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I will begin the presentation with a short review of the presently
documented identification capability. This review will be buased upon
several figures published by myself, These figures are used because
they easily come to hand, Sole use of such figures does not imply that
the capability shown by these figures can not be discussed in large
part by the data of other investigators. Subsequent to this review, |
shall prescnt data on scveral remaining identification problems and
give a few opinions on what course further investigations should take.
I will not attempt at this time to review all aspects of the topics
to be discussed in the next few days.

- We shliould preface the remarks that are to follow with the statc-
ment tihat any conclusions drawn from the data presented arc ours alonce,
and arc not to bec construed as those of the U,S. Government. In fact
differences of opinion over interprctation of seme points to be
discussed do cxist among American seismologists. As will be scen, the
data prescnted are only suggestive of some of the functional relation-
ships between Mg and my, mecasurcments for a limited suite of earthquakes
and cxplosions, These research results cannot be interpreted as
neccssarily indicative of universal relationships. In fact, it is known
that occasional earthquakes of mj 5 and iess do have parameters dis-
agrceing markedly with the trends of average relationships to be shown
here, such occasional earthquakes having Mg:mp values similar to thosc
of the available suite of explosion signatures.

As regards review of present state-of-the-art, primary considera-
tion must be given to determination of depth of focus and mecasurcment
of ratio of long period to short period energy. As regards depth of
focus, it can be said categorically that a capability to determinc
depth of focus to an accuracy of 5 km would be tantamount to having
a ncar total identification capability for earthquakes and explosions,
Our capability today is not nearly that high and only becomes even
approximately that after diligent effort in analysis or by availability
of data of a unique type., Improvement of estimates of depth attain-
able by routinc use of P data does not yield depth determination of
adequate quality, particularly for events recorded by only a handful
of stations, for achieving the screcning of events required for
application of long period criteria., Improvements in that routine
capability for determining depth of focus are easily obtained if
sufficient analytical data are available,

The master event concept has proven highly useful in improving
depth determinations for events in the Kamchatka/Kurils area and
should he applicable in other regions. Figure 1 indicates the set of
master events that were used in demonstration of the usefulness of
the master event concept. Figure 2 presents data on the quality of
depth determination available by use of that concept. The figure
indicates the difference in depth calculated by usc of master events
and depth determination by usc of pP fcr events of magnitude 4.5 or
grecater. It scems that depth determinations by use of master cvents
appear to be randcmly distributed around the pP depth. The standard
deviation of master control depths rclative to the pP depth was
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16 kilometers for cvents having a station at 30° or less., In many
regions such a capability for depth determination is adequate to
allow application of long period criteria,

An improvement upon the master event concept is the determini-
tion of depth by use of an estimate of cvent origin time based upon
measurcments of the S-P interval a2t a ncar station.

Figure 3 illustrates the degrec of agreement achieved between
S-P computed depths and pP depths., If deep focus events (i.c., thosc
of depth grecater than 100 kilometers) are ignored, depth detcrmina-
tion by S-P are markedly better than those by usc of master events,
Howe rer, use of S-P as a control of depth requires a station near
enough to detect short period both S and P, and ncar enough to allow
estimates of origin time valid to onc or two seconds. It must always
be remembered that our discussions here are to be based upon deveclop-
ment of techniques applicable to magnitude 4 or thercabouts, A
station having a gain of approximately 250,000 should sec S and P
from a magnitude 4 event within approximately 15° of the station,

It would certainly be desirable to develop additional techniques
for determination of depth, i.e., to more effectively analyze scismo-
grams in terms of measurement of multiple depth phases. Hopefully,
much more will be said on this matter later in our discussions,

Figure 4 presents data on the AR criterion as applied to both
earthquakes and explosions. The earthquakes used are shallow Jocus
earthquakes occurrinﬁ in Asia during 1965, depth of focus of cvents
having been established by master events where possible. There seems
to be clear separation of the AR values of earthuakes and explosions.
As normalized for magnitude there appecars to be no dependence of the
criterion valuc upon my value for either earthquakes or explosions.

Note that carthquakes having AR values within less than 1 magni-
tude of the largest values for explosions satisfied either one or
both of the S and AL criteria.

Figure 5 presents AL data (i.e., AR-type data based on Love
waves) for the same gencral set of earthquakes as Figure 4, Note
that essentially a full order of magnitude discrimination is achieved
between the explosions and earthquakes.

