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INTRODUCTION

The time and frequency domains are equivalent displays ol seismic tracc information, though
some qualities of the signal are more easiiy observed in one domain than the other. The relative
frequency excitation of Lg, for instance, is most easily viewed in the frequency domain, but such
waveform qualities as the sequence in which pulses arrive in the wave train or the sharpness of
pulse onset are most easily studied in the time domain (Murphy and Bennett, 1982; Blandford,
1981). Because of the tremendous complexity of high frequency regional data, most attempts at
using it for discrimination purposes have involved analysis of the frequency content of the various
arrivals either through transforming selected windows or through multiple bandpass filtering. We
report here on our initial attempts to explore the alternative and to discriminate events using those
waveform characteristics most easily observed in the time domain.

A second advantage of time domain analysis approaches is that they permit a deeper insight
into the physical processes creating a seismic signal’s character. For this reason, they can be more
casily used to evaluare the transportabilty of a discriminant to varving geophysical and tectonic
regimes, This is an especially important feature in the development of regional discriminants. The
most prominent and successful spectral regional discriminants have been empirically developed.
This means that they must be redeveloped and reverified in ezch new area. As we shall show in
the following, through rigorous time domain analysis such fe.tures as regional depth phases can
be identified and used to discriminate. Discriminants based on such simple physical features as
source depth should be transportable anywhere.

In work recently completed under the treaty verification program, we have proved that such
time domain discriminants do exist. In analyzing a test discrimination data set from the western
U. S., we have discovered that the onset of P is always very similar for explosions and that few
earthquakes have this unique waveform character. This informution can be constructed into a
simple discrimination scheme by testing the correlation of observed P, waveform onsets with

average waveforms observed from explosions. High correlations indicate explosions and low

correlations earthquakes. We have also discovered that the regionzl phase P.b, is actually composed




of a sequence of sub-arrivals which corresnond to successively higher orders of reverberation in
the crust. In realistic crust models, the depth phases play an important rol~ in the waveshapes of
these sub-arrivals. By selecting an appropriate frequency band to analyze, we have been able to
accurately model this type of data from explosions in the western United States. Over the very
relevant regional distance ranges of 200 to 600 km, it appears that a discrimination procedure very
similar to the one which is known to work for P, will also be effective for Pg. We are investigating

whether similar discriminants can be constructed based on the phases S, and Sg in areas where

those phases are prominent arrivals.




Though the technology for recording broad band seismic data digitally has existed for some
time, a good regional net of stations surrounding NTS has only heen put into place recently (Figure
1). Several different types of stations and seismometers are 1n the net including DWWSSN (JAS,
ALQ or ANMO), LLNL broad bands (ELK, MNV_ LAC, KNB)and the new Streckeisens installed
by Caltech (PAS) and UCSD (PFQO). Much recent effort at Woodward Clyde has been directed at
developing short period regional discriminants that work on data trom this ret. The situation of
having data available from many sources very close to each uther which are similar in character
such as NTS cxplosions is a unigue one. T'he uming and locations of the events are known exactly.
This turns any single regional station in the western U. S. into the equivalent of a regional seismic
array. Any of the standard array processing techniques can be used with the role of sources and
stations being reversed. There is some variability in source time historv and near source structure,
but on the other hand the receiver structure is constant. We besan our previous work by simply
obtaining suites of records from each of the stations in the net and summing to form stable averages.
In so doing, we observed important features in the average P, and the average Pg waveforms which

could each be used to develop time domain discriminants. Qur success to date is summarized

below.

The Pn Waveform Discriminant Our initial success in developing a P, waveform discriminant was
rooted in past experience with modeling waveforms of teleseismic P waves from nuclear explosions.
Figure 2 is taken from Burdick et al. (1984). It shows cbserved and synthetic, long and short
period records from the nuclear test, CANNIKIN. Arrows on the left of the figure draw attention
to a subtle feature in the short period records which is associated with the arrival of the phase pP.
The records where the feature appears are assumed to be along high Q paths (t* = 0.8 5). Along

low :r Q paths the feature washes out, The long periods are not affected by pP in a clearly visible

way.
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This previous experience with the effects of pP an teleseismic short perniod P waves proved
valuable in interpreting regional P, wavetorms. As it happens, some of the stations in the western
U .S. digital net have a band-limited response equivalent to the WWSSN stations in Figure 2. To
make a uniform comparison, all ot the records 11t the Jdata base were transtormed to short penoc
WALVSSN instrument response. When the digital signals from NTS explosions were averaged, it was
observed that the average P, wavetorm was very similar to those on the let't of Figute 2 although
much shorter in period. Average wavetforms at 5 stations in the digital net are shown in Figure
3  The consistent splitting of the secand upswing is indicated by the arrows. The clear implication
is that the physics of the wave propagation ot short period teleseismic P and short periwod P ois
very comparable. More precisely, the mteraction of pP with P must be similar in the two instances.
This 1s not unreasconable in that the apparent velocity ot Py, 1s about 8 km/s and that ot teleseismic
P only increases to about 12 km,s at 30¢  The associated change 1n pP timing and amplitude s
small. The implications for regional discrimination are clear. Only very shallow sources like
explosions will have depth phases at very short times. Farthquake depth phases will be much !ater.
To test the performance of this discriminant, we assembied a set of P, wavetforms from small
earthquakes near NTS, windowed out the first three seconds of P, and measured the correlation
with the average P, waveforms of explosions like those shown in Figure 3. A similar procedure
was varried out on the explosion data base. The results trom one tvpical station, JAS are shown
in Figure 4. The explosions are displaved as stars and the earthquakes as crosses. The separation
of tha nannizngns s geod enough to warrant more study of this discrinunant.

