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Abstract

Earthquakes on land in Scandinavia are shown to typically have emergent P-wave signals in the
distance range 1.5 to 15 degrees and in the frequency range 2-10 Hz at the single center elements
of one or more of the arrays ARCESS, NORESS, and FINESS; while explosions show impulsive
signals. For reasons similar to teleseismic complexity, the causes for this discriminant involve
earthquake P-wave nulls, and sP for the deeper earthquakes. The S-converted phases, including
sP, are more prominent at regional than at teleseismic distances because of the greater S to P con-
version resulting from the greater angles of incidence on the approximately horizontal interfaces.
Where there are P wave nulls there is an emergent P wave deriving from S to P conversions. It
appears that such an emergent signal can arise only by scattering in 2D or 3D heterogeneities and,
for vertical faults, along the fault strike, only by conversion of transverse S to vertical or radial P.
The discriminant seems to be more robust at regional than at teleseismic distances. This may be
because at high frequencies (2-5 Hz) at regional distances there are multiple paths along which
the P wave may arrive in the first five seconds of the signal. Even if one of these paths is defo-
cussed so that the amplitude is low, the other paths may not be defocussed. As a result, as com-
pared to a 1 Hz teleseismic explosion signal, it may be less likely that a high-frequency regional
signal will appear emergent due to heterogeneity in the earth. The discriminant may also be more
robust because there can be more S to P conversions at many high-wavenumber heterogeneities
which scatter only weakly at lower frequencies. The discriminant also appears to work well for
several other regions.



Introduction

Teleseismic Complexity

From the earliest days of attempts to discriminate between the seismic recordings of earthquakes
and explosions it has been thought that earthquake seismograms would be more complex than
those of explosions and, to this day, some analysts assert that by use of human pattern recognition
capabilities they are able to distinguish between the two source types, using the general concept of
complexity, when presented with comprehensive sets of network teleseismic seismograms.

The earthquake has been expected to be a source more extended in space, and it has been expected
that there could be multiple events. In addition, it was anticipated that the earthquakes would be
deeper than the explosions so that the surface-reflected depth phases, pP and sP, would compli-
cate the P coda, and that some stations might see the P-wave null, thus inevitably leading to an
emergent seismogram.

It was recognized early-on that, at teleseismic distances, a shallow, 450 dip-slip thrust earthquake
mechanism could look like an explosion source from the point of view of complexity and first
motion since the P wave compressional first motion would be directed to teleseismic distances
and the surface reflected phases would follow too quickly after the initial phase to be easily distin-
guished. In addition, there would be no S to P converted phases from interfaces below the epicen-
ter because an S wave null would be directed to teleseismic distances.

It was expected, however, that only an earthquake could create a complex waveform, so that most
earthquakes could be identified, if observed at a well-distributed network, by searching the net-
work for one or more complex waveforms. If no complex waveforms were found the event would
be classified as undetermined since the possibility would remain that it was one of the 450 dip-slip
events discussed above.

Since explosions would have a short time duration, be shallow, and emit no S waves, it was antic-
ipated that they would be simple so long as array beams were used to suppress waves scattered
near the receiver, such scattering can greatly increase the complexity of signals, see, e.g., Key
(1968) and Gupta and Wagner (1992). Since an earthquake could be simple, an explosion would
have to be placed in the undecided category as far as complexity was concerned, but at least it
would not be identified as an earthquake and, if in an area of interest, could be investigated with
other discriminants such as Ms:mb. Existence of a complex explosion signal would clearly, how-
ever, very much weaken the applicability of the discriminant.

Early observations seemed to bear out this approach. Most of the publications in the field have
been by United Kingdom researchers, beginning with Thirlaway (1963, 1966), Carpenter (1963),
and UKAEA (1965).

However, in September 1964 a seismogram was recorded at YKA in Canada from a nuclear test at
Novaya Zemlya.in which the coda following the initial P wave was comparable in amplitude to
the P wave itself, see for example, Marshall (1972). This seismogram required explanation since
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without a satisfactory approach to this problem the explosion might be identified as an
earthquake.

Subsequent publications by Douglas and co-workers, Douglas (1967, 1981), Douglas et. al.
(1971, 1974, 1981, 1990) developed the ideas that this and other complex explosion seismograms
resulted from a weak initial P. Their preferred explanation for this weak P wave is that the initial
P ray passes through a relatively small volume of low Q material, thus lowering its frequency and
amplitude, so that subsequent scattered phases appeared large and high-frequency by comparison.
These authors also have noted that for complex signals from explosions the station mb values are
small. However, since this could be due to a P wave null if the event had been an earthquake it
has not seemed reasonable to restrict complexity analysis to those stations with high mb values.

In the same series of publications these authors discussed how the same mechanism could gener-
ate both complex and simple seismograms from an earthquake (e.g., 450dip-slip) which would
otherwise have only simple teleseismic signals. In Douglas et. al. (1990, 1992), the larger coda
phases are identified as S to P conversions at interfaces below the epicenter such as the Moho or a
descending plate. An explanation for the P-coda from explosions is that it is comprised of Ray-
leigh to P scattering near the source, e.g., Greenfield (1971), Gupta and Wagner (1992).

If the emergent earthquake teleseismic coda is comprised of pP and of S to P conversions at rela-
tively sharp interfaces, while the emergent explosion coda are comprised of Rayleigh to P conver-
sion, it is possible that the coda in emergent explosion signals will have more of a "rolling"
character which can be distinguished from the "impulsive" coda of the emergent earthquake. This
may account for the apparent ability of analysts to use teleseismic complexity for discrimination
even in the cases where explosions exhibit complex signals at some stations.

A competing possible explanation for the existence of weak, low-frequency initial P for some
explosion signals is that the initial ray is defocused by a structure relatively near the source such
as that discussed by McLaughlin et. al. (1992). In an earlier publication, McLaughlin and
Anderson (1987) showed both theoretically and empirically that scattering preferentially delays
high frequencies; Fisk and McCartor (1991) and Fisk et. al. (1992) showed the same effects using
phase screen techniques on vector elastic waves. Thus the initial wave may be both weak and low
frequency even in the absence of low-Q material.

In this case, to result in a complex signal, the direct P would have to be defocused while the later
phases were not similarly affected. This difficulty was also recognized by Douglas and col-
leagues and could be the case in the geometry discussed by McLaughlin et. al. (1992). One
important point to consider is that while P and pP from an earthquake 10 km deep may have suf-
ficiently different paths near the source to be differently focused, two explosions one or two kilo-
meters apart, which might be used to simulate an earthquake P and pP in an evasion attempt,
would in most cases not have such different paths. However, for a possible counterexample see
the events in the Northeast corner of Shagan discussed by Barker and Murphy (1992).

Another mechanism which can alter the amplitude relationship between P and pP and sP is a
Doppler effect associated with the direction of fault plane rupture, as discussed by Douglas et. al.
(1990). They discuss the E. Kazakhstan event of 25 September 1979. There may be similar prob-
lems with the 20 March 1976 event discussed by Pooley et. al. (1983).
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If the Doppler shift increases the frequency of P but decreases the frequency of the pP and sP sig-
nals so that the response to the latter in the short-period passband is small, an earthquake may
look like a simple explosion (as do 450 dip-slip events seen only at teleseismic distances, see, e.g.,
Cullen and Douglas (1975)). While Doppler effects may be a problem for events in the magni-
tude range 5-6, it may not be a problem for smaller events with higher corner frequencies.

Whatever the cause of the weakening of the first arriving P wave, the possibility of this (or the
weakening or strengthening of a later pP or sP arrival) occurring strikes at the heart of the
approach to discrimination outlined by Pearce (1977, 1980), Pooley et. al. (1983), McLaughlin et.
al. (1983), and Pearce et. al. (1988). In these papers it is implicitly or explicitly hypothesized that
if no double couple mechanism can fit the array of relative amplitudes of P, pP, and sP, then the
event is likely to be an explosion.

Despite the unfortunate implication that this promising discrimination method would be unreli-
able, it nonetheless seems that the perception of strikingly different relative amplitudes and/or
polarities for P, pP, and sP as examined over a focal sphere, even if not strictly consistent with a
double couple mechanism, is good evidence for a definite conclusion that the event is an earth-
quake, and perhaps means may yet be determined to formalize such a decision process. An initial
study along these lines was performed by Smart and McLaughlin (1985), see also Douglas et. al.
(1992), who attempted to develop a systematic method to detect differences in P wave polarity
with respect to pP or other P waves. As discussed above, a large variation in relative amplitudes
could likely not be attained by a shot array.