Figure 6 prescnts long period S data for the same events. In

this case also there appears to be a full order of magnitudec or better
discrimination between carthquakes and explosions. Therefore, by use
of these three long period criteria as applied to shallow focus
earthquakes from Asia during 1965 for events of magnitude 4 3/4 or
greater, essentially an order of magnitude discrimination was achicved
ctween the parameters of these earthquakes and those of Asian and
American explosions,

Therefore, 1 think it is safe to say that thc gencral problem
of discriminating between earthquakes and explosions at magnitude 4 3/4
and grcater is clearly solvable at a very higK level of confidence by
use of adequatc depth criteria and by use of long period criteria
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discussced. The problems then remaining are: a) the occasional event
that fails to satisf{y the criteria indicated above, at lecast at our
present level or capability of applying those criteria; b) applic-
ability of thesc criteria at magnitudes below 4 3/4; and, c) assuming
applicability of these or similar cirteria, establishment of the
distance range at which the significant data required for identifi-
cation can be obtained.

As regards the latter point, two gencral ideas should be
pursucd: (1) the determination of the parameters characterizing
anoptimum detecting site, both for long and short period waves; and,
(2) establishment of the threshold of the amglitude of wave detect-
able at such sites including evaluation of the additional gains
achievable by either ordered or random arrays of seismometers. Both
of these points are to be discussed during the next few days. I will
only briefly note that work already published indicates significant
signal to noise.gain is achievable both for long period body wave and
surface waves hy use of arrays of seismometers,

Figure 7 indicates the improvements of S/N ratio obtainable when
an 8-clement array in Arizona was steered for a long period P signal
from Komandorski earthquake.

Figure 8 indicates that steering of a United States-wide 11-
element long period array achieved clear detection of long period
P wave of that event when the P wave was not detected on any single
instrument. Similar investigations of the S wave have indicated
high coherence across large areas, Therefore, significant signal noise
gains (/n” by the array and appreciably by bandpass filtering) can
be achieved in the detection of both long period S and P by use by
such arrays.

Figure 9 illustrates the matched filter concept as applied to
the data of a single LASA element, A distinct signal-to-noise improve-
ment was obtained,

Figure 10 indicates the signal-to-noise gain achieved by use
of both match filtering and steering of the LASA long period array.
The signal, essentially undetected on individual instruments, was
detectcd at appreciable S/N ratio.

Figure 11 is a similar figure, the data however being comprised
of both LASA and LRSM match filtered signals. Again the clear signal
at high signal to noise ratio was detected on the steered Leam,
Therefore, single station detection capability by visual analysis
is not acomplete measure of ultimate capability of detection of long
period waves. :

Applicability of depth determination criteria to events of
magnitude 4 simply requires building stations adequate to detect
signals of small events at teleseismic distances. The existence and
der'onstrated capability of the TFSO array indicate that the required
capability can be achieved by small arrays at carefully selected sites.
Large arrays at less carefully selected sites can achieve a comparable
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capability. Therefore, determination of depth of focus for wagnitude
4 cvents by use of short period data is simply u matter of building
the nccessary stations,

As regards the sccond point, mentioned above, i.e., the appli-
cability of long peried criteria for events of magnitude below 4 3/4,
I shall now present a large body of data on this pnint.

Figure 12 presents world-wide data on Mg and mp versus cumula-
tive number of events (Nc). It is seen on that figure that Mg versus
log Nc is a straight line from Ms 7 1/2 to Mg 5 1/4 and below. The
open circles are the data presented by Gutenberg and Richter in 1939,
The open and closed squares are data compiled by Texas Instruments
for the vezars 1960 and 1963. The absolute levels of activitg secm
somewhat different in 1960- 1963 and in the period covered by Gutenberg.
However, the threc lines are parallel. The closed circles are mp
world-wide data as published by the Coast and Geodetic Survey on
their preliminary Determination of Epicenter lists,

The points to be noted here is the convergence of the my:Mg lines
in the magnitude range mY S 1/4 and their essential parallelism from
magnitude 5 1/4 towards lower magnitudes.

Though Figure 12 does not extend below magnitude S5, the extensive
compilation of vegional seismicity data published recently indicates
that the slope of the M¢ versus log Nc and mp versus log Nc curves
for different regions o§ the world range over the same values. There-
fore, the parallelism of the Mg vcrsus Nc and my, versus Nc curves of
Figure 12 continues to lower m§gn1tudes. The parallelism of these
two curves immediately implies that an Mg versus my plot of these
data would yield a 1 to 1 slope of the Mg:mp curves at m, < S 1/4 with
divergency of Mg and mp curves at higher magnitudes. In ?act, if the
entire body of Eigure YZ were converted to an Mg versus m, figure,
it would look essentially identical to the Mg:my plots usually
published,

I feel that this is a convincing argument as regards the relation-
ship between Mg and mp at small magnitudes, However, others are not so
convinced and so I will now present data providing direct mecasurements
of Mg and mp for numerous earthquakes and explosions,

The first body of data to be inspected were obtained for United
States earthquakes and explosions by use of LRSM data. Figures 13
through 17 indicate the type of data used, i.e., individual determi-
nations of my, and Mg at various LRSM stations. On Figures 13 through
17 plotted Mg vaiues are calculated according to a 1,66 log A law.
It is scen on each of the figures that the observed Rayleigh wave
data do not agree with that law. They agree much more closely with a
log 4 law for A< 25°, '