The discrimination capability illustruted in Figure 4 onlv demonstrates that the P,, wavelorm
of explosions is stable at JAS and consistently different from earthquake waveforms. However,
the similar:ty of the wavetorms in Figure 3 suggests that the shape of the explosion wavetform i

consistent from station to station.  That this 1s indeed the case 1s shown in Figure 5 where the

average JAS explosion wavetlurm has been correlated with the explosion data base at MNYV.




The average P, wavetorm for Pahute explosions ubserved at stations in the wesier
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Moderately good event discrimination i¢ still possible. These studies suggest that one method to
achieve discrimination with a regional net will be to continuously monitor the waveform of P,
onset at all of the stations and to test in an objective fashicn for the presence of depth phases.
The small shoulder on the second upswing of the waveforms in Figure 3 scems to be ¢
relatively subtle feature on which to base 3 discriminant. However, its apparently subtle nature
1s due to the particular response of the WWSSN instrument. To demonstrate this, we carried out
a forward modeling study ot the broad band P, wavetorms from the LLNL stations designed to
determine the irue size of the pP arrival. A typical result is shown in Figure 6 where the wavetorims
of four Pahute events as recorded at MNYV are displayed. The data are shown as soiid lines and
svathetics for an appropriate crustal model and explosion source are shown as dashed lines. Becauase
the instruments are broad band, deconvolving the response out is a stable operation which has been
carried out. The traces shown are true ground velocity. The arrows indicate the arrival of pP,,
in the data and synthetics. The observed pP,, is consistently much later than the elastic predictions.
This discrepancy was observed for all events ar all stations where the wavetorms could be modeled.
In many instances, it was observed thut pP was as much as two times larger than the elastic
credictions. Similar results (pP late and amplified) have been reported in most studies where pP
umes trom . uclear tests have been measured. In our final report for our previous work (Burdick
etal. 1988), we showed that this phenomenon could be explained in terms of spall. These studies
are reievant here in two ways. First, effective pP (that 1s pP plus spall) is a large arrival, and 1
is sensible 'o attempt to continuously exanune signal onsets for its presence in urder to discriminate.
Second, svnthetic modeling ot the P,-pP, interaction is very feasible, and it is reasonable to attempt
its use in automated discrimination schemes.
The Pg Discriminant The © sad new short period regional discriminant we are developing and
testing in the western U based on the observation that the Py phase turns out to contuin a
sequence of sub-arrivals. They correspond to successive reverberitions of energy in the crustal

wave guwde, and we have named them crustal resonance phases. Our niual evidence as to then

existence and character emerged when we gveraged observations of suites of events at a single
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station just as did the evidence for pP,. Though there were some indications of a series of arrivals
pumping energy into the Py coda in some aof the raw data, the etfects of scattering and othe:
variations between events seems to dominate. This has long been known to be the greatest difficulty
in interpreting regional data. To suppress the scaitering effects, we ahgned the signals very carefully
at P, time and summed. The Yucca and Pahute data were treated separately. This procedure
neglects the difference in slowness, but our results indicate that this is a reasonable approach
Some of the clearest evidence for the phases came from ALQ. The res=It tor Yucca events is
shown in Figure 7 where we display a progressive sum of records. Each subsequent line shows
the ¢ffect of adding in an additional record. The final sum clearly indicates that there are coherent
resonance phases at frequencies of several hz. The first two crustal resonance phases develop
almost immediately indicating that they are very coherent. A third appears by the time 3 traces
are added in and the sum has stabilized by the time 8 are added in  Actually, this 15 a relatively
rapid rate of stabilization indicating that the resonance phases ire very coherent for this path. At
the bottom, we show a syathetiz tor 2 simple layer over a half space model to indicate that the
resonance phases have approxiately the character we expect.

Since it 1s clear that these reverberation phases exist, it is natural to explore the possibility
that they could be useful in discrimination. There have been many studies of the relauve properties
of the long-duration, composite phases such as Pgor Sg. Now that we knov: that the complete
phases are built up of sub pulses, we can attempt 1o base discriminants on their properties. A
large number of possibiliues exist. Any discriminant which has been tried on the composite pulses
can be tested on the sub pulses. These could include particle motion, relative amplitude, frequency
content or sharpness, To illustrate rhat important variauons in the character of the resonance
phases exist, we show the three component record of the Pahute event TIERRA at ANMO in
Figure 8. The instrument response is short pertod DWWSSN. The resonance phases are clear on
the vertical, but vary markedly 1o their character on the horizontals. The second resonance phase

appedrs to be carrying much more S envrgy. As we will show in the following, the first crustal

resonance appears to be an efficient energy channel for P and later resonances tor § One possible
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method tor discriminating using Pg may be to measure the relative amount of scattered SV energy
between the first and third resonance phases. There should be more scattered S in earthquakes.
In the tollowing, we shall discuss the development of a time domain discriminant sused on time
domain correlations of” longer period (2 sec. and greater) energy, but the point here is that there
are a number of alternate discriminants possible.