In addition to the work cited above, studies which have restricted themselves to a single array,
e.g., LASA or NORSAR, and to a basically statistical approach have found that a time-series type
of definition of complexity serves as a useful discriminant between earthquakes and explosions,
especially in combination with the observed deficit of explosion energy below 1 Hz as compared
to the energy near 1 Hz, (note not an excess of energy above 1 Hz) see, for example, Shumway
and Blandford (1974) and Tsvang et. al. (1993). However, these authors have not attempted to
explain the failures of the complexity method in physical terms such as earthquake mechanisms
or defocused P waves from explosions.

Regional Complexity

It does not seem that complexity, per se, has been previously suggested as a discriminant for
regional phases. It seems likely that most workers in the field have felt that scattering would be so
severe that all events would be complex. This would certainly be a reasonable supposition given,
for example, the results of Gupta and Blandford (1983) and Fisk and McCartor (1991), in which it
is suggested that the observed heterogeneity in the earth is sufficient to equilibrate the energy
between the two shear modes in a distance of a few hundred wavelengths.

It would also be a reasonable assumption if one considered that the P9 or Lg phases are generally
regarded as being made up of many individual rays and would thus would be "complex" if gener-
ated by either an explosion or earthquake.
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However, several authors have felt that discriminants might be found via a detailed examination
of the regional Pn which, in simple structures, can be analyzed with only a few rays. For example,
Barker (1991) shows that after Pn an earthquake shows the phases PPn, sPn, and SIn quite
prominently. All of these phases would not appear in the coda of a shallow explosion, and their
absence should result in a simpler Pn-Pn-coda signal for explosions than for earthquakes. Saikia
and Burdick (1991) have performed similar calculations.

One might also hope that at high frequencies for regional distances in complex structures the
actual Pn arrival would be made up of several rays along many paths so that the defocussing of a
single path from an explosion would not result in an emergent signal, as it apparently does for
some paths at teleseismic distances.

The SPn phase is, of course, converted at the Moho and sPn at the free surface, and should there
be other interfaces in the crust, additional complexity could result. The higher the frequency the
more the conversions if there are high wavenumber heterogeneities in the crust; so that one might
expect that extensive S wave scattering would result in much more complex, or even emergent
signals at regional distances for shallow earthquakes as compared to explosions. At teleseismic
distances the effects might not be so great, even for high frequencies, because, as pointed out by
Pearce (1980), S to P conversion is very weak at small incidence angles; it is only for regional dis-
tances that the S waves impinge upon the predominantly horizontal heterogeneities at substantial
angles. Thus, for these reasons, we might actually expect complexity to work better for Pn at
regional distances than for P at teleseismic distances.

5



Data Selection

The best source of high-frequency regional data available today is that from the arrays NORESS,
ARCESS, and FINESS in Scandinavia. Figure 1 shows the locations of these arrays together with
the locations of the explosions and earthquakes examined for discrimination.

Table 1 shows the explosions selected and Table 2 the earthquakes.

Table 1: Explosions

Latitude Longitude mo/day/year julian day origin time local
magnitude

61.4333 34.9744 01/05/91 005 14:19:45.7 2.34

58.7722 10.3969 03/05/91 064 12:42:35.6 2.36

69.2327 34.3002 03/23/91 082 14:14:13.1 2.85

61.8100 30.6573 04/13/91 103 11:52:34.4 2.60

67.6445 33.8702 04/26/91 116 09:34:53.1 2.95

67.6181 30.6171 08/03/91 215 11:18:01.6 2.13

67.0742 20.9543 09/05/91 248 15:30:39.7 2.32

59.4760 24.1442 12/10/91 344 09:14:59.6 2.59

69.3599 30.7596 12/29/91 363 14:06:36.0 2.96

64.6750 30.7476 03/25/92 085 10:00:08.6 2.94

59.3855 27.3022 05/11/92 132 11:26:58.8 2.64

The events were selected with consideration for having sufficient S/N at single elements so that all
phases could be clearly seen on all components of a single instrument at the most distant station in
order to obtain the clearest picture of the true relationships between phases without extensive
beamforming.

This required accepting only the largest events. Because the analysis in this report is of the nature
of a survey, only one event from each major quarry was selected for analysis, although compari-
sons were -iade using the data cited in the study of Riviere-Barbier and Grant (1992) to ensure
that the general character of each selected event was typical of those from the same quarry. We
may remark that inspection of the plots in Riviere-Barbier and Grant shows that the general char-
acter of the complexity of the explosion Pn waveforms is quite reliably different from the com-
plexity of the earthquake P. waveforms which we shall examine below.
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In addition, the explosions were selected with a view to distributing them about Scandinavia as

uniformly as possible in order to minimize any bias due to source area.

Table 2: Earthquakes

Latitude Longitude mo/day/year julian day origin time local
magnitude

65.4978 22.8995 06/06/91 157 12:46:11.5 3.22

65.7122 32.0997 08/24/91 236 10:56:28.5 3.18

64.5198 21.3412 09/23/91 266 19:20:28.3 3.15

67.8151 15.0871 01/04/92 004 06:00:51.7 3.60

59.2399 10.8856 02/19/92 050 06:39:32.9 3.26

51.3740 6.1325 04/13/92 104 01:20.'05.0 4.40

59.4524 5.8739 04/14/92 105 13:10:07.3 3.38

66.8591 13.7072 05/18/92 139 13:47:01.8 2.74

As seen in Figure 1, in selecting the earthquakes, in addition to looking for large events well dis-
tributed over Scandinavia, a requirement was imposed that the event epicenter be on, or very
close to, land. This is not a simple requirement to meet since the large majority of events occur in
the Atlantic west of Norway and, as a result, the earthquakes in most Scandinavian discrimination
data bases, e.g., Dysart and Pulli (1990), Sereno et. al. (1992), consist predominantly of oceanic
earthquakes.

An event in the ocean is very unlikely to be a clandestine nuclear explosion and, in addition, it is
plausible that its seismic signature could have distinctive features different from those occurring
for earthquakes on land but which might come to be relied upon as a discrimination feature. For
example, it is well established in the teleseismic literature, e.g., Pearce (1981), that reverberations
in the low-velocity water layer can greatly complicate the P signal. It is, therefore, very plausible
that such events would be much more complex in their Pn signals than land earthquakes and
thereby make the complexity criterion look too good. It is possible also, of course, that other dis-
criminants based on Lg frequency and on Lg to P amplitude ratios, as discussed, for example, by
Dysart and Pulli (1990), might also be biased by the water layer, such effects should be looked for
both empirically and theoretically.

Also, by requiring that the earthquakes epicenters be on land, it is ensured that the source-receiver
paths for the two source types have much in common and that one can be more certain that differ-
ences in discrimination are not simply path effects. In Figure 1 we see that there are many pairs of
different source types whose source-station paths are quite close to each other.
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Care was taken by means of consulting the Helsinki bulletins, researchers in Scandinavia, and by
examining the temporal patterns of testing of quarries near events of interest, to ensure that the
events were in fact identified correctly as explosions or earthquakes.

Note that the magnitudes of the earthquakes in Table 2 are generally greater than the explosion
magnitudes in Table 1. This reflects the fact that in Scandinavia there are very few explosions
with magnitude greater than 2.5 (1 kt decoupled) except from a very few quarries. Thus the pre-
dominant practical discrimination problem in areas like Scandinavia will be to determine that
earthquakes not near quarries are not explosions; most of the ambiguous explosions will be below
the magnitude threshold of interest and hence need not be discriminated. If in a test-ban on-site
inspection is negotiated for the few quarries at which blasts with. magnitudes greater than 2.5 are
detonated, then the problem of distinguishing between quarry blasts and nuclear blasts may not be
severe.

Tables 3 and 4, below, give the distance and radial azimuth at the station for the events in TabiAs 1
and 2, respectively.

Table 3: Explosion-Station Distance/Radial Azimuth at Station (degrees)

mo/day/year julian day ARAO FlAl NRAO

01/05/91 005 09.0/329 04.2/266 11.3/256
low S/N

03/05/91 064 12.6/038 08.3/078 02.1/016
low S/N low S/N

03/23/91 082 03.1/271 08.5/200 12.7/218

04/13/91 103 08.0/342 02.1/258 09.2/255

04/26/91 116 03.6/297 070/204 11.9/224
mixed S.