Figure 13 is for HANDCAR, Figure 14 for an earthquake in
southern Idaho, Figure 15 is an earthquake off the coast of California,
Figure 16 is for the explosion MISSISSIPPI, Figure 17 is for an
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earthquake in Baja California., We could have presented a figure show-
ing a similar behavior of the surface waves of an earthquake from
Missouri. Therefore, the law describing variation of amplitude of
Rayleigh waves with distance in the United States for epicenter distance
of 25° or less has an approximately log A dependence rather than 1.66
log A. All Mg values of Figure 18 have been calculated based upon a
log A law for A 25° or less, the coefficient in the equation being
selected so as to agree with the standard Russian law at 25°, Another
possible point to be noted before going further is that the Mg measure-
ments made for explosions within the United States are made generally
at periods of 10 - 12 seconds, while those for earthquakes are made

at 17-19 seconds, As will be demonstrated shortly, M. values for explo-
sions gre a pronounced function of the period at whith the measurements
are made,

Figure 18 then presents Mg versus mp, data on both United States
explosions and earthquakes in the magnitude range mp 6 to 4. Part of
the data were compiled by me while the 1emainder were published by
Basham, Since he followed the¢ identical procedures for calculating
both mp, and Mg that I used, the data can be plotted on the same figure.
It is apparent on that figure that the Mg versus mp mean lines
describing Mg versus mp for both earthquakes and explosions are
parallel down to magnitude 4 and have slopes of approximately 1,2,

In hoth cases, if the data beyond magnitude 5 1/2 were deleted from

the figures, slopes of approximately 1.0 would be obtained. Two

points should be mentioned. First, is that the degree of separation

of earthquakes and explosion values is small in this figure, However,
this figure is not intended to describe an optimum parameter of discrim-
ination but rather to indicate the functional relation of Mg versus

mp for small explosions and earthquakes. The dependence of Mg on period
for explosions results in much greater separation of the Mg:mp values
if consideration is limited to 20 second waves. The second point to be
mentioned relative to Figure 18 is that, for events of magnitude less
than 4, there appears to be an intermingling of explosions and earth-
quake values. This, of course, is exactly what happened near magni-
tude 5 before careful determination of Mg and mp was achieved, It

is my feeling that the mixing of explesion and earthquake values

below magnitude 4 on Figure 18 may not be indicative of the source
behavior but rather inadequacy of the data, i.e., low signal to noise
ratio on the few records available.

The strong dependence of M. on Rayleigh wave period is demon-
strated on Figure 19, Here are given individual station Mg values as
ohserved in the United States for surface waves of the RUEISON event,
the Mg values at distance of less than 25° being calculated according
to the log A law in the upper right hand ccrner.of the figure, This
law still does not adequately describe the data of RULISON, If the
only data used are data obtained beyond 20", the Mc value for RULISON
at 10 secconds is approximately 4,55, The limited data available
suggested that the Mg value at 20 seconds is 3.8 or lower.

Figure 20 presents curves based on numerous explosions and
illustrates the dependence of Mg on Rayleigh wave period for NTS
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explosions, It appears that for expiosions at NTS there is approxi-
mately 1.1 Mg differential between values computed at 10-12 seccnds
and values computed at 20 seconds. There is approximately .9 Mg
differential between Mg values at 20 seconds and at 50 seconds, We
will return to this figure later to discuss the significance of :
RULISON, LONG SHOT, and MILROW data. The last two figures clearly -
support the statement made earlier that Figure 18 does not constitute
an indication of the optimum Mg versus mp discriminant possible for
United States earthquakes and explosions, It only serves to indicate
the functional relationship of Mg and mp for these events, the measure-
ments being made at 10-12 seconds for explosions because these are
the periods of dominant energ> on the seismograms and because the
characteristics of the crust and upper mantle of the United States

is such as to give small dispersion from 10-20 seconds,

In order to determine if the convergence of Mg:mp values for
explosions and earthquakes at small magnitudes on Figure 18 is due
to low signal-to-noise ratio or due to signal type, one must obtain
data at a signal-to-noise ratio adequate to investigate the former
possibility. Thus, the data of Figure 21 were obtained at such a
range that this condition could be fulfilled to below mp 4. The data
of Figure 21 were obtained at Berkeley on NTS explosions and on earth-
quakes which were at essentially the same distance from Berkeley as
is NTS. Again, measurements were made at the dominant period on the
records, Thus the explosion data were taken at periods of approximately
10 seconds while earthquake data were at long periods. It would seem
that there is no convergence of mean lines for explosion and earth-’
quake data down to magnitude 3 3/4, i,e,, to the limit of the detec-
tion capability e¢f the Berkeley station., It is of interest to note
on this figure that both the earthquakes and collapse events
following NTS explosion have Mg:mp values similar to those of earth-
quakes. This makes it quite clear that the spectral characteristics
of explosions are influenced by the explosion itself and are not
conditioned solely by the depth of explosion,

Figure 22 presents data on Mg versus mp for a few earthquakes
and explosions, the Mg values being computeg based on 20 second surface
waves, It is clear that the discrimination between explosions and .
earthquakes is improved over that in Figure 18, ' !