We began our work in the western US by attempting to wdentify a frequency band in which
the stable resonance phases (resolved in Figure 7 by stacking) could be cbserved consistently in
individual records. This would naturally occur in a somewhat longer period band. We obtained
suites of explosion records from each of the stations in the digital net and experimented with a
number of bandpass filters. We achieved the desired stability using the WWSSN long period response
modified by a high pass and a low pass third order butterworth filter. The long period butterworth
cultoff wus positicned at 10 sec and the low pass at .6 sec. This resulted i1n signals with a dominant
period of about 2 sec. A suite of records from about 15 events was released to us by LLNL and
some of the records with the best signal to noise are dispiaved in Figure 9. The strong correlation
of the waveforms is apparent as is the move out of P, in front of Pg with range. There are
differences between the Yucca Flat and Pahute Mesa signals at the same station, but this is not
surprising given the variation in distance to the test sites.

We developed and tested appropriate generalized ray and wavenumber integration codes for
computing synthetics of Pg which in this period range is sometimes called Pnl. We examined a
number of plausible crustal models attempting to keep them as simple and realistic as possible
Our preferred structure model for the western U.S. was a crustal layer 32 km thick over a standard
lid model with a realistic free surface velocity decrease grading smoothly over the top 6 km. Grreen's
functions for the model computed using wavenumber integration and generalized ray theory are

compared on the left and right of Figure 10 respectively for a suite of ranges. The wavenumber

results are exact except for the limits of numerical integration while the generalized ray results
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are somewhat affected by truncation of the ray sum. The generalized rays include only those
which reflect from the free surface or the Moho thus neglecting internal reflections within the
surface gradient.

The utility of having reasonably accurate generalized ray synthetics is that they can be
decomposed into ray subsets to determine the paths carrying the dominant energy. Fout subgroups
of rays are identified in the figure, and they are clearly related to the resonance phases discussed
above. The first energy is of course P, but the first large arrival or Pg onset is composed of PmP
and pPmP. The contribution of the free surface reflection is significant The second group of
rays forming the second resonance is dominated by 2PmP and 2pPmP. The third group labeled
C. Gre refers to scme unusual rays in a Converted Group. Theyv are dominated by PmSPmP,
PmPSmP and their free surface reflections. Note that this converted group moves rapidly out of
the synthetic window and that 1t evolves a great deal of complexity in the wavenumber integration
svnthetics. These mean that it will not strongiy affect a discriminant focused on the onset of Pg
and that it is undesirably sensitive to the details of the free surface gradient. However, it may
constitute the desirable channel for scattered S energy discussed earlier. At any rate, the tourth
group noted in Figure 10 is a second head wave dominated by 2P,. This arrival is part of the
same generalized ray as 2PmP, so it is not surprising that if the reflection is strong so is the head
wave. The free surface reflecuion plays an important role 1n shaping 2P, just as it does for 2PmP.
We computed similar synthetics for a crust model without the free surface gradient and found that
the eftrect of the gradient is to dramatcally increase the significance of 2PmP and all ot the free
surface reflections. Without the gradient, much more upgoing eneigy converts to SV as should be
expected,

The next two figures present those records which we believe make a particularly strong case
for interpretation of the Pg observations in terms of the four basic generalized ray groups discussed
in the previous section (PmP, 2PmP, Converted Group and 2P,). Figure 11 shows four records at

distances of about 200 or 3C0 km. Note in Figure 10 that this is where the generalized ray

interpretation 1s most valid.  For ciach station, we show the gbservation on top. a vomplete
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wavenumber integration synthetic and tinally a generalized ray Green's function beneath to aid in
interpretation. The two records from MNV comprise a strong case that most of the Pg arrival is
comprised of an interfercnce of the PmP and 2PmP group. The relatuve amplitudes and exact
details differ between observation and prediction, but these are two second waves and this level
of fit is typical of that generally obtained in this period range. There is definite support for the
converted ray group, but its role in determining the waveshape is not as strong as for the other
two groups. The records at KNB and LAC provide turther support that Pg in this distance range
is predominantly an interference of two ma:n pulses The synthetics again do not predict the exact
ratio of PmP.2PmP amplitudes, but they are reasonably close.

Figure 12 presents a similar interpretation of four records at close to 400 km range. There
1s continuing evidence of the importance of PmP and 2PmP in determining the Pg wave shupe.
The converted group 1s vutside the synthetic window. The primary difference 1s that the 2P,
group has emerged in front of PmP and caused a clear pulse. it is important to note the inclusion
of the PmS, pPmS and pSmP head waves within the 2P, group. The reason is that the 2P, wave
itself 15 a negative pulse as shown in the generalized ray Green's function. In all cases except for
the ELK record the first motion of the 2P, group is clearly positive. The wavenumber svnthetics
predict a weak positive arrival.  We interpret the strong positive arrivals in the data as being
associated with the PmS group. though the observed arrivals are definitely sharper and higher
amplitude than predicted. Our model generally fails to predict head wave behavior in this regard
The tit of the observations to the synthetics af'ter the onset of 2P, 1is, on the other hand. most
acceptable and substantiates our model tor the fine structure of Pnl.