08/03/91 215 02.7/318 06.5/195 10.7/222

09/05/91 248 03.0/036 06.0/160 07.5/209

12/10/91 344 10.1/003 02.2/026 06.4/275
mixed S

12/29/91 363 01.8/272 08.1/191 11.7/214

03/25/92 085 05.3/334 03.8/211 09.6/237

05/11/92 132 10.3/354 02.2/343 08.0/272

The signals indicated above to have low S/N have not been subsequently plotted in this study.
The events with signals which are mixed with those from other events can be used for some pur-
poses, e.g., for P. analysis if the event of interest arrives before the mixing event.
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For the 4.4 magnitude 04/13/92 earthquake in Belgium the recording at ARAO is not plotted in the
profiles in this report because it is at a greater distance (20.4 degrees) than is usually regarded as
regional and is also at much greater distances than all other waveforms treated. For example,
there are no explosion waveforms observed at those distances for single components because a
larger magnitude than is available would be required for sufficient S/N. It is, however, of interest
to note that, even though 04/13/92 is an earthquake, its Pn arrival at ARAO is one of the most
impulsive, in agreement with the argument given above that earthquakes may seem more impul-
sive at teleseismic distances than at regional distances due to the decrease in S to P conversion for
steeper incidence angles.

For unknown reasons data was not available for 08/24/91 at NRAO or for 02/19/92 at FIA1.

Table 4: Earthquake-Station Distance/Radial Azimuth at Station (degrees)

mo/day/year julian day ARAO FIAl NRAO

06/06/91 157 04.2/015 04.2/162 06.9/222

08/24/91 236 04.6/323 05.0/209 10.4/132
NA

09/23/91 266 05.3/019 03.7/147 05.8/225

01/04/92 004 04.1/070 07.9/148 07.2/190

02/19/92 050 12.1/038 07.9/080 01.6/012
NA

04/13/92 104 20.4/036 14.9/056 09.9/020

04/14/92 105 13.1/049 10.2/087 03.1/068

05/18/92 139 05.1/064 07.6/140 06.1/187
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Data Analysis

In Figure 2a we see the explosion events in the distance range from 1.8 to 6.5 degrees. The events
are ordered from bottom to top in order by increasing distance. The waveforms are plotted with
equal maximum amplitude and are spaced evenly in the vertical; the actual distance and back-azi-
muth to the event (radial azimuth at the station minus 180 degrees) can be determined by refer-
ence to Table 3.

The data have been filtered with a 3-pole highpass Butterworth filter with the corner frequency at
1 Hz. This was done to improve the S/N.

Figure 2b is a similar profile for earthquakes. It is immediately apparent by comparison with Fig-
ure 2a that the explosions are characterized by an impulsive P wave and the earthquakes by an
emergent P wave. It seems clear that all but a few of the explosions are more impulsive than all of
the earthquakes and that all but a few of the earthquakes are more emergent than all of the explo-
sions. In particular, over the network of three stations, at least one of the waveforms from each
earthquake is more emergent than the most emergent single explosion signal. The most emergent
explosion Fignal appears to be ARAO/199182. The most difficult earthquake to discriminate is
19924 for which the ARAO signal, the most emergent of the three signals for this event (See Fig-
ure 5b for the other two.), is only slightly more emergent than that most emergent explosion sig-
nal. In fact, the 19924 earthquake might best be regarded as one of the earthquakes that must fall
in the undecided category. All in all, it appears that a large proportion of both types of events may
be safely discriminated on the basis of complexity, leaving some events unidentified.

As we have seen in the previous section, however, on the basis of theoretical considerations we
should expect only to iden dfy most earthquakes, leaving explosions in the unidentified category
since we expect that some earthquakes could look like explosions. While this restriction seems
irksome in a research study, in many practical applications, where the actual number of explo-
sions of interest is small and the number of earthquakes is very large, the restriction results in a
procedure in which unidentified events are subsequently examined using other seismic and non-
seismic techniques by leaving only a very few events above some threshold which could be
explosions.

In addition to the basic ideas suggesting that complexity should work at teleseismic distances
which have been discussed in the previous section, calculations by Fisk (personal communication,
1992) using the phase screen methods discussed by Fisk and McCartor (1991) and Fisk et. al.
(1992), show that an impulsive shear source in a scattering medium generates an emergent P
wave, while an impulsive compressional source generates an impulsive P wave. These interest-
ing results will be discussed further in the following theoretical section. Thus, since earthquakes
emit approximately five times the shear amplitude as compressional amplitude and, since along P
wave nulls, .mlly scattered S wave will be available to generate P. it will be the rare earthquake
that is not emergent, while it would be the rare explosion which was emergent. The statistics of
these theoretical results should be further investigated in different media to see how often a com-
pressional source might result in an emerpgnt P signal.
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Explosion profile, 1 Hz HP
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Earthquake profile, 1 Hz HP
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Figure 2b. Earthquake profile, 1 Hz highpass. The signals are ordered by distance in the rang,
1.6 to 6.9 degrees as seen in Table 4. The earthquakes are seen to have emergent arrivals in the
first 1-10 seconds and to have a small PtL amplitude ratio as compared to the earthquakes seen o
Figure 2a. The most impulsive of the eartquakes is ARAO/1991157. The signals for earthquakes
in the range 7.2 to 14.9 degrees are seen in Figure 5b.
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One might hope that in a sufficiently complex medium even those regional stations toward which
an S wave null, and a corresponding P wave maximum, was directed would have emergent signals
because of strong back-scattering near the source. However, in addition to earthquake 19924 in
this study, there is at least one other example in Scandinavia (V. Schulte-Pelkum, personal com-
munication, 1992) for which a regional earthquake has a strikingly impulsive signal at one station
but clearly emergent signals at two others as could be expected as a result of earthquake radiation
patterns. Thus it does not seem that in Scandinavia the crustal complexity is sufficient for this
idea to be valid.

One of the most emergent explosion signals in Figure 2a appears to be FIA1/199285; and the
most impulsive earthquake signal in Figure 2b appears to be ARAO/1991157. Note that the signal
at another station for explosion 199285, ARAO, is quite impulsive; and that another station for
earthquake 1991157, NRAO, is quite emergent. Therefore it does not seem likely that the events
have been misidentified with respect to their source type.

It is likely, by analogy with the teleseismic problem, that it is emergent explosion signals which
will place the most severe restriction on the applicability of the complexity discriminant. This is
because there is no well-understood cause for an emergent explosion signal whereas, as we have
discussed with respect to teleseisms and as we shall see for regional signals, there are theoretical
calculations which predict impulsive earthquake signals.

Thus, the more emergent a signal that is recorded from an explosion, the fewer the number of
earthquakes that can be identified unambiguously. And, in most applications, it will be the num-
ber of unidentified earthquakes which will place the major load on a discrimination system.

It is also clear from inspection of Figures 2a and 2b that the high-frequency Lg to P amplitude
ratio serves as a good discriminant as has been noted previously by e.g., Blandford et. al. (1981)
using the Long-Range-Seismic-Measurements (LRSM) system which peaked near 3 Hz, and
implicitly in the same tectonic area by Murphy and Bennett (1982) and Bennett and Murphy
(1986) since they noted that earthquakes had higher frequency L9 than explosions while the P9
spectra were similar. Similar, more recent results in Scandinavia and other areas have been
obtained by Dysart and Pulli (1990), Chan et. al. (1990), Lynnes and Baumstark (1991), and Ben-
nett et. al. (1990, 1992). In many of these studies, especially Lynnes and Baumstark (1991), there
is considerable overlap in the populations even at high frequencies; however, usually a large pro-
portion of both populations can be identified, leaving the remainder to be discriminated by other
techniques, perhaps complexity if the two discrimination approaches should prove to be at least
somewhat independent.

Figures 3a and 3b show the first 20 seconds of the P waves from Figures 2a and 2b. We see that
the dominant frequency of the signal is around 5 Hz and that, for the explosion, the impulsive P is
actually a pulse of 2-5 cycles.

