2, the amplitudes of the first few cycles
of P of no. 1 are almost the same as the amplitude of no. 2,
which would result in nearly similar m~ values for the two earth-
quakes . The surface-wave amplitudes of event no. 1, however , are

• much greater than of event no. 2, as can be seen tram the lower
right-hand figure .

Figures 5 and 6 show as examples mb:MS plots for the Tibet
and New aebridee earthquakes, respectively . The points labeled

1 and 2 in Figure 5 refer to the Tibetan earthquakes no. 1 and 2
• in Table 1. The other points refer to earthquakes for which

mb:MS values could be determined but which were too email for

spectral ana lysis. Curve a in Figure 5 is a least-square linear
fit to a~: M3 data from 614 non-anomalous Eurasian earthquake

values , and curve a a similar fit for 11 Eurasian underground

explosion values. The data sets were take n f rom Nuttli and h a
(1975). Curve b is a linear fit to the Tibetan data point s, in-
dicated by z’ $ in the figure. Note that the mainshook (event

no. i)  as well as two of the other Tibetan events would be

23
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considered non-anomalous . Event no. 2, as well as 6 others ,

would be considered suspicious by the mb:MS criterion . The two

remaining events definitely fall in the explosion population .

Curves 
e 

and c of Figure 6 are the same as described for

Figure 5. If event no. 2 is considered to be the mainshock,

its M3 value is even larger than for the ordinary Eurasian earth-

quake of mb = 5. 9 .  The foreshock (no . 1) and all the aftershocks

also scatter around curve a. Curve b is the linear fit to the

.4 eight data points of the figure . Thus none of the New Hebrides

earthquakes would be considered to have anomalous values .

RAYLEIG h— WAV E SPECTRA

Rayleigh-wave ground-motion spectra were obtained from

analysis of the long-period , vertical-component seismograms .

Stations were selected so tha t the path from epicenter to sta-

tion was pure continental or pure oceanic . The observed spectra

were adjusted for the effects of geometric spreading and anelas—

tic attenuation, to reduce them as if the seismograph station

were 1000 km from the epicenter.

Sample spectra are shown in Figures 1 and 2. Values below

10 sec are unreliable due to both small instrument magnification

and low signal amplitude . The spectra can be used for two pur-

poses: 1) to determine whether differences in log spectral

amplitude at 20-sec period are equal to differences In M~ values ,

I.e . to test the equivalence of amplitude differences in the

frequency domain with amplitude dirferences in the t ime domain ,

• 2) to determine the seismic moment of the various earthquakes ,

24
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• by comparing spectral levels of actual eart hqua kes with those
calculated for a unit-moment, double-couple source at the appr o-
pr iate azimut h for a distance of 1000 ke.

• Table 2 present s the M3 differences and the differences in

the log spectral amplitude at 20-sec period for the 11 events

in the 4 ~eographio regions . The number n refers to the number

of stat ions whose spectral amplitudes were used to obtain an

average log]() ~~A. In general the differences between C~ N3 and

log~~ ~ A are small, of the order of 0.1 to 0.2 N3 units . The
exception is the set of Szeohwan earthquakes; either II~ of event

no. 1 is too small or its 20-sec period spectral amplitude is

too large . From studies of the P-wave spectra we believe tha t

the I(~ value of this event ii about 0.3 units too large, which

corresponds to one standard deviation .

Table 3 compares the seismic moment, as obtained fro , the

Rayleigh-wave spectrum, with the body-wave magnitude . Pra. the

table it can be seen that non-anomalous earthquakes of a given

body-wave magnitude have larger moments than anomalous earthquakes

of the same magnitude, somet imes by mor. than a power of ten .

P-WAVE SPECTRA

P-wave ground-motion spectra were dete r.in.d fro. the LPZ

and SPZ seismogram s for stations at teleseismie distances . As
they were not normalized to any particular epicentral distanc e,

in comparing them one should compare the spectra of an individual
• station for an individual mainshock-aftershoak sequence. Figures

8, 9, 10 and 11 give sample spectra for a few of the stations
whose data were utilized . The small open cir cles refer to

25
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spectral values obtained from analysis of the short-period sets
aograa., and the continuous curve to spectral values obtained

from the long-period seismograms . Because of low signal -to-

noise ratios the spectral values obtained f roa  the lcng-p.riod
seismograms sri not valid for periods less than 3 sec .