The adequacy of the very simpie crustal structure. Model 3. tor modeling the completely
trapped (past crical angle) response though not the head waves 1n our data base is simple to
explain. The model has no structure; no velocity increase at all beneath the crust-mantle transition.
The completely trapped energy has no penctration beneath the Moho so it is insensitive 1o this
detail. The head waves do penetrate, and in particular, would be seasitive to a positive gradient

below the transinon. The Moho is 2 world-wide feature, 50 that inany region the development
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of the Pg through the PmP-2PmP interference could be anticipated, and because the energy is
completeiy trapped, the wavetorm would be insensitive o lateral vaniauons in hd structure. This
has important implications in solving the event discrimination problem.

Two of the most general phiysical bases with which to develop a discriminant between
explosions and earthquakes are the event depth and the level of shear radiation. We have found
that the beginning ot the Pg arrival is relatively deterministic and, because of the tree surface
gradient, relatively sensitive to the free surtace phases.  Because of the increased number of
signi:.cant ray paths, the number of free surface cuntributions increases along with the complexary
of it .- .. rrface contribution. Clearly the free surtace interaction 1s very Jdependent on source
denth, - 1235 also sensitive to the level of shear radiaton and associated S to P conversion. A
clear path to follow in attempting to develop a discriminant would be to tocus analysis on the Pg
onset in the period range we have been studying here. 1o estabhish the level of differences to be
expected hetween explosions and earthquakes, we computed Green's functions tor a point double
couple buried at 7 km depth in cur Mode! 3. The poedicted waveturms for a range of 380 hin wie
compared to the svathetic for a shallow explosion 1n Figure 13 The source for the earthquake
was assumed to be a triangle with 1 4 sec rise and tall time. This 1s appropriate for a magnitude
5.6 earthquake which is consistent with the event size used :n computing the explosion source
The explosion synthetic 15 shown on the top followed by synthetics tfor a vertical stnike shp. a
vertical dip shp and a 43° dip shp tault. The Jdiftferences in both the Pg and P, wavetoims are
apparent

There are a vanety of approaches possible 10 the development of a discriminant from the
type of wavetorm information shown n the tigure. In the case of P we used a simple \:x)rrci.uinn
norm as dJiscussed 1n the previcus sectien. We developed a discrimianant by sunply determining
the average wavetorm expected tor an eaplosion and correlating that waveform with P, wavetorms
tram 1 mixed data base. The explosion-expiosion norms were on average about 30" higher than

the eapiosion-earthquake. The currelation norms for the carthquake wavetorms with the explosion

waveform are shown next to the traces i Figure 130 The correlation ot the explosion with atseidt
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is of course 1.0, but it is reduced by at least 40% for each of the other Green's tunctions. From
a theoretical standpoint, discriminant pertformance comparable to the P discriminant might be
anticipated. Waveform norms were computed for all possible source mechanisms by stepping
through fault orientation angles on a 10° grid. The average correlation decrease of the
explosion-earthquake was 45% with a mimmum 28%. For noisy signals in a laterally varying earth,
the performance of a carrelation discriminant would undoubtedly be worse than these calculations
indicate, but additional 1nvestigation seems warranted.

To complete this preliminary inquiry intn the potential ot the Pg waveform time domain
discriminant, we have computed on a theoretical basis the expected trajectory of the average norm
in a standard discrimination plot (see Figure 14). To compute the variation of a tvpical earthquake
source with size we combined relationships of seismic moment to My, and my, (Taylor et al., 1988)
with those for source duration with seismic moment tor western North America (Somerville et al.,
1987) to obtain

Logtdurationy = 5.77my - 2.778
This relation has the same information requirements as the Mueller- Murphy source which we are
using for our explosion calculations. [t only requires an my, value in combination with a depth
scaling relation and a magnitude vield curve. Figure 14 shows the trajectory of the expected
correlaton of an explesion Pg waverorm with an earthquake Pg wavetorm The observed P,
correlations are chown for reterence  The separation ot the observed explosion population from
the theoretical earthquake population is Tar from complete.  However, there is clearly sulficient
impetus to continue the investugations of the Pg discriminant further and every reason to believe
the Pg wavefurm discriminant will be as guod as any developed to date. We again emphasize the

physically based nature (depth phases) ol the P, and Pg discriminants and the hope this offers for

hem to be widely transportable.
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LPPER MANTLE TRIPLICATIONS BENEATH ASI
lotroduction: Understanding the detailed structure ot the seismic discontinuities of the Earth's
upper mantle is of nndamental importance in the geosciences. This structure and its regional and
lateral variations play an important role in geodvnamics as weil as providing constraints for
compositional models of the Earth. The upper mintle P-wave velocity discontinuities have been
studied in detail for many different regions (e.g.. U.S., Canada, Furope, and west Asia) However,
until recently, data recorded in central Asia have not been readily available, preventing the Asian
plateau from being an area of prolific study.