Another discriminant that has been developed recentlg is to take
the spectral energy ratio of Love and Rayleigh waves to short period
P waves, this quantity being plotted versus mp, Figure 23 presents
a few such data for USSR earthquakes and presumed explosions. As
would be expected from the data of Figure 22, this energy discriminant
. has a 2 order of magnitude discrimination between earthquakes and
presumed explosions. The immediate reason for presenting this figure
at this time is the fact that for events below magnitude 5 1/4 there
appears to be a minimumn value of the energy ratio for earthquakes.
At first presentation of this figure, this behavior seemed anomalous.
However, the interpretation now appears obvious., That is, if for
events of mp less than § 1/2 the ratio of Mg to m, approaches
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one, this spectrum ratio discriminant has a fixed value,

Figure 24 presents similar data for a few U.S. earthquakes and
explosions, Again, the ratio values appear to have the same minimum
value for events of less than m, 5 1/4.

I will now present a few figures based on M¢ (20) values deter-
mined by a single instrument in the Ogdensburg mine and teleseismic
mp values determined by a network of stations. These data will help
to establish the Mg:mp relationship for earthquakes relative to
Mg:mp relationship for explosions and will provide data on the
tgreshold of detection of the Ogdensburg instruments.

On each figure, the events plotted are those either for which
surface waves were observed at Ogdensburg or those on which the high
gain records were available but no signals were detected, Depths of
all events, at least the best estimate of the depths of all events,
are indicated. Open symbols are for events of uninown depth or with
depth of less than 35 kilometers, Closed symbnls are for events of
35 kilometers or greater, this last category being divided into
those events with depths of 35 to 75 kilometeérs and those with deﬁths
of greater than 75 kilometers, Triangles indicate events for whic
no surface waves were detected on the high gain records at Ogdensburg.
The noise level on the Ogdensburg records is generally 2 to 3 milli-
meters. The dashed lines on each figure indicate the equivlant Mg
(20) values at Ogdensburg for events from the indicateg regions.
Signal values plotted between the two dashed lines indicate measured
signals, Triangles plotted within that band indicate events for which
the signal could be asserted to be present but not measurable as to
amplitude., Triangles plotted below the two millimeter line indicate
events for which no surface waves were detected at Ogdensburg. The
line labeled NTS is the Mg(20) versus mp curve for NTS explosions as
observed in Eastern United States.

Figure 25 is for events on the Mid-Atlantic Ridge of the North
Atlantic. These data extend to and below mp 4 and indicate parallelism
of the Mg:mp curves for explosions and earthquakes (and thus a 1:1
ratio of Mg and mp changes for events of my < § 1/2).

Figure 26 is for earthquakes of Central America. Data extends
in this case to and below magnitude 4. -

Figure 27 is for earthquakes in Mexico and Guatemala. Data again
extend to below my 4 and parallelism is indicated,

Figure 28 is for Peru and suggests parallelism,

Figure 29 presents data taken from a series of slides of the
type just presented. It indicates the mp threshold for high prob-
ability of detection of surface waves o? shallow focus earthquakes
from numerous areas by visual inspection of Ogdensburg's records.
The last column indicates the db gain required over that of visual
inspection to attain a high probability of detection for surface
waves of mp 4 carthquakes. The tabulation suggests that a 10 db gain
over that attained by visual inspection of the Ogdensburg records
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suffice for detection of surface waves of m, 4 earthquakes at epi-
central distances of several thousand kilometers,

The data just presented suggest that the Mg:my relationship for
small magnitude earthquakes has a slope of approximately 1.0, i.e.,
it is Karallel to that of explosions. In addition, these data suggest
that the discriminating power of the standard long period discrimi-
nants is probably as great at magnitude 4 as at magnitude 5.

Another point to be briefly discussed is the spectral amplitude
functions of the surface waves of earthquakes and explosions.

Figure 30 presents vertical component velocity spectral data for
4 NTS explosions. All four explosions were on Pahute Mesa. The great
degree of similarity of these 4 spectra is quite remarkable.

Figure 31 presents similar data for BENHAM and for the BENHAM
collapse, The magor and important point to be recognized on this
figure is that the spectral density for BENHAM is controlled in
large part by the explosion and not entirely by the depth of focus.
If depth of focus were the sole controlling parameter the spectrunm
of BENHAM collapse would be essentially identical to that of BENHAM
itself. This is obviously not the case, the collapse having much
more long period energy. The character and exﬁlanation of BENHAM data
must be sought in the explosion phenomenon. The data do suggest that
a characteristic of explosions, at lgast NTS explosions, is a high
ratio of short period surface wave energy to long period energy.