Interestingly, we see in Figures 4a and 4b that the transverse P wave is also more impulsive for
explosions than for earthquakes. This is as expected since transverse P must be locally scattered
and as such will be proportional to longitudinal P. (This is also seen in the theoretical calculations
by Fisk (personal communication, 1992) referred to above.) In particular we see that the explo-
sion signal FIA1/199285 is also the most emergent of the explosion signals in this set.
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Explosion profile, 1 Hz HP, Smax equalized
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Figure 3a. First 20 seconds of the explosion signal in Figure 2a. The explosions are seen to have

impulsive arrivals in the first 1-10 seconds and may be seen to have a large P/Lg amplitude ratio

as compared to the earthquakes seen in Figure 3b by virtue of the fact that in each figure the max-

imum S phase is normalized to a constant magnitude, and the P amplitude is greater in Figure 3a

than in Figure 3b. The most emergent of the explosions is FIA1/199285.
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Earthquake profile, 1 Hz HP, Smax equalized
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Figure 3b. First 20 seconds of the earthquake signal in Figure 2b. The earthquakes are seen to

have emergent arrivals in the first 1-10 seconds and may be seen to have a low PILg amplitude

ratio as compared to the explosions seen in Figure 3b by virtue of the fact that in each figure the

maximum S phase is normalized to a constant amplitude, and the P amplitude is greater in Figure

3a than in Figure 3b. The most impulsive of the earthquakes is ARAO/1991157.
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Explosion profile, 1 Hz HP, Transverse
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Figure 4a. Transverse component of the explosion signals in Figure 2a. The explosions are seen

to have more impulsive arrivals in the first 105 seconds as compared to the earthquake transverse

components seen in Figure 4b. We see that the signal for FIA1/199285 is here also the most

emergent explosion signal as it was in Figure 2a.
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Earthquake profile, 1 HP, Transverse
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Figure 4b. Transverse component of the earthquake signals in Figure 2b. The earthquakes are
seen to have more emergent arrivals in the first 1-5 seconds as compared to the explosion trans-
verse components seen in Figure 4a. The most impulsive of the earthquakes seems to remains
ARAO/1991157 as seen in Figure 2b, but it is difficult to be certain due to the small amplitudes of
the transverse component P wave.
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By examination of Figures 5a and 5b we see that in the distance range between roughly 7 and 14
degrees it still appears that explosions are more impulsive than earthquakes. Figures 6a and 6b
are highpass filtered at 2 Hz instead of 1 Hz and we see in that the resulting improvement in S/N
results in the explosion ARA0/19915, which is too noisy in Figure 5a to determine if it is emer-
gent or impulsive, being seen in Figure 6a to be impulsive, as expected for an explosion.

The impulsive signal for ARAO/19915 in Figure 6a is only a single cycle and would likely be
insignificant in a discrimination approach which relied on rms measurements.

In Figures 7a and 7b we see the first 20 seconds of the 7 to 14-degree earthquake and explosion
.ignals plotted in Figures 5a and 5b. Similarly to what was seen in Figures 3a and 3b for the
closer distances, we see that the impulsive P signal from explosions in Figure7a is often a 2-5 Hz
pulse of waves extending over 2-5 seconds. This lends some encouragement to the idea that com-
plexity may be a more stable discriminant at regional distances because the P wave is made up of
multiple rays all of which may not be defocused at once.

In Blandford (1981), noting the characteristics of the SALMON explosion and of a nearby earth-
quake as observed at an eastern United States station approximately 1000 km distant, it was noted
that the onset of the Lg phase, especially on the transverse components, was more impulsive for
the earthquake than for SALMON, perhaps due to the fact that the earthquake S phases would be
generated at the source instead of being created by scattering. The earthquake onset was also
characterized by a shift to lower frequency. This then would argue for the utility of transverse
data, both for more accurate location estimates using better arrival times, and for discrimination
using the impulsiveness of the S onset.

However, Figures 8a and 8b show the explosion and earthquake transverse waveforms from the
distance range-of 1.6 to 6.9 degrees which were displayed in Figures 4a and 4b, now aligned on
the S onset and with an expanded scale. There is no apparent greater impulsiveness at the Sn orLg
onset for the earthquakes than for the explosion; nor is there a distinct change in frequency for
either source, a rather surprising result.

Perhaps, as we shall see in the theoretical section, this may be because the explosion signals used
in this study are actually from quarry blasts which have generated a large spall signal which theo-
retically gives a relatively impulsive S onset as compared to explosions. SALMON, and other
well-contained explosions, might not be expected to generate such a large spall signal.

Because of the relatively low amplitude of Pn, and of the concentration of discrimination on the
larger P9 and Lg amplitudes, and of the technical difficulty until recent years of plotting regional
waveforms, it is difficult to find in the literature Pn waveforms from earthquakes and explosions
from a common region on a common instrument in order to determine if this discriminant can
work in other areas. However, especially more recently, some figures have become available in
the literature.
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Explosion profile, 1 Hz HP
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Figure 5a. Explosion profile, 1 Hz highpass. The signals are ordered by distance in the range 7.0

to 12.7 degrees as seen in Table 3. The explosions are seen to have impulsive arrivals in the first

1-10 seconds and to have a large PILg amplitude ratio as compared to the earthquakes seen in Fig-

ure 5b. The signals for explosions in the range 1.8 to 6.5 degrees are seen in Figure 2a. ARAO/
19915 can be seen to be impulsive in Figure 6a where a 2 Hz highpass filter is applied. The small

impulse near 55 seconds in FIA1/1991116 is regarded as significant and is characteristic of explo-
sion signals.
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Earthquake profile, 1 Hz HP
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Figure 5b. Earthquake profile, I Hz highpass. The signals are ordered by distance in the range
7.2 to1.4.9 degrees as seen in Table 4. The earthquakes are seen to have emergent arrivals in the
first 1 -1.0 seconds and to have a small PILg amplitude ratio as compared to the explosions seen in
Figure 5a. T'he signals for earthquakes in the range 1.6 to 6.9 degrees are seen in Figure 2b.
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Explosion profile, 2 Hz HP
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Earthquake Profile, 2 Hz HP
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Explosion profile, 1 Hz HP, Smax equalized
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Figure 7a. First 20 seconds of signal from explosions in the distance range 7.0 to 12.7 degrees.

By comparison with Figure 7b it may be seen that explosions typically have an initial pulse of 2-5

Hz waves, whereas earthquake signals are more emergent. Similarly, since the maximum S

amplitude has been normalized to a constant amplitude in Figures 7a and 7b, and the amplitudes

in Figure 7b are substantially smaller than in Figure 7a, it may easily be seen that earthquakes

have smaller P/S amplitudes ratios as pointed out by Dysart and Pulli (1990).
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Earthquake profile, 1 Hz HP, Smax equ-Iized
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Figure 7b. First 20 seconds of signal from earthquakes in the distance range 7.2 to 14.9 degrees.
By comparison with Figure 7a it may be seen that explosions typically have an initial pulse of 2-5
Hz waves, whereas earthquake signals are more emergent. Similarly, since the maximum S ampli-
tude has been normalized to a constant amplitude in Figures 7a and 7b, and the amplitudes in Fig-
ure 7b are subitantially smaller than in Figure 7a, it may easily b.- seen that earthquakes have
smaller P/S amplitudes ratios as pointed out by Dysart and Pulli (1990).
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Explosion profile, 1 Hz HP, Transverse
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Figure 8a. Transverse waves from explosions in the distance interval 1.8 to 6.5 degrees, aligned
on the S arrival and highpass filtered at 1 Hz. By comparison with the similar Figure 8b for earth-
quakes we see that the earthquakes do not have more impulsive S arrivals than do the explosions.
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In Blandford (1981) and Blandford et. al. (1981) there are plots of SALMON and a nearby
18 February 1964 earthquake as recorded on LRSM systems at distances of approximately
1000 km. However, the Pn amplitude is small and, although the earthquake appears to be more
emergent than the explosion, the S/N is not good and it is difficult to be certain. In Blandford et.
al. (1981) there is also a plot of the well known 20 March 1976 event which occurred near Semi-
palatinsk and which is known from studies by Pooley et. al. (1983) to be a simple earthquake,
together with a plot of a Semipalatinsk explosion as recorded at station MSH in Iran at a distance
of 190. The explosion Pn is noted to be clearly more impulsive.

Murphy and Bennett (1982) and Bennett and Murphy (1986) present several NTS explosion and
near-NTS earthquake signals as recorded at single elements of the Tonto Forest, Uinta Basin, and
Blue Mountain Vela Array Observatories (TFO, UBO, and BMO). As they point out, the S/N for
Pn is poor (These authors therefore rested their analysis on P9 and Lg.) so that it is difficult to tell
if the arrival is emergent or impulsive, perhaps reflecting the difficulty of applying this discrimi-
nant in low Q tectonic regions. However, it does seem possible that many of the earthquake Pn
arrivals are more emergent than any of the explosions. It may be that for low Q tectonic regions
array processing will be required to apply a regional complexity discriminant at the required mag-
nitude levels.

Sereno et. al. (1992) have selected 33 events in Scandinavia to comprise their data set #2 and they
attempted to ensure that each of these events is an earthquake. (Only one of the events in Sereno
et. al.'s data set are considered in this study: the event ORID 25748 on 6 June 1991 at 12:46:11.
All other events in this study occurred after this event which was the last event in the Sereno et. al.
data base.) Approximately one-half of the events are well out into the ocean. Plots of six of the
events are shown in the report, one of them from the mid-Atlantic Ridge, and one in the Barents
Sea. Both of these events are impulsive. Perhaps this is an effect of reverberation in the overly-
ing water column although it could be a radiation pattern effect.