In establishing the USA-USSR Joint Seismic Program, whereby an agreement between IRIS
and the Sovict Academy of Sciences has been set forth, previously unavailable data can now be
obtained. Decades of analog records from the Soviet national network are now uvaiiable, and are
similar in many respects to the World Wide Seismographic Station Network (Given, Helmberger
and Zhao, 1991.) Many records from this database are already digitized and easily obtained from
the Center for Seismic Studies (CSS). These data greatly increase the number of event-to-station
paths in central Asia, as well as span a Jdistance range bracketing the upper mantle (riplications,
enabliny a1 detailed regional study of the upper mantle beneath central Asia.

In an effort to study the upper mantle P-wave velocity profile we analyze P-wave motions
at distances where arrivals from the upper mantle triplications are clearly evident. The data used
are digitized analog vertical component short period records of USSR underground nuclear
explusiuns. A comparative approach 1s taken wherein USSR data are correlated with predictions
made from upper mantle models presented in previous studies. These models were derived for
distinctly different regions clsewhere on the globe, and are used here in an effort to gain a qualitative
understanding of the lateral variations in the upper mantle of the different lucales of central Asia.
Regioa of Study A map of the study area is presented in Figure 15.  The eleven stations from
which we have short period anulog Jata are presented as triangles. This array spans distances from

around 5 to 40 degrees, sampling muny ditfer=at regions, as well as different tectonic settings.

While the lithosphere 1n central Asia 1s comprised of the Russian Platform to the northwest, and
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the West Siberian Platform to the north, the regions to the south and southcast are comprised of
complex fold systems. The question of whether or not these fold systems are accompanied by
tectonic rather than shiela seismic velocities in the lithosphere is important, and will be tnvestigated
in this study. Also, lving between the West Siberian Platform (plains) to the north and the Northeast
Siberian fold system (mountain ranges) to the east, 1s the Central Siberian Plattorm (plateau) to
the northeast, where the possibility of some degree of a tectonic lithosphere, or transition zone
between tectonic and shield regions, has nc4 vet been addressed. Three stations are located in the
southeast (BOD, TLY and TUP) which permits us to investigate such a possible transition zone.
With two distinctly different and densely populated source regions, Novava Zemlya and
Semipalatinsk, there are many path geometries across Asia to investigate such lateral variations.
Comparative Modeling Technigque A compa. wive modeling approach wuas used in this study,
whereby data were correlated with predictions made from models previously presented in the
literature. The synthetics were generated by the generalized ray method (Helmberger, 1973a). The
generalized ray technique was used because of its speed and cost-effectiveness. The procedure
was to first generate Green's functions for the specific models and distances and then convoive
them with empirical sources to obtain the predictions. Empirical sources were estimated by taking
several P-wave waveforms at telesersmic distances where the triplication arrivals are well separated
in time, taking care to choose records with good signal to noise ratio as well as minimal P-wave
coda, keeping only the first arrival tor convolving with synthetics (see Figure 16). Records chosen
were typically beyond 26 degrees or so, a distance sufficiently past the 670 km discontinuity
triphication crossover. P-waves with ditferent source time tunctions were chosen so that comparing
synthetics with the data could be easily accomplished by choosing the empirical sources having
source time function characteristics matching those of the data to be modeled.

The Data Set Cur data set is a collection of 479 digitized short period vertical component records
from 11 stauons of the Soviet nauonal newwork, recording 110 underground nuclear explosions.

The numter of events recorded at cacn station is presented in Figure 17a. Some stations are very

densely populated, while others are sparse.  The distance distribution of the events recorded for
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Short Period Analog Records

120 —————~——-—- - —— e
Aj
’- ~—
S 100} ,
o
5 L
oy o
5 — -
> 80
«
I
o ( !
Q 60 } | " ]
4 ! ]
= 1 ' i
e ! } :
G i i
. 40" | I
g T i
| — |
E S 1 | R
> ZOEL E o
! ——
0" pane
< ) a) - -~ — v Z. S A =
& X O = zZ o= o> oo 02 N
< < = U . pd Z C — = =
Distance distribution
140 - -
B} |
'g 120 - e
s
2 I
]
5 100F !
)] 1
X, !
2 80 | i
— =
s {
60 - ! ‘__ B —
C i :
i f !
5 i L
3 40
o
e !
Z 20k | ! !
i i [
9! | —_ 1 p— N —
0 o 10 15 20 25 30 35 40 45
Figure 17(a) Population o, events recorded at each station. The averige 1s about 43
recordings per stauon. (b) The number of recordings plotted with respect to distance.
Trplication distances are well populated for this data set.
30




this network is shown in Figure 17b. As this figure illustrates, the distances where the different
triplication arrivals are routinely recorded from around 15 to 27 degrees are well populated. Nearly
all of the 110 events are from the two main Soviet test sites, Semipalatinsk and Novava Zemlya,
with the exception of several off site Peacetful Nuclear Explosions (PNE's.) The Novava Zemlya
events are from the northern Matochkin site. The Semipalatinsk events are from 3 specific sites:
Degelen Mountain, Koynstan and Shagan River. The Semipalatinsk events are plotted in Figure
18 using the USGS PDE locations. The data from each of the three Semipalatinsk sites were anivzed
separately. The CKM-3 instruments recording these events are similar in nature to the World Wide
Seismographic Station Network (WWSSN) short period instruments, peaking at around 1 second.
This data set is easily obtained in digital form from CSS.