Figure 32 presents data obtained at Ogdensburg on the spectrum
amplitudes of NTS explosions and other explosions. It seems that
for NTS explosions there is several fold decrease in amplitude between
the 20 and 50 seconds waves. There is a full 10-fold decrease in
amplitude between 20 and 50 seconds. The one event studied from
Semipalatinsk shows only a two-fold decrease in amplitude between 20
and 44 seconds.

Figures 33 and 34 present relative amplitude versus period data
for numerous earthquakes at various distances as observed at
Ogdensburg. The data are grouped by epicentral distance and the
data for all events are normalized to 20 second amplitude. The
increase in distance is correlated with an increase in the mp values,
The ratio of 50 to 20 seconds amplitude is highly variable from
earthquake to earthquake on these figures, The mean value of the
20-50 second ratio is approximately two, i.e., distinctly less
than for NTS explosions., in addition, it can be seen that the 20-50
second ratio does not appear distance dependent but rather independent
of distance, thus implying independence of the 20-50 second ratio
of my values, :

Figure 35 presents data on the amplitude of 100 second Rayleigh
waves versus Mg values based on 20 second Rayleigh waves. The figure
indicates that the ratio of 20 second to 100 second surface waves
for earthquakes is essentially independent of magnitude from Mg 5 to
Mg 9. The data suggest that discrimination between earthquakes and



explosions may be distinctly .improved by basing the surface wave
measurments on periods of 40 seconds or greater. A specific example
of this contrast in signal type is presented in Figure 36. This
fipurc presents amplitude ratio of Rayleigh wave spectra from
GASBUGGY and a nearby earthaquake of comparable mp magnitude. The
amplitude ratic of 10 seconz Rayleigh wavzs of the earthquake and
explosion in approximately 1, while the equivalent ratio for waves
of 50 second period is 20 or greater. '

Figures 37, 38, and 39 present somewhat more detailed data than
were presented on Figures 33 and 34, On Figure 37 are data for
Aleutian events only, In this case. the data are not normalized to
20 seconds. The long dash lines indicate the Mg versus mp relation-
ship if amplitudes of ground motion are the same for all periods.
The lines of short dashes indicate approximate threshold of measure-
ment of surface waves at Ogdensburg for earthquakes from the Aleutians.
These data suggest that for events from the Aleutian Islands. the
20 - 50 second ratio is approximately 2 with individual events
showing high variability from this value. The shape of the spectral
amplitude curve does not appear to be magnitude dependent,

Figure 38 presents similar data for events from Mexico and
Guatemala. In this case the data extends to smaller magnitudes than
do the Aleutian data, Similarity in shape of the spectral ampiitude
curve ‘or small and large magnitudes is observed. For these events
the me=n value of the 20-50 second ratio is approximately 1. For data
obtained at Ogdensburg, nearly all events for which 30 seconds was
observed had measurable 40 second waves., Visual inspection of the
records did not allow as frequent measurement of 50 second waves,
Whether this is real aspect of the surface waves (doubtful) or ' ]
whether it is an aspect of either dispersion or noise level was not
determined at the time of the measurements.

Figure 39 presents similar data for events of the Kurils. On
thi- fliasure the data of the several events are coded according to

the -7 e depth of focus symbols used on earlier figures. It seems that
fco zvents with depths of 35 km or greater, the 20-50 second ratio is
m.. <1y less than the average for events having depth of less than

35 kilometers, Reference to the M.(20) data of Kuril Islands (data

not presented) indicates that tho§e having high 20-50 second ratios

on Figure .39 are those events having extremely high Mg(20) values,
i.e., the shallow focus eveats. The reason for these very high 20-50
second ratio for shallow focus events may reside in the type of
faulting associated with Kuril earthquakes or possibly in high gener-
ation of first higher mode Rayleigh waves. The data presented do
suggest that proper use of broad band long period di:ta should increase
discrimination capability between earthquakes and explosions. The {
data presented suggest tzat detection of 40 second waves at (Ogdensburg

is comparable to that for 20 second waves., If this be so, several
advantages accrue, one being that propagating microseismic noise at
40 scconds is essentially non-existent or at least bélow present
detcction levels., If sites can be found and occupied which have very
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low non-propagating atmospheric-induced noise, detection capability
of 40 second Rayleigh waves should be distinctly better than that
of 20 sccond surface waves.

Finally, I would like to make a suggestion as to the cxplanation
of the observed regional dependence of Mg:mp relationship.