Of the remaining four events plotted only one, ORID 207992 in Southwest Norway, seems to be
clearly on land, and it is also clearly emergent. Another clearly emergent event is ORID 191216
in Western Norway which is located approximately 15 km off the Western Coast. It is apparent
that it would be interesting to investigate, both theoretically and empirically, the relation between
the impulsiveness of a signal and the depth of the overlying water column.

Figure 9, from Wuster (1992), shows a typical earthquake and explosion from the Vogtland area
approximately 180 km Northwest of GERESS as recorded at GERESS. We see here the same
pattern, in that the explosion P wave is impulsive and the earthquake's is emergent.

In Bennett et. al. (1992) the plot of Eurasian earthquakes and of explosions from three test sites at
the station ARU shows the explosions to be impulsive and all but one eart quake record, at
2160 km to be emergent by comparison. At station GAR the record from Semipalatinsk at a dis-
tance of 1390 km appears to be not more impulsive than perhaps 1/2 of the eartl'quakes. At sta-
tion OBN all of the explosion signals and most of the earthquake signals are at distances greater
than 2000 km. The explosions are all quite impulsive as are many of the earthquakes at distances
greater than 2000 km. For the six earthquakes at distances less than 2000 km the P. appear to be
emergent, however the S/N is poor for most of them. The story is similar at station KIV.
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Figure 9. From Wuster (1992). The upper trace is an earthquake and the lower trace is an
explosion as recorded at GERESS from the Vogtland district 180 km Northwest of GERESS. The
impulsive explosion and emergent earthquake fit thepattemr seen in Scandinavia.
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Synthetic Calculation Methods

In the previous section we have seen how explosion seismograms appear to be more impulsive
than earthquake seismograms at regional distances. It would be useful to see if this is the
expected behavior for Scandinavia by computing synthetic seismograms for a structure appropri-
ate for Scandinavia.

Methods for performing these calculations have been developed by Bouchon (1981, 1982),
Campillo et. al. (1984, 1985), and discussed and reviewed by, e.g., Herrmann and Wang (1985),
Chapman and Orcutt (1985), and Herrmann and Mandal (1986).

The calculations which follow were performed using the seismic synthetic waveform calculation
software developed by R. Herrmann.

The structure used for the calculations is given in Table 5 and the P-wave velocity profile from
which it is derived for depths below 50 km, is plotted in Figure 10. Figure 10 is taken from
Ryaboy (1990) and was derived by analysis of Deep Seismic Sounding (DSS) profiles in Scandi-
navia. The shear wave velocity below 50 km was taken to be 3"1f2 times the compressional veloc-
ity and the corresponding densities were determined using the formula in Sereno and Given
(1990).

The structure above 50 km in Table 5 differs from that of Ryaboy (1992), which was derived only
by consideration of DSS P waves, by the inclusion of three lower velocity surface layers with a
total thickness of 6 km which have low Q values in accordance with the results of Toksoz et. al.
(1990) for Scandinavia who showed that lower Q and velocity values in the upper crust are
required to properly model regional Rg seismograms. The velocity values are also generally con-
sistent with those found by Ruud et. al. (1992) by analysis of R9 dispersion at NORESS,
ARCESS, and FINESS. These Q values also serve the purpose in this study of reducing the
amplitudes of the 1 Hz Rg fundamental surface waves generated by shallow events. Otherwise
these waves would dominate the calculated signals at distances beyond 200 km, which is not, in
fact, observed.

The estimated velocity gradient below 100 km of 0.01s0 is substantially greater than the value of
0.0013 sýl found by Sereno and Given (1990) to be ap ropriate for an earth flattening approxima-
tion and which is certainly within the margin of error of the estimated gradient. Thus it does not
seem appropriate to make an additional earthflattening approximation.

The Green's function seismograms were calculated using Herrmann's hspec9l subroutine with
the time domain damping of 0.008 sec-. a time step of 1/6.4 seconds, and a total number of data
points of 2048, giving a total time for the calculated waveform of 320 seconds. Green's functions
were computed for earthquake, explosion, and point-force sources. (We shall see that the vertical
point-force Green's functions may be used to compute the seismograms resulting from a spall
source.) The top of the layer stack was specified to be a free surface, and the bottom a half space
with the indicated properties. The control of wavenumber sampling, following Bouchon (1981),
is 5000 km, and the control on the upper limit of wavenumber integration is 3. The seismograms
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Table 5: DSS Structure for Synthetics

Layer P-wave S-wave D P-wave S-wave
h (kin) Velocity Velocity Density

.5 5.90 3.50 2.70 0.01250 0.0250

4.5 6.00 3.60 2.80 0.00500 0.0100

1 6.10 3.70 2.80 0.00200 0.0050

10 6.20 3.80 2.80 0.00200 0.0050

8 6.70 4.10 3.10 0.00050 0.0010

8 6.80 4.10 3.10 0.00050 0.0010

8 6.90 4.42 3.20 0.00050 0.0010

10 8.00 4.64 3.29 0.00050 0.0010

5 8.05 4.67 3.30 0.00025 0.0005

10 8.10 4.70 3.33 0.00025 0.0005

10 8.15 4.73 3.35 0.00025 0.0005

10 8.25 4.79 3.39 0.00025 0.0005

10 8.40 4.87 3.44 0.00025 0.0005

15 8.00 4.64 3.29 0.01000 .0.0200

10 8.45 4.90 3.46 0.00025 0.0005

10 8.47 4.91 3.47 0.00025 0.0005

10 8.49 4.92 3.48 0.00025 0.0005

10 8.51 4.93 3.49 0.00025 0.0005

10 8.53 4.94 3.49 0.00025 0.0005

10 8.54 4.95 3.49 0.00025 0.0005

10 8.55 4.96 3.55 0.00025 0.0005

below 8.55 4.96 3.55 0.00025 0.0005

are computed for a surface instrument, and the maximum distance for which a seismogram is
computed is 1500 km. The reduction velocity to determine the first time calculated is 8.5 km/sec,
and there is an additional offset to allow 10 seconds before the first arrival. No wavenumber fil-
tering was performed. Computation time for all mechanisms for a single depth was approxi-
mately 24 hours on the Center for Seismic Studies Stardent computer while it was being used
predominantly only for these calculations.
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The Green's function output of hspec9l is then passed through Herrmann's program rhfoc91 with
the option to specify the source time function as a one-sided parabola with unit area, as discussed
by Herrmann and Mandal (1986), with a duration of 0.625 seconds. One of the favorable features
of this time function is that it has a null at the Nyquist frequency so that there are no time-domain
ripples introduced by a sharp high frequency spectral cutoff.

For earthquakes the parabolic time function corresponds to the near-field velocity time history, or
equivalently to a unit step displacement on the fault. The corresponding moment is 1Opdyne-cm.
The explosion source has the same moment and a corresponding velocity time history. For the
point force source the parabolic time source represents the time derivative of the force as a func-
tion of time.

Since the experimental data is recorded on broadband velocity instruments, the option in rhfoc9l
which yields a velocity seismogram is selected. For an earthquake or explosion source this results
in the final synthetic seismograms of interest for comparison with observations. For a spall source
the situation is more complicated.

The parabolic time series is a good representation of the time history of a typical spall displace-
ment, starting at zero, reaching a finite maximum, ;nd returning to zero. However, in the calcula-
tions the parabola actually represents the time derivative of the applied force. The implied actual
applied force is then the first integral of the parabola. However, Day and McLaughlin (1991)
have shown that the spall force itself is the second derivative of the displacement. Thus the dis-
placement responsible for the computed force seismograms, under the hypothesis that the source
of the force is a spall, is the third integral of the parabola. Thus we must differentiate the para-
bolic point source seismogram three (3) times to obtain a spall broadband velocity seismogram to
be compared to the explosion or earthquake velocity seismograms.

To compute synthetic seismograms for particular faults one may combine these Green's functions
with coefficients appropriate to the fault plane normal and vector slip times cosines and sines of
the azimuth and twice azimuth from the event. These formulas may be found, for example, in
Herrmann and Mandal (1986).