The controlled nature of the source-receiver geometries along with the abundance of the
short period data makes it ideal to stack the data. Records were binned with respect to source
regions and stations, and a separate stack was made for each station at each source site, provided
sufficient data existed for any given path. Separate stacks were made for the three specific
Semipalatinsk sites shown in Figure 18. Thus, for any given station, up to four stacks may have
been made: one for each of the Semipalatinsk sites, and one for the northern Novaya Zemlya site.
The data for specific paths contain similar waveforms, and after stacking, the triplication signals
become enhanced while coda signals decrease in amplitude. The distance window for any site-receiver
path usually varies no more than about 30 km, so the stacks were made by lining up the first
arrivals of the waveforms. Al! amplitudes were normalized to unity before stacking. An example
for the well populated station OBN is given in Figure 19. The distance window, using the USGS
PDE locations, spans only about 7 km. The resulting stacked traces of the short period data set
are used to model upper mantle structure, Records were stacked only for distances where triplication

arrivals are clearly seen above the noice level. Records were not included in a stack if they had

portions that were zero in amplitude presumably due to undigitizable sections of the original
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seismograms. The total number of records fitting the above criteria is 183. For the binning of
records chosen above, 20 stacks have been made, with the average number of records per stack
being about 9 (Table 1).

Models for Comparative Study; Synthetic seismograms were generated for the distances in Table
1 for four different models. These synthetics were then compared to the data stacks in an effort
to obtain a first order idea of the type ot model necessary to explain the data tor each path. The
models chosen represent different tyvpes of lithuspheric structure (Figure 20), such as a thick snicld
model (525, LeFevre and Helmberger, 1990, Canadian shield), a model with no low velocity zone
(KCA. King and Calcagnile, 1976, west Russia), and two models with a low velocity zone in the
lithosphere, K8 (Given and Helmberger, 1980, northwestern Eurasia) and T7 (Burdick and
Helmberger, 1978, western U.S.), where T7 is a tectonic model. Although these four models were
derived for different regions of the globe, the comparison of their predictions 1o the Soviet data
is important to assess the possible nature of the underlying upper mantle. The most important
differences in these models are in the top 200 km. Second order differences are the depths of the
*400" and 670" km discontinuities, gradients above and below the discontinuities, as well as thn
percent velocity increase of the discontinuities. For the rest of this paper we loosely use the numnbers
"400" and "670" to represent the two major upper mantle discontinuities, keeping in mind that their
sxact depth varies from model to model, as well as in the Earth.

Ahbsolute Travel Times: The arrival times of the first arrivals of the large short period data set
were usually very easy to measure due to the first arrival's impulsive nature. Records having low
signal to noise ratio were not used in our travel time analysis. One of the uncertainties in the
travel times is the use of the USGS PDE origin times (unfortunately. the origin times are not
available from the USSR.) Also, the vecords came from CSS with a file of instrument time
corrections that range from 0 seconds up to around 60 seconds. Up to three time corrections per
day are listed for each station for the days that events occurred. In many cases, the clock error

was not constant over the period of a duy, and changed by as much as a second and a halt  This
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Table I: Stacked Traces List

—
STACK STA DELTA # SOURCE SITE
NO. NAME (deg) RECS REGION NAME
I ARl 13.43 3 Semipalaunsk Degelen Mountain
2 ARU 13.7§ 4 Semipalatinsk Shagan River
3 TLY 15.72 14 Semipalaunsk Shagan River
4 ARU 17.09 9 Novaya Zemlva Matochkin Shar
S OBN 19.76 7  Novaya Zemlya  Matochkin Shar
6 NRI 20.14 4 Senupalaunsk Koynstan
7 NVS 21.86 8 Novaya Zemlva Matochkin Shar
8 BOD 22.01 4 Semipalatinsk Shagan River
9 BOD 22.49 3 Senupalatinsk Degelen Mountain
10 NVS 22.87 4 W. Kazakh PNE
11 APA 2436 2 Semipalatinsk Degelen Mountain
12 APA 24.60 2 Semipalatinsk Shagan River
13 OBN 25.22 5 Semipalatinsk Koynstan
14 TUP 25.28 5 Semipalatinsk Shagan River
15 OBN 25.56 17 Semipalatinsk Degelen Mountain
16 OBN 25.96 39 Semipalatinsk Shagan River
17 BOD 27.44 9  Novaya Zemlya Matochkin Shar
18 UZH 28.31 S Novaya Zemlya Matochkin Shar
19 TLY 29.88 5  Novaya Zemlya Matochkin Shar
20 UZH 36.20 3 Semipalatinsk Shagan River
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Model Region Reference Data

S35 Canada Lelevre & Helmberger, 1990 LP Body waves
KCA W Russia Kimg & Calcagnile, 1976 SP Bodyv waves
K35 NW FLurasia Given & Helmberger, 1980 SP & LP Body waves
T7 Western US  Burdick & Helmberger, 1978 LI’ Body waves
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Figure 23. Velocity Models. Four models were used in this study for comparison with
the data stacks. The most outstanding differences in the models are in the uppenmost
200 km of the mantle.  S25 has a fast thick hid and a gradual low velocity zone, T7
and K8 have pronounced low velocity zones. and KCA has no low velocity zone.
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may be another scurce of travel time error. For cases where the clock error changed within a day,
we interpolated the given time corrections for that day to the P-wave arrival time for that day's
event, assuming the clock error changed in a linear fashion