In a recent paper (Evernden, 1970) it was pointed out that P
amplitudes in Eastern United States (EUS) are, on the regional
average, three times as high as in the Western United States (WUS).
In another soon-to-be-published paper, (Evernden and Clark, Part II)
details of this phenomenon are presented, It is shown that there
exists a direct correlation between the l-cycle noise level and the
amplitude ¢f P teleseismic signals, If consideration is limited to
granite or eﬂuivalent sites, there is a linear relation between log
amplitude and log noise level such that a tenfold change in noise
level implies on the average a 2 1/2-fold change in P amplitude
(Figure 40 of this gaper). Available data indicate that a greater
than 4-fold change in P amplitude can occur as a correlate of a
10-fold change in amplitude of normal l-cycle noise (note on Figure
40 the high signal levels on both granite and sediments in the North
Dakata-Ontario area). In the papers cited above, it was shown that
the amplitude of P waves generated by SALMON (exploded in Mississippi)
and GNOME (exploded in New Mexicu) become more consistent with data
for explosions at Nevada Test Site (NTS) when interpreted on the basis
of the regional variation of P amplitude established by use of earth-
ﬂuake data, The suggestion made was that this P amplitude change is

ue to dissipation in the upper mantle or lower crust and thus should
effect equally both down-going and upgoing P waves,

In Evernden, 1970, the reiation between yield and magnitude
(mp) fur NTS explosions was presented, the magnitudes being determined
by use of data or by calibration against data obtained at stations
at teleseismic distances from NTS in Eastern United States. It was
there shown that 40 kiloton (RULISON yield) explosions in hard rock
(granite or welded tuff or "equivalent") or water-saturated rock would
if exploded at NTS generate P-wave signals of approximately magnitude
5.3. .

Figure 41 is based upon the data of numerous NTS explosions, It
presents the rolation between mp values, Mg values, and periods of
surface waves used for the Mg measurement. The evidence of Rayleigh
wave amplitude being a strong function of Rayleigh wave geriod for
explosions is obvious, the dependence of Mc upon period being much
. greater than explainable by the period dif§erence itself,

On the same figure are plotted Mg values for RULISON, At all
periods, the RULISON Mg:mj print plot above the NTS line, implying
either a low m, value or Righ Mg values for RULISON, On the same
figure are data points for LONG SHOT and MILROW, the two explocions
on Amchitka. For these, the M.:my points are below the NTS values,
implying either high my vaiue§ or low Mg values relative to NTS
explosions,

-10-



Note on Figure 41 that the observed myp values for RULISON (approxi-
mately 5.0 as observed in EUS) is distinct?y below that predicted by
NTS explosions as observed in EUS while the average magnitude of LONG
SHOT (6.05) and MILROW (6.6) as observed at calibrated stations in the
EUS and WUS are distinctly greater than predicted from NTS data.
(These magnitudes for LONG SHOT and MILROW are distinctly above the
world-wide average mp values), If, for all three events, one uses
observed Mg values and calculates gredicted mp values from NTS versus
yield data, the resultant points plot on Figure 2 very near the mean
NTS Mﬁ versus mp curves, This suggests that the obsérvational data

for these three events are characterized by abnormal mp values, not
abnormal Mg values (relative to NTS explosions).

As was shown .in Evernden and Clark (op. cit), noise levels in
Nevada on hard rock are around 5 myu, becomgng as high as 10 mpy at

some stations while noise levels in Colorado and Idaho can be as low

as 1 - 1-5 mu, The station at Durango, Colorado had the lowest mean

P wave signal amplitude of all stations studied. Figure 1 would
suggest that a ,25 magnitude divergence between NTS and Colorado
explosions would be expected as a correlate of their differing noise
levels and locations., A .25 magnitude increase in the observed RULISON
mp magnitude makes RULISON Mg:my data consistent with NTS data.

Though NTS noise levels and P amplitudes are high relative to
Colorado, they are low relative to stations in EUS, If the correlation
between mantle/crustal characteristics affecting P amplitude are
tectonically related as suggested earlier, they probably should be
correlated with meon elevation. Therefore, it would not be surprising
if P waves or explosions in Amchitka suffered less attenuation in the
crust or upper muntle of that region than do signals of NTS explosions.
The high mp values of LONG SHOT and MILROW may then be explained on
the same fundamental basis as ihe low mp values for RULISON,

Another important feature »f the yield versus mp and Mg versus my
data remains to be noted. I'igur2 42 presents the yie?d versus magni-
tude (mp) curve for explosions in "hard-rock" as observed in EUS

from events occurring at NTS, If the curve is considered as more
probably a curved line rather than two intersecting straight lines,

the dashed segment of the curve would be considered as more nearly
correct, It is obvious that the yield versus my curve is strongly
curved in the region of 40 - 200 kt (i.e., my 5 - § 3/4). On Figure