Th. spectra can be approx imated by three stra ight- line seg-
ments, namely: a flat portion extending fro. an infinite period
to a corner period called TC)~.~ 

a sloping straight line extending
from the corner period T01 to a second corner ‘jod ?12, ~M a

third stra ight line, of slope greater than the second , extend-

ing tram corner period T12 to the short periods . The first and

second of these curves, intersecting at peri od T01, are super-

imposed on the spectra in Figures 7 through 10. From the figures

it can be noted that in general the non-anomalous earthquake.
• 

f 
have larger values ~~ than the anomalous ones .

Figure 11 shows simplified P-wave spectra for each of the
four earth quake sequen ces, as determined from the seismograms

of a single station for an individual sequence . In most cases

the part of the spectrum between the corner periods Toi and ~!12
has a slope of 1.3 to 2.0, and the part between Tl2 and 1-s.c

period has a slope of 3 to 4. Differences in spectra l level at
1-sea period ar. in general in good agreement with b diff er-

ences as obta Ined fro. time-domain measurements of the seismo-
grams . Differences in spectral level at the long period, agree

in a qualitative, if not always an exact quantitative , way with
• differences in seismic moment and )l~.

• 
• 26
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The curves for JIUR-Tibet of Figure 11 show that although

the two earthquakes have the same a~ (1-see spectral amplitude),

the non-anomalous earthquake (no. 1) has longer corner periods

• and a larger seismic moment. The curves for TIK-Szeohwan of

Figure 11 also show approximately the same spectral levels at

1 see, but lesser corner periods and long-period amplitude s for

• anomalous events no. 3 and 1. Similarly, anomalous Iraq-Iran
.4 events no. 2 and 3 have about the same spectral amplitudes at

• 1 see, but lesser corner periods than the non-anomalous event

no. 1. If we consider the seismic moment , proportional to the

long-period spectra l amplitude, to be a more fundamental property

of earthquakes than the mb value , then we can conclude that for

a given seismic moment an anomalous earthquake has smaller cor-

ner periods and a larger 1-sec spectr al amplitude than a non-

anomalous one .

DISCUSSION A~D CONCLUSIONS

We have shown that earthquakes with anomalous ~~: Jt~ values

occur in some of the foreshooks and aftershocks of sequences

in Szechwan Province, Tibet end Iraq-Iran earthquakes of the

Eurasian interior . The earthquakes in a given sequence, non-

• anomalous and anomalous alike , have similar focal depth and fo-

cal mechanism. Thus neither differences in these focal param-

eters nor in the transmission path from source to station can

be called upon to explain the anomalous earthquakes .

In all , we consider ed 29 earthquake s in the regions men-

tioned above plus 8 in the New Hebrides region . Although there

27



is some ambiguity as to what constitutes en anomalous abs 11s
value , as many as 2* of the 29 can be considered to be s iams-
ions or near-a noma lous events . All of the 8 New Hebride s
events , on the other hand, are non-ano malous .

We found that a ao on feature of th. anomalous events
was that the corner periods of their P-wave spectra were less
than those of non-anomalous events which had th. same mb value .
We also observed in the time domain, that for earthquakes of

• the same ab,the duration of th. short-period P-wave motion was
less (more pulse-like ) for the anomalous than for the zon-
anomalous events .

The findings of this study have some bearing on the prob lem
of nuclear test detection, in addition to the obvious one that
some intra-plate foreshooks and aftershocks possess anomalous
abs N3 values . Because these anomalous values can be exp1~iri.d
in terms of shorte r corne r period s and t ksas an enr ichment of
the short-p eriod portion of the P-wave spectrum, rather thin
in differences in the long-period portion or the seismic moment,

• it follows that methods of discr imination that compare the long-
period portions of explosion and earthquake -generated waves,
such as relative excitation of Raylei gh and Love waves , will

• be unaffected by the results discussed here . Thus the methods
of discr imination which utilize exclusively the long-per iod
portion of the surface and/or body -wave spectra should be use-
ful in discriminating betwee n explosions and those re lat ively

• few earthquakes which are classified as anomalous by the conven-
tional mh~ 

Ms analysis.
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TABLE 2

COMPARISON OF AM5 AND LOG t~.A VALUES

Region Earthquake Pair log aA

Szechwan Province No. 2 - No. 1 0.6 0.21 (n = 6)

No. I No. 3 0.1 0.49 (n = 6)

No. 2 - No. 3 0.7 0.70 (n = 6)

Iraq-Iran Border No. 1 - No. 2 0.5 0.51 (n = 4)

No. 1 - No. 3 0.8 0.80 (n = 4)

No. 2 - No. 3 0.4 0.29 (n = 14)

Tibet No. 1 - No. 2 1.20 1.45 (ri = 2)

New Hebrides Islands No. 2 - No. 1 1.39 1.26 (n = 4)