First arrival travel times are shown in Figure 21 with the predictions of modesl KCA.
Anomalies are clearly visible on this figure, especially at 15.7 degrees (station TLY) where the
first arrival is as delayed as the discontinuity reflection  This may be a slow tectomic path from
the Semipalatinsk region,

With the uncertainty in travel times due to origin time, along with the data being grouped

at very discrete distances as seen in Figure 21, a :1, investigation 1s not possible. Furthermore,
because of these uncertainties, we choose not to use absolute travel times from this data set as a
discriminant for choosing between the different models.
Waveform Comparisops As Figure 15 indicates, our study area has good coverage of the -entral
Asia area. However, the source-receiver geometry is such that no given path from a source region
has more than one station on it. Without a profile of stations for a specific path, c¢btaining a
unique solution model is not possible. While deriving a definitive model is not practical in this
situation, comparisons with model predictions can still be made to assess agreement with different
classes of models and assess lateral variation from path to path.

Predictions for the four models K8, KCA, S25 and T7 are compared to the data stacks in
Figure 22. Nine panels are presented, in each of which the top trace is the data stack, and the
four underlyving traces are model predictions. The time window shown is 30 sec, and the prominent
arrivals are a function of distance. An example of the relative timing order of the triplication
arrivals is seen in the travel time curve for KCA in Figure 21, Up to around 21° the first arrival
is the direct P from above tt 2 400 (P4 p). and the second arrival is the combination of thz reflection
off the top of the 400 km discontinuity (Pgc) and the P wave from below the 400 (Pcp). In some
cases, the reflection oft of the top of the 670 (Ppg) along with the direct arrival from below the

670 {Ppp) are evident as a third arrival. For these distances, the gocdness of fit criteria are how

well waveforms, amplitude ratios and differeatial travel times in the synthetics agree with the
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Figure 22 (a) through (i) present data stacks top trace) and the predictions of the four
Compuanisons are described i the text

models (bottom four traces.)




data. This distance window corresponds to Figure 22 (a) through (d). From right before the
crossover distance of the Ppyg and Pgop. to a little after the crossover of the Pep and the arrival
from below the 670 (Pgp), the differential time between the triplication arrivals is often too small
1o measure. This corresponds to Figure 22 (e) through (h), where at least two arrivals appear as
more of a wave packet than distinct arrivals. The shape of these wave packets (data and synthetics)
are very sensitive to the amplitude rativs of the different arrivals, and thus can be a good diagnosuc
0ol to distinguish between different possible models. Beyond the crossover distance of Pepy and
Pgp the arrivals separate 1n time so that differential travel time information again supplements the
amplitude ratios.

The degree of fit of the model predictions to the data stacks varies from good to poor. In
some cases differential travel time information is well predicted, but amplitude behavior 1s not.
Also, the short period data is undoubtedly affected by site structure reverberation, which we muke
no etfort to account tor here other than attempting to suppress this affect in the stucking process.
Nonetheless, the triplication arrivals are asually strong and clear in this data set. Data from many
of tne paths to the west of the test sites in Figure 15 are better modeled 1n the first order sense
by a shield or shield-type model. Data to TLY to the east from Semipalatinsk, however, is tetter
modeied by the tectonic western US model T7. Figure 22 (b) shows the data stack and predictions
tor stativn TLY ut 13.7°. Only model T7 predicts the anomalously small differential travel time
between Pap and Pep due to its slow lid.  To a slightly more northerly azimuth 1s station BOD,
Figure 20 has two central Asian stachs for BOD. Witk about a 0.5 degree difference in distance,
Figure 22 (g)is for the Shagan River site, while Figure 22 (h) is for the Degelen Mountain site.

An

For Figure 22 (g), the predwction from K& is the best. Increasing in distance 0.5° (Figure 22 (h))

vields a record that is poorty modeled by all four models. [t 35 possible that the path to BOD from

Semipalatinsk may coincide with a transit;on region or boundary between the tectonic region 1o

the scuth and a more shield-like hthosphere to the north, producing complex records.




Station OBN recorded many events from the three Semipalatinsk sites. The three resulting
BN data stacks and model predictions are presented in Figure 23. For this distance, the first
arrival is Pgp and the second arrival is a combination of Pep and Ppg. Around 8 or 10 sec after
the first arrival, the back branch of the 400 triplication consisting of P,pg and Pgc can be seen in
the synthetics. A remarkable feature in the data in Figure 23 1s the rapid diminishing with distance
of the second arrival (Pcp and Ppg.) This feature is not predicted in the synthetics. Given and
Helmberger (1980) presented data in this same distance window from Semipalatinsk to an azimuth
to the southwest recorded at TAB (Tabriz, Iran.) For that azimuth, the changing amplitude ratio
of the first two arrivals is well predicted by K8 (Figure 24). The OBN data appears anomalous in
that the second arrival decays so rapidly in such a small distance window of around 0.8°. This
feature of diminishing Pcp and Ppg relative to Pi;p in 2 small distance window (i.e., move the tip
ot the triplication to a smaller distance) may be more accurately modeled by increasing the velocity
gradient between the 400 and 670 discontinuities. Increasing the gradient causes down-going rays
in this depth range to turn up more sharply. Thus the deepest possible ray propagating above the
670 discontinuity, i.e., the arrival at the tip of the D branch, is bent up 10 a smaller distance.