41 was presented the M (20 sec) versus m, curve for NTS explosions,
the curve being strong?y curved in the region my § - § 3/4. In fact,

if these two curves, yield versus mp and Mg versus my, are super-
imposed and properly scaled (1 Mg unit equals 1 unit change in log
yield), it will be observed that the two curves are of identical shape.
The curvature of the yield versus mp curve then must be expressive of
the same factor as is the curvature of the Mc versus mp curve and is
probably thc result of the differing spectra§ density characteristics
of large and small explosions. Unfortunately, one of us missed a vital
reference in this regard when writing the note cited about (Everden,
1970). N, Haskell (Haskell, 1967), by use of Werth's reduced

-11-
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displacement potentials, developed a theory predicting the spectral
density contrasts of large and small explosions in hard rock, If

his theory is converted into a predicted log amplitude (at 1 sec)
versus yield curve which is then normalized to the NTS curve at 10 kt,
the result is the series of squares on Figure 42, It is obvious that
Haskell essentially exactly predicted the observations, the critical
observations actually being obtained subsequent to publication of
his paper, Thus, it seems that the curvature of the hard rock observed
yield versus mp curve is explained as a spectral density phenomenon
and its exact shape results from the band pass used for short period
instruments,

The similarity in shape of the Mg versus my, and yield versus m
curves means, of course, that the log yield ver?us Mg curve is near?y
a straight line at all yields and Mg values yet observed., Figure 43
is a demonstration of the fact that this is indeed true. Note
particularly on this figure that, whereas on the NTS yield versus my
figure (Figure 42) RULISON had an mp value below that predicted for
NTS while LONG SHOT and MILROW had mp values above those predicted
by use of the NTS curve, on Figure 4 all of these explosions plot
within the statistical scatter of the NTS data. Thus the figure
confirms that the regional dependence of Mg versus m, is a result
of perturbation of the mg value, not the Mg value, Thus, the hard
rock curve of Figure 43 is nearly a universal curve applicable to ¢ '}
regions, It is true that much of the reduced displacement potentiai
curve used by Haskell has an assumed shape, particularly at long
periods, It might be appropriate to state that Figure 43 demonstrates
that the short period portion of the_sgectral density curves of small
and large explosions are as predicted by Haskell though it does not
demonstrate the detailed shape used by Haskell is correct at all
periods (i.e., behavior of spectral density curve for Keriods of
greater than 2 or 3 seconds is not established, only the behavior of
ﬁhekrat§o of amplitudes at 1 and 20 seconds is as predicted by
askell), .

Some of the scatter of Figure 43 may result from the fact that
the mean Beriod of Mg measurement for all events were scaling was
required based on Figure 41 was not at 10-12 seconds., However, the
assumption that all observations were at 10-12 seconds (as most of
them certainly were) is sufficient to prove the point addressed.

The arguments above suggest that yield is better determined by
surface waves than by body waves, i.e,, regional factors influencing
P wave amplitude have iess effect on 20 second Rayleigh waves and
the greater slope of the Mg versus yield curve at high yields makes
yield estimates less sensitive to an error in Mg values than to an
error in mp value, At yields of greater than 106 kt, an 0.3 error in
mp means greater than a three-fold error in yield determination while
an equivalent error in the Mg determination means only a two-fold
error in yield determination. Systematic differences in m¥ induced
by local factors can lead to errors in yield estimate of factors of
5 or greater if the NTS mp versus yi2ld curve is directly used.

-12-



Also, statistical scatter of M, values is generslly less than for
my, values., The application of %he NTS yield versus mp curve to
ogher regions at small magnitude (i.e., at magnitudes below those
for which surface waves are measurable at teleseismic distances) is
possible subsequent to an explosisn large enough to generate detect-
able surface waves. The NTS yield versus mj curve can be normalized
to this new region by establishing the yield versus my correlation
at high yields, the universal yield versus Mg curve having given
the yield while observations have given the my. The shape of the
yield versus mp curve is medium-controlled and should Le the same
from region to region. Thus, after calibration on the basis of a
large explosion, valid estimates of yields of small events by use
of yield versus mp is possible,
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THEORETICAL Ms - m}, RELATION FOR SMALL MAGNITUDES
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This brief report is concerned with the minimum nagnitnde for
which the Mg-mp criterion for distinguishing explosions from carth-
quakes may apply. If we take Haskell's formmla on the reducced
potential (llaskell, 1607) as the model of an explosion, and the
w ~squarc model as that of an average carthqunake (Aki, 1967}, we
must conclude that such a minimum exists and the Mg - my, criterion
is not applicable to cvents with Mg smaller than 3 as long as Mg is
defined for period of 29 scconds and my is measured from telesceismic
P waves with spectrum pcaked around 1 second,

The scaling law of seismic spectrum based upon the w -sqnare
model implies the assumptionofsimilarity between large and small
earthquakes. This assumption rcceived objections from several anthors.,
Thereforc, I shall first review some of the criticisms on the
w -squarc model,