For the particular cases of vertical strike-slip, vertical dip-slip, and 450 dip-slip, the vertical wave-
forms are proportional to ZSS sin2q), ZDS sincp, and [ZDD + ZSS cos2q)], respectively; while the
transverse component is proportional to TSS cos 2gp, TDS cosW, and TSS sin 2(p, respectively.
We note that, for the vertical faults, the vertical waveform vanishes completely 2 or 4 azimuths;
and for a fault of any dip with a horizontal slip there is a complete z component null for any 90
degrees. Thus, for such events and azimuths, if there is to be any P wave it must come from trans-
verse S scattered into the radial and vertical components. This can only happen if there is fully
three-dimensional (3D) scattering. It is presumably cases such as this which accounts for the
waveforms which seem uniquely characteristic of earthquakes but which cannot be modeled by
ID, or even perhaps by 2D, earth models.
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Synthetic Calculation Results

Figure 11 shows the Green's function vertical component synthetics for an explosion at a depth of
1 kmn, and for an earthquake at a depth of 10 km with a 450 dip-slip (DD) source mechanism for
the distance range of 100 to 1500 km.

We see immediately that at all distances the shear phases on the vertical are much larger for the
earthquake (the lower of each pair of traces) than for the explosion. Close examination of the P
phase, shown in more detail in Figure 12, also shows that the earthquake P phases, even for this
ID model, are more emergent than are those from the explosion. This fact, coupled with the
observation that the long-period Rayleigh phases are approximately of equal amplitude for the
explosion and earthquake, suggests that if the mb phase is calculated from the first motion, an
mb:Ms discriminant would be successful at regional distances for this earthquake mechanism.

On the other hand, it is apparent that a SP/LP discriminant based on Lg and M. would go in the
other direction.

Close inspection of the Rayleigh phase for the explosion reveals that the higher frequency Rg is
prominent at 100 km but is reduced inamplitude by 300 km and basically absent beyond 500 kIn.
This reflects the action of the low Q values in the upper crustal layers.

The P phases may be examined more easily in Figure 12. Here we see that the earthquake P
phases are extremely emergent as compared to the explosion P waves in the distance range 500 to
900 km. At the distances of 300 and 1200 km the explosion P wave seems emergent due to the
large pulse at a delay of approximately 3 seconds. This phase, according to Ryaboy (1990), is
reflected from the top and bottom of the low velocity layer, while the first arrival is the Pn arrival
associated with the upper interface. The phase is also apparent in the earthquake P signals,
although, for the earthquake, both the initial and reflected phase are small compared with the fol-
lowing phase which is sP.

It is apparent from these two explosion signals that any simple complexity model in these distance
ranges would be most effective were it to define the amplitude of the first arrival as an average
over the first 3 seconds, not the first 1 or 2 seconds. In a practical situation it would be important
to examine signals from many quarry blasts to discover those paths over which the velocity struc-
ture creates emergent explosion signals and to define the first window of a complexity criterion to
ensure that those signals are defined as simple.

It is interesting that the 450 dip-slip (DD) source mechanism which gives a more emergent signal
at regional distances is the same mechanism which is so difficult to discriminate at teleseismic
distances where the takeoff angles all result in compression for thrust faults. Presumably this is
because at regional distances the takeoff angles are more oblique. This suggests that regional
complexity may nicely complement teleseismic discrimination.
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Explosion & Earthquake (DD, 10 km) Synthetics, Vertical, BB
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Figure 11. Broadband velocity vertical component synthetics for an explosion and a 450 dip-slip
earthquake at 10 km depth for distances ranging from 100 to 1500 km. Amplitudes are scaled to a
common maximum. The earthquakes are seen to have larger shear wave amplitudes.
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Explosion & Earthquake (DD, 10 km) Synthetics, Vertical, BB
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Figure 12. Broadband velocity vertical component synthetics for an explosion and a 450 dip-slip
earthquake Green's function source at 10 km depth for distances ranging from 100 to 1500 km.
Amplitudes are scaled to a common maximum. The earthquakes are seen to be more emergent
due in large measure to a large sP phase. The large pulse on explosions at 300 and 1200 km at a
3-second delay is a reflection from the upper and lower boundary of a low velocity zone.
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The more oblique takeoff angles result in an approximate P null being directed to regional dis-
tances so that the "scattered" sP phase, which arrives later, results in an emergent signal. It is
plausible that in more complex earth models the basic idea may be retained but the scattered S
phases may derive from sharp discontinuities other than the free surface. In the present earth
model the only sharp discontinuity which strongly scatter the typically 1 Hz signals of these P
synthetics is the free surface. However, in the real earth, which has produced the observed data
presented earlier, other interfaces may exist which strongly scatter the 3-5 Hz frequencies which
characterize the signals. Fisk (personal communication, 1992), using the 2D phase screen tech-
niques discussed in Fisk and McCartor (1991) and Fisk et. al. (1992), has calculated the signals
resulting from pure 1 Hz Ricker wavelet compressional and shear sources imbedded in an infinite
exponential random medium with 2% rms P and S velocity perturbations, a correlation length of
5 km, and mean P and S velocities of 6 and 3.5 km/sec respectively.

Figures 13a and 13b show that while the compressional source still gives an impulsive initial sig-
nal on the radial component at 200 km distance, the shear source results in an emergent radial
component. Of course, for the shear source the S arrival on the transverse component is impul-
sive. However, at 200 km it is noticeable that the S arrival is not impulsive on the radial compo-
nent. This suggests that it would be best to measure S arrival times on the transverse, rather than
on the radial component in a random medium; this is, of course, standard practice in observational
seismology. Theoretically, this result is understandable because the energy in the radial compo-
nent just in front of the transverse S arrival is largely comprised of energy recently converted to
faster compressional waves from the soon-to-arrive S phase.

It is also of interest in Figure 13a that at 200 km the P wave, though still impulsive, is apparently
comprised of two arrivals as compared to the single arrival at 50 -150 km. This suggests a greater
stability in the impulsive P arrival in that if one of the arrivals were to be defocused at a greater
distance, the other might remain large and maintain the impulsive nature of the onset.

It is of further interest that the initial transverse component of the compressional source is impul-
sive while the initial transverse component from the shear source is not. This is reasonable since
signals on the transverse component arriving at times appropriate to a P signal must be scattered
locally and thus be approximately proportional to the radial component.

Since these phase screen calculations are 2D they can only model the situation where a P-wave
null, but not an SV null, exists. The SV randomly scatters into P. In the real earth this is often a
strong sP phase which does not result in a waveform with an extremely emergent character.
These calculations show how the SV can be transformed into an emergent P wave. For a com-
plete waveform null an emergent P could only occur by scattering in 3D. The fact that no com-
plete nulls have been noted by workers in the field suggests that such scattering in 3D does occur.
It would be interesting to examine network waveforms from earthquakes known to have vertical
fault planes, especially using stations along strike.

As we saw in Figure 11, the short-period shear phases from the earthquake are much greater than
for an explosion which has an equal compressional amplitude. McLaughlin et. al. (1988) have
suggested that the observed difference in shear excitation is not this great, that the calculated
amplitude of explosion Lg is too low, and that the difference is made up for by spall. In this study
also the Lg to P ratio difference between earthquakes and explosions is less for observation than in
theory.
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Figure 13a. Radial (v) and transverse (u) signals from a Ricker wavelet compressional source in a
random exponential medium with 2% rms variation in the P and S velocities as seen at distances
of 50, 100, 150, and 200 kIn. The u scale have been increased by a factor of 2. At all distances
the P arrival is impulsive on both radial and transverse components, although at 200 km the P
arrival is apparently followed by a rather large second arrival.
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Figure 13b. Radial (v) and transverse (U) signals from a Ricker wavelet shear source in a randomexponential medium with 2% rms variation in the P and S velocities as seen at distances of 50,100, 150, and 200 km. The v amnplitudes have been increased by a factor of 2. At all distances theP arrival is emergent on both radial and transverse components while the S arrival is impulsive onthe transverse, but not on the radial. Calculations by Fisk (personal communication, 1992).
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In Figure 14 we see all non-zero Green's function components at a distance of 900 km from the
spall, explosion, and three earthquake sources. The DD earthquake source, as we have seen pre-
viously is from a 450 dip-slip source. The SS earthquake is a vertical strike slip, and the DS
source is a vertical dip-slip. The explosion source is taken to be at a depth of I kin, the spall at
0 kmn, and the earthquake at 10 km.

It is apparent that, at high frequencies, the spall shear waves are much larger, "or a fixed P wave
amplitude, than are the explosion shear waves. In addition, spectral analysis of the synthetic sig-
nals in Figure 14 shows that the explosion Lg signal is lower in frequency than either the spall or
the earthquake Lg signals. This provides support, from a linear mechanism, for the discriminant
of Bennett and Murphy (1986) who found that explosion Lg was of lower frequency than that of
earthquakes. From the present analysis it would appear that extensive spall could, depending on
the details of the spall source time function, render this discriminant less effective. On the other
hand, well-buried explosions which have little spall would be expected to discriminate well. The
physical source of the spectral difference between the theoretical explosion and earthquake Lg
spectra have not been determined; however, it is evidently related to depth since the 1 km earth-
quake spectrum is not different from that of the explosion.