No. 3 - No. 1 0.53 0.37 (n = 4)

No. 2 - No. 3 0.86 0.99 (n = 24)

I~~
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TABLE 3
COMPARISON OF mb AND M0 FOR ANOMALOUS AND NON-

ANOMALOUS EARTHQUAKES

Earthquake mb M1~, (dyne-cm )
Anomalous Non-anomalous

Iraq-Iran No. 2 5.1 5.5 x io23

Iraq-Iran No. 1 5.3 1.9 x 10224

Iraq-Iran No. 3 5.3 2.8 ‘c io23

Szechwan No. 3 5.3 3.2 x io23

New Hebrides No. 1 5.3 3 .6 x io24

Szechwan No. 2 5.4 1.8 x 1024

Szechwan No. 1 5.7 1.1 x io24

New Hebrides No. 3 5.9 8.5 x 1024

New Hebrides No. 2 5.9 9.0 x io25

Tibet No. 1 6.0 3.3 x io25
Tibet No. 2 6.0 1.2 x 1024
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Figure Captions

Fig. 1 Rayleigh-wave spectra of Szechwan earthquakes as re-

corded at stations NDX and QUE and normalized to a

distance of 1000 km.

Fig. 2 Rayleigh-wave spectra of New Hebrides earthquakes as

recorded at stations JCT and OGD and normalized to a

distance of 1000 km.

Fig. 3b Focal mechanism solutions for Szechwan earthquakes

(above ) and Iraq-Iran earthquakes (below). Compres-

sions are indicated by octagons, dilatations by tri-

angles and small amplitude arrivals by X’s.

Fig. 3b Focal mechanism solutions for the Tibet earthquakes

(above ) and the New Hebrides earthquakes (below).

• Fig . 24 (above ) P-wave motion on SPZ records for the Szechwan

earthquakes (left ) and the Tibet earthquakes (right).

For the Szechwan earthquakes the station on the left

18 BUL, at an epicentral distance of 87.3° and an azi-

muth of 19.9°, and the station on the right is SHK ,

at an epicentral distance of 25.90 and an azimuth of

265.2°. F~r the Tibet earthquakes the station on the

top is NUR ( (~ = 40.4°, BAZ 94.1°), in the middle Is

STU ( I~ = 50.7°, BAZ = 7 3 9 0
) and on the bottom is KTG

t~= 63.1°, BAZ 0.0°).

(bottom ) Rayleigh-wave motion at station SRI ( A = 44.3°,

BAZ = 77.8°) for the Szechwan earthquake (left ) and at

station KTI’G ( /~ = 63.1°, BAZ = 60.6°) for the Tibet

eartnquake (right).

• 3*
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Pig. 5 %: N3 diagram for the Tibetan earthquakes . Wos . 1 and
2 refer to the earthquakes listed in Tab le 1. Curve!

is the linear least-square fit to 6* non-anomalous
Eurasian eart hquake s. Curve b i~ the least-square fit

to the Tibetan earthquake data , indicated by X ’s.

Curve a is the least-square fit to 11 underground

Eurasian explosion data .

Pig. 6 mb:N3 diagram for the New Hebride s earthquakes, indi-

cated by X’ s. Nos . 1, 2 and 3 refer to the earthquakes

listed in Table 1. Curve b ii the linear least-squar e

fit to the New Hebrides data . Curves ! and a are as

Pig . 5.
Pig. 7 P-wave amplitude spectra at stations TIE and COL for

the Szeohwan earthquakes . The continuous curve rep-

resents th. spectrum obta ined fro, the long-period,

vertical-co mponent seismogram and the circles the

spectral value s obtained fro. the short -peri od, ver-

• tical—c omponent seismogram.

Fig . 8 P..wave amplitude spectra at stations STU, NUR and

I~ O for the Tibetan earthquakes.

Fig . 9 P-wave amplitude spectra at stations ALE and SE for

the Iraq-Iran earthq uakes .

Fig . 10 P-wave amplitude spectra at stations NAT and SE for

the New Hebrides earthq uakes .

Pig . 11 Simplified P-wave spectra for the Szeohwsn earthq uakes

as recorded at station TIE (upper left), the Iraq-Iran

earthquake. as recorded at station SE (upper r ight),
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the Tibet earthquakes as recorded at station hUE
(lower left ) and the New Hebrides earthquakes as re-
corded at statio n SILL (lower right). The differenses

• in amplitude at 1-sec period scale as differen ces in
tmb’ and the differences in amplitude at 20-sec period
as difference s in N3. Th. corner per iod T12 for

. 1 Szeehwan earthquakes no. 1 and 3 ii less then 1 see.

• I
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