First, lct us look at thc relation between Mg and fanlt length L.,
Figurc 1 is reproduced from Chinnery (1969) with additional theo-
retical curves for the w -square model and another one by Otsuka
which is based upon an argument esscntially the same as Press's (1955).
As shown in the figurc, the w -square model cxplains satisfactorily
the data of Tocher and lida. The bending of the curve for the
w -square model is due to the inefficicncy of Mg to mcasure the carth-
quake size for large events, Bccause of the scaling law as shown in
Figure 2, the spacing betwecen the spectral amplitude curves at long
periods (whxch is proprotional to the product of fault length, width
and dislocation) become increasingly larger for Mg > 6 for a unit
increment in Mg. It is not necessuaiy to invokc a violation of simi-
larity, such as relatively thinncr shape for larger carthquakes
implied in Press and Otsuka's models, in order to explain the data
of Tocher and Iida, Furthcrmore, unusually long carthquakes with
small magnitudes have been discovered. Examples are the Parkfield
earthquake and the Imperial carthquake (Aki, 1970, Brune and Allen
1967). They are, however, exccptional in their own groups. I belicve
that thc shape of fault plane for an averagc earthquake does not
vary systematically with the earthquake sizc.

The data shown in Figure 1 includes the Parkfield earthquake and
the Imperial earthquake. Except. for these two, I do not belicve that the
data for small events (M < 6) are reliablc, These data are from
Wyss and Brune (1968), and their epicentcrs arc shown in Figure 3.
The evidences used by them for dctermining fault lcngth are the
offsct observed on thc surface which appecarcd to be associated with
the carthquake. For example, they detected a small offset across
highway 46 aftcr the shock N° 2, and concluded that the fault length
must bc at least as long as 30 km which is the distance between the
epicenter and highway 46, Two of these shocks arc recorded at
Berkeley and included in an analysis by Filson and McEvilly (1967).

Figurc 4 shows a comparison of the Love wave spectra from the
main shock and several aftcrshocks, The mainshock, which was unusually
long and thin as mentioned before, shows spectral nulls at points
expected from the rupture velocity and fault length directly observed
in the cpicentral region. llovever, none of the aftershocks show such
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nulls., For cxample, the curve designated as 5.0 corresponds to the
shock N°® 2 of Wyss and Brune, If their conclusion is correct, this
shock must have generated the scismic waves with spectral nulls
ncarly at the same points as the mainshock. But thcre are no such
nulls, except at about 7 scconds, which I suspect is duc to the path
cffect because it shows up independent of magnitudes. Therefore,

we must conclude that, at least for shock N° 2, their fault length
is not associated with the seismic wave generation. The length of
faulting which was responsible for Lovc wave generation must have
bcen shorter than 30 km.

Since a similar technique was used for determining fault lengths
of other carthquakes, I suspect that the data of Wyss and Brune given
in Figurc 'l may not be reliable, except for the Parkfield main - shock
and the Imperial earthquake. Since these two are known to have an excep-
tionally long, thin fault shape, 1 regard the departure of these two
from the theoretical curve for w -square model as acceptable.

Once we accept the w -square model, both 1 and 20 seconds periods
lic on the flat portion of spectra for Mg < 2, as shown in Figure 2.
In other words, an carthquake with Mg < 3 lcoks like a point source
with dislocation varying as step -- function for these periods. For
the same magnitude and frequency range, llaskell's scaling law for
explosion predicts that an explosion will look like a point source
with pressurc varying as step -- function, We normalized an earthquake
to an explosion in such a way that the maximum amplitude of P waves
from the earthquake became equal to the P wave amplitude from explo-
sion at the samrc distance when both sources are placed in an infinite,
homogencous, isotropic, elastic body. Then we put these two sources
in a layered earth-model at various depths, and compared the excitation
of Rayleigh waves at the period of 20 seconds. The result is shown in
the report by Tsai and Aki in this conference. The Rayleigh wave
amplitude fromn earthquakes scatter around that of an explosion placed
at a very skallow depth,

The range of variability is optimistically estimated as *+ 0.5 Ms
unit, From this, we must conclude that if an ecarthquake is a point
source with dislocation varying as step - function, and if an explo-
sion is a point source with pressure varying as step -- function,
then we cannot discriminate them on the basis of Mg - mp, criterion.,
Therefore, if the w -square model and llaskell model apply to earth-
quakes and cxplosions respectively, we cannot use this discriminant
for Mg < 2, Because of the variability of + 0.5 Mg unit, the discrimi-
nation should not be reliable at Mg = 3. For Mg .> 3, the effect of
source size appears on earthquake spectra and will be separated from
explosions by the Mg - mp criterion,

The above conclusion is derived assuming that Mg is proportional
to surface wave excitation at the period 20 seconds, and mj, is propor-
tional to body wave excitation at about 1 second. We can lower the
limiting magnitude by redefining Mg and my at shorter periods.
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THEORY OF SEISMIC SOURCLES

Introduction

In this secssion, we shall discuss mathematical models of scismic
sources rclevant to the identification problem., The identi