Although the L9 to P ratio as a discriminant seems marginal when comparing the vertical compo-
nents of spall and the SS (vertical strike-slip) earthquake source, it is important to note that the
transverse component is large and that some of this energy will likely scatter into the vertical
component, thus improving the discriminant. We shall see later that the DS (vertical dip-slip)
source has a small shear amplitude on the vertical component for a depth of 1 km but, there also,
the transverse component is approximately 10 times larger. These results suggest that one should
investigate extending the Lg to P ratio discriminant to an average over all components; theoreti-
cally it will result in better discrimination although for most events it will not be needed and, if
there is extensive scattering between components, it may be of little benefit.

Returning to Figure 14. In accord with the results of Day et. al. (1983), we see that there is no
detectable long-period Rayleigh wave from the spall.

To examine further the possibility of using complexity as a discriminant, Figure 16 shows the
vertical component P signals for the explosion, spall, and the three earthquake Green's functions,
all at 900 km distance. It is apparent that a 3-4 second window defining the initial arriv2e will
serve to separate earthquakes from explosions. The SS and DS sources do not generate as
emergent a signal as does the DS source. Any actual earthquake can be characterized as a linear
superposition of these three sources and, even in the absence of P wave nulls and S to P
scattering, would often have a complexity intermediate between them, although studies should be
carried out to see if which combinations, e.g., the sum of SS and DS which seem to have the same
polarity for P but opposite polarity for sP, are very simpk Of course, under a suitable mode of
application of complexity, a simple earthquake will fall in the undecided category and not be
classified as an explosion.

In Figure 17 we display on an expanded time scale with amplitudes scaled to a common maxi-
mum, all three components of shear onset for these sources. The explosion does not exhibit a
sharp onset (although the vertical is sharper than the radial), whereas the spall and earthquakes do.
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Figure 14. Broadband velocity 3-component synthetics for a spall source at 0 km, an explosion at
1 km depth, id three earthquake Green's function sources at 10 km. All non-zero components
are plotted. The instrument response is broadband velocity. The spall shear phases are seen to be
larger than those for an explosion of equal P amplitude.
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Figure 15. 1-Hz highpass filtered velocity 3-component synthetics for a spall source at 0 kin, an
explosion at 1 kmn depth, and three earthquake Greeiis function sources at 10 km. All nonzero
components are plotted. The instrument response is broadband velocity. The spall shear phases
are seen to be larger than those for an explosion of equal P amplitude.
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Figure 16. Broadband velocity vertical component P synthetics for a spall source at 0 km, an
explosion at 1 km depth, and three earthquake Green's function sources at 10 km. A 3-4 second
window beginning at the P arrival could be used to define an initial P amplitude for purposes of
defining a complexity discriminant. The vertical strike-slip and dip-slip earthquake sources do
not generate signals as emergent as the 450 dip-slip source. The phase at approximately a 5 sec-
ond delay for the earthquakes is sP.
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Figure 17. The 1-Hz highpass filtered, amplitude equalized, velocity 3-component synthetics for
a spall source at 0 kin, an explosion at 1 kmn depth, and three earthquake Green's function sources
at 10 km. from Figure 14, centered on the arrival of the S phase. The S arrival is more impulsive
for the spall and earthquake sources than for the explosion sources, and more impulsive for the
vertical (transverse with respect to the source) than for the actual radial.
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With respect to the vertical/radial difference, referring back to Figure 15 we see that this is due in
part to the fact that the vertical component signal amplitude is larger than the radial, and in part to
the fact that the pre-arival signal generated noise is larger on the radial component.

We might expect that the difference in onsets between earthquakes and explosions would be seen
in observations and perhaps even serve as a discriminant. However, the fact that the observations
discussed earlier did not exhibit this difference suggests that the quarry blasts may have had sub-
stantial proportions of spall in their signal thus contributing to a sharper onset than would be
expected from an explosion, resulting in the quarry blast signal onsets being more like those from
the earthquakes. We might expect signals from a simple explosion to be more emergent than any
of the data seen in this study. Thus this remains a topic for further study. A usef-6:1 experiment
would be to detonate a well-buried explosion at a quarry, or a spall-generating conventional
explosion near the site of well-confined nuclear test.

To aid in the identification of the different pulses in the P-signal, Figures 18a, 18b, 18c, and 18d
show the P phase as a function of depth for the vertical strike-slip (SS), vertical dip-slip (DS), 450
dip-slip (DD), and explosion, respectively. Of course we do not expect to see explosion sources at
great depths; the waveforms are presented only to illustrate the fact that the large phase which
contributes to the earthquake signal complexity does, in fact, originate from S waves emitted by
the .source.

One of the most interesting features of these waveforms is the absence of a clearly defined pP
phase for the deeper events, even for the explosion source. However, the sP phase, as mentioned
previously, is quite prominent for all three earthquake sources and exhibits the expected moveout
as depth is increased. However, especially for the DS source, the weakness of the sP phase at 40
and 50 km depth would very likely place these earthquake signals, if seen in isolation in the unde-
cided category. It would be hoped that events this deep could be properly classified by standard
depth location means.

In Figures 19a, 19b, and 19c we see that the Lg toP discriminant should remain reliable in Scan-
dinavia for depths from 1 to 30 km since over this range the Lg amplitude is not appreciably
reduced. For events at or below the Moho, 40 or 50 km respectively, the L amplitude is greatly
reduced, as expected from ray trapping considerations; however the earlier § arrivals are still quite
large and could serve as a discriminant. The Rayleigh wave amplitude is also seen to decrease
more rapidly with depth than the Lg, suggesting that if there were no propagation problems that
Lg to P would be more reliable for events of ambiguous depth than would be Ms:mb.

An exception to the overall favorable picture of excellent L9 to P discrimination is found for shal-
low depths for the vertical dip-slip (DS) source as seen in Figure 19b. At 1 km we see that the
earthquake source gives Lg values smaller than that of the explosion. However, in Figure 19d we
see that the transverse component for the earthquake is very large. Thus, if scattering converts the
transverse energy into the vertical component, or if the discriminant is carried out using a weight-
ing over all components, then the Lg to P discriminant should work well.

Figures 20a, 20b, and 20c show the waveforms of Figures 19a, 19b, and 19c high-pass filtered at
1 Hz. In general this presentation can be used to see more clearly how the signals would appear
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on a short-period system. One feature of interest which could not be seen in Figures 19a, 19b, and
19c is how the short period Rg, just barely visible at 900 km due to the attenuation by the low Q in
the upper crust, can be seen to decrease in amplitude as the source depth increases.
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EX & EQ(SS) Synthetics, Vertical Component, BB
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Figure 18a. Broadband velocity vertical component P synthetics for an explosion source at I km
depth, and the vertical strike-slip (SS) Green's source at 1, 5, 10, 20, 30, 40, and 50 km depth.
The moveout of the sP phase for the earthquake source is apparent, as is the weakness of pP.
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EX & EQ(DS) Synthetics, Vertical Component, BB
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Figure 18b. Broadband velocity vertical component P synthetics for an explosion source at 1 km
depth, and the vertical dip-slip (DS) Green's source at 1, 5, 10, 20, 30, 40, and 50 km depth. The
moveout of the sP phase for the earthquake source is apparent, as is the weakness of pP.
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EX & EQ(DD) Synthetics, Vertical Component, BB
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Figure 18c. Broadband velocity vertical component P synthetics for an explosion source at I km

depth, and the 45' dip-slip (DD) Green's source at 1, 5, 10, 20, 30, 40, and 50 km depth. The

move~out of the sP phase for the earthquake source is apparent, as is the weakness of pP.
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Explosion Synthetics Vertical BB versus Depth
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Figure 18d. Broadband velocity vertical component P synthetics for an explosion source at 1, 5,

10, 20, 30, 40, and 50 km depth. The weakness of sP and pP is apparent.
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EX & EQ(SS) Synthetics, Vertical Component, BB
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Figure 19a. Broadband velocity vertical component synthetics for an explosion source at I kmn
depth, and the vertical strike-slip (SS) Green's source at JL, 5, 10, 20, 30, 40, and 50 kmn depth.
The decrease of the Rayleigh amplitude with depth is apparent. The Lg amplitudes for the earth-
quake do not significantly decrease until the Moho is reached at 40 kin. Even there the S wave
amplitudes remain large.
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EX & EQ(DS) Synthetics, Vertical Component, BB
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Figure 19b. Broadband velocity vertical component synthetics for an explosion source at I Ian
depth, and the vertical dip-slip (DS) Green's source at 1, 5, 10, 20, 30, 40, and 50 kin depth. 'Me
Lg amplitude at I krm is low enough that the Lg to P discriminant would not work, but then
increases and subsequently does not decrease until the source below the Moho is reached at 50
Ian. Even there the S wave amplitudes remain large and the L. to P discriminant would likely

work well.
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EX & EQ(DD) Synthetics, Vertical Component, BB
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Figure 19c. Broadband velocity vertical component synthetics for an explosion source ýtI !km
depth, and the 45' dip-slip (DS) Green's source at 1, 5, 10, 20, 30, 40, and 50 Ian depth. The
decrease of the Rayleigh amplitude with depth is apparent. The Lg amplitudes for the earthquake
do not significantly decrease until the Moho is reached at 50 km. Even there the S wave ampli-
tudes remain large.
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Explosion and DS Synthetics, BB
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Figured. Broa vl vertical component, for I dcmane at 1 an c p
nents for the vertical dip-slip (DS) Green's source function at 1 km. While the Lg to P discrimi-nant would not work well for the vertical components only, it is apparent that if the discriminant
were applied using some average ., er all three components; or if the transverse component were
scattered into the vertical component, then the discriminant would work.
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EX & EQ(SS) Synthetics, Vertical Component, 1 Hz HP
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Figure 20a. 1 Hz highpass velocity vertical component synthetics for an explosion source at 1 km
depth, and the vertical strike-slip (SS) Green's source at 1, 5, 10, 20, 30, 40, and 50 km depth.
The Lg amplitudes for the earthquake do not significantly decrease until the Moho is reached at 40
km. Even there the S wave amplitudes remain large and a suitably defined discriminant would
work.
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EX & EQ(DS) Synthetics, Vertical Component, 1 Hz HP
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Figure 20b. 1 Hz highpass velocity vertical component synthetics for an explosion source at 1 km
depth, and the vertical dip-slip (DS) Green's source at 1, 5, 10, 20, 30, 40, and 50 km depth. The
Lg amplitude at 1 km is low enough that the Lg to P discriminant would not work, but then
increases and subsequently does not decrease until the source below the Moho is reached at
40 km. Even there the S wave amplitudes remain large and a suitably defined discriminant would
work.
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EX & EQ(DD) Synthetics, Vertical Component, 1 Hz HP
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depth, and the 450 dip-slip (DD) Green's source at 1, 5, 10, 20, 30, 40, and 50 kmn depth. The Lg
amplitudes for the earthquake do not significantly decrease until the Moho is reached at 40 km.g
Even there the S wave amplitudes remain large and a suitably defined discriminant would work.
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Conclusions

The study has shown, both by the examination of actual regional data and by calculation of
regional synthetics, that many earthquakes in Scandinavia will have at least one P wave signal in
a network of observations which is more emergent than any from an explosion.

To make use of this insight in order to develop a routine practical discriminant, a number of addi-
tional steps must be taken. To guard against an explosion being discriminated as an earthquake
because a later P triplication or reflection creates an emergent signal in certain distance intervals,
(see e.g., Figure 12), quarry blasts and other known explosions should be used to detect these phe-
nomena and synthetics should be constructed to model them so that they may be anticipated from
new locations. Whepn these phenomena are understood the windows which define complexity can
be properly designed. In such research, and in application, strong constraints on S/N must be
maintained to ensure that explosion signals are not determined to be complex when all that is
occurring is that the low-amplitude coda of the signal is being enhanced in amplitude by the noise,
or that earthquakes are determined to be impulsive because the Pn onset has been missed.

Applications to smaller events than those treated in this study can be carried out using P wave
beams from arrays. Discrimination using P array beams as contrasted to analyses using single
instruments must also be emphasized because this should result in simpler signals for those
arrivals which are truly simple since beamforming will minimize the energy scattered near the
receiver which leads to more complex signals. For this application, research and development
should be carried out on linear maximum-likelihood frequency-wavenumber techniques in order
to minimize such signal generated noise to a greater degree than can be achieved by simple
beamforming.

Since the principal obstacle to successful implementation of a complexity discriminant is the
degree to which explosion signals may be emergent, a careful study should be made of regional P-
wave array beams from explosions to discover the degree to which they may be emergent. Stud-
ies of single elements may also be useful but may incorrectly reach a more pessimistic conclusion
with respect to the applicability of the complexity discriminant than would studies using array
beams.

Since the actual observed signals typically peak at 5 Hz and are, of course, in a real earth which is
more complex than the Ryaboy-Toksoz model used in this study, theoretical modeling should be
extended to higher frequencies and more complex models. This can be done for P waves, the
appropriate phase, by using the wavenumber integration techniques used in this study and making
use of wavenumber filtering. To the extent that the appropriate ray paths can be specified, Gauss-
ian beam techniques may be used in complex media which are not horizontally uniform.

In addition, it seems very likely that a true duplication of the emergent character of earthquakes
cannot be achieved without fully 2D, or perhaps even 3D, calculations. These would likely
consist of double couple sources in a 2D or 3D medium with calculations performed by finite
difference.
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It is important to recognize that any research on complexity discrimination statistics cannot be
based on the hypothesis of two populations with equal covariance matrices but different means.
The assumed covariance matrices should not even be simple multiples of one another. It is clear
on theoretical grounds that the earthquake signal population can have members which appear just
as simple as explosions. It is only the upper tail of high-complexity earthquakes which can be dis-
criminated. Thus the very concept of two populations which can be optimally separated in hyper-
space is inappropriate. Explosions and simple earthquakes will have to be placed in an undecided
category unless more careful visual examination of a sample of simple earthquake signals reveals
details of the signals which can be characterized as complexity and which are different from
explosion signals. However, since in practice there are many more earthquakes than explosions to
discriminate, assuming thresholds of ML 2.5 and on-site inspection of quarries which detonate
such large blasts, such a discriminant will be very useful in practice.

It is also important to recognize that application of complexity on a network basis can, in theory,
give results superior to that available from a single station. The explosion signal should be simi-
larly simple at every station of the network, while an earthquake may be simple at most stations
but a single complex signal identifies it. A suitably subtle statistical discrimination procedure will
recognize this fact from the beginning; it will not be satisfactory to average complexity over the
network, just as it is not satisfactory to average first-motions. In principle, a single good S/N neg-
ative first motion will identify an event as an earthquake despite many other positive first motions.

The study has also confirmed the results of earlier workers showing that in theory the Lg to P
amplitude discriminant should work well. The fact that it does not, in practice, appear to work as
well as theoretically predicted has also been shown, following the lead of earlier workers, to
possibly be due to the fact that spall from quarry blast events enhances the explosion L making
quarry blasts look more like earthquakes. Thus one would expect the Lg to P ratio discrininant to
work better for well contained explosions, such as decoupled explosions, than for quarry blasts.
In this sense, also, complexity can be seen to be to some degree independent of, and thus
complementary to, the Lg to P discriminant since in theory explosion and spall sources have equal
complexity.

We have also seen, Figures 19b and 19d, that a shallow (1 km) vertical dip-slip earthquake could
be incorrectly classified as an explosion using the Lg to P discriminant on the vertical component
only. It is also clear from Figure 18b that such an event at I km depth cannot be discriminated
using complexity. However, it appears that the transverse L8 component from such an event is
very large so that if the Lg amplitude is defined as an average over all components, or over the
vertical and transverse components, or if scattering converts the transverse component into the
vertical, that the L9 to P discriminant may work in this case where the complexity discriminant
cannot. Of course the usual caveats with respect to the Lg to P discriminant must be observed:
one must ensure that a missing L8 is not due to blockage.

This study has suggested that, in building a discrimination database, earthquakes in the ocean
should be carefully treated since reverberation in the water layer may make them appear more
complex, or possibly simpler, than earthquakes on land; thus unduly iomplicating the problem of
discriminating those earthquakes on land which are the true problem of interest.
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The analysis has also shown that explosions, but not spall, are expected to have a lower frequency
Lg than most earthquakes. Thus, again, the Lg spectral discriminant is expected to work better for
contained explosions which have very little spall than for quarry blasts which may have a large
amount of spall. It is interesting that this result confirms conclusions reached by earlier research-
ers but is not due to non-linear effects of spall but rather to linear considerations which result in
the Lg from an explosion source being lower frequency than that from a deeper earthquake source
even when they have the same source-time function.

There have been suggestions in the study that observations would show that shear arrival times
can be better estimated on the vertical or transverse component than on the radial, and that well-
contained explosions would show more emergent S arrivals than would earthquakes or other
explosions with significant spall such as quarry blasts or other shallowly buried explosions. How-
ever, further observational studies are needed on these points.
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