Station TUP has an azimuth from Semipalatinsk intermediate to that of statieons TLY and
BOD for that same source region. For this path, the distance to TUP is 25.28°. This distance is
in the window of that presented in Figure 23 to station OBN, though the waveforms are quite
ditferent. The source time function of the TUP record is longer period, which may partly obscure
any differentiation between the two triplication phases that are arriving just a few seconds apart.
Also, if these waves propagate along a transition zone from a tectonic lithosphere to that of a
shield. complexities should be expected. Figure 25 (a) displays the stack for TUP and the svnthetics.
The prediction from model K8 gives the closest fit, though it is still poor. The prediction from
the tectonic model T7 15 not as good as that of K8. It is possible that the transition from tectonic
to shield 1s abrupt because the T7 model 1s the only model that adequately predicts the record from
the neighboring path to the south at station TLY (Figure 22 (b)). For paths to TLY, TUP and BOD

from Semipalatinsk, the models K8 and T7 produce motions closest to our observations. This
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implies that over a lateral distance of around 500 km or so, the low velocity zone might drasticaliy
change from one like that in T7 to one like that in K8. Finer modeling with brcadband data is
necessary to resolve such issues.

For larger distances (Figure 25 (b) and (c)) the predictions widely vary for the four models
presented here. The observed amplitude ratio ot the first two arrivals in each of (b) and (c) is
not predicted by the synthetics. Also, models KCA and S25 predict a large late arrival that las
reflected off of the 400 km discontinuity. This ts not seen in the data. If the iarge second arrival
in the data is Pqp with Ppg, then S25 does better than the other models in predicting the differential
travel time, though the amplitude ratio prediction 1s very poor. Modifications in the fine details
of the gradients above and below the discontinuities are necessary to model these two paths.
Discussion: The four models chosen for this comparative study represent widely varving upper
mantle rheologies. All four models were derived from body wave studies. KCA is a logical choice
as a comparison model because it was derived from short period data in the western Russia region,
K.8 was chosen because it has a shield-like lithosphere as well as being derived for parts of central
Asia that coincide with out study area. K8 was constructed using KCA as a starting model,
utilizing both short and long period data from Soviet explosions. A classic shield model is S25,
derived for the Canadian shield region using long period earthquake data. A first order justification
1n choosing S25, a model that was derived for a completely different locale, is that central Asia is
thought to be shield-like, with the East European Craton to the west and the Siberian Craton to
the east. This choice has proven useful, as S25 is a best-fitting model for several of the paths in
our study area. To assess regions where tectonics are thought to play an important role, model
T7 was utilized. T7 was derived for the tectonic western US fron long period body waves of
earthquakes and explosions. Other models in the literature may have done equally well for our
criteria of choosing four models with fundamentally differing lithospheres. We note again that

our choice of models is to emphasize regional and lateral variations in the upper mantie beneath

Asia, and not to make an argument for specific models for the specific locales.




We have not used absolute travel time informauon in our modeling procedure. Due to
uncertainties in hypocenter information, we are unable to analyze travel times at well populated
sations with array data techniques. However, we can still make qualitative comparisons between
the different stations. For example, data recorded at TLY trom Semipalatinsk are anomalously slow
by up to 8 seconds when compared to KCA predictions (Figure 21, 15.7°). Absolute travel times
for the direct P waves at this range for the various models show considerable differences. The
largest difference is between S25 (pure shield) and GCA (pure tectonic, Waick (1984)) is roughly
13 seconds. The travel time for GCA at 15.7° is over 10 seconds slower than that of KCA, which
brackets the TLY times in Figure 7. T7 predicts an arrival time near 3 seconds earlier than the
TLY data, though modifications in the direction of a more tectonic model makes matching these
observations possible.

The 13 source-receiver paths that are most relevant to upper mantle triphcation distances
are presented in Figure 26 along with the best-fitting mode! for that path. For some paths, two
models are listed because predictions from either model may be considered as a better f'it than the
others. The model name is in parentheses if the best-fitting model for that path poorlv predicts
observed motions. If no model came close to predicting observations, a question mark is shown.
A comparative study has been presented in this report, so thar the four models in Figure 26 are
primarily meant to give a first order view of the upper mantle regimes beneath Asia, as well as
possible iateral variations from locale to locale. All of the models used in this study have a LVZ,
with the exception of KCA. Only vne path favored KCA (station OBN from Novava Zemlya),
with predictions from S25 being equally satisfactory. A first order qualitative conclusion from this
comparative approach is that from the four models chosen for comparison in this study, the north
and the west regions of our study area favor shield (S235) or shield-type (K8) models, while the
area to the southeast i1s probably a transition zone from a shield-type mantie to a more tectonic

upper mantle (T7). A more detailed modeling approach 1s necessary {or each nath to make more

quantitative inferences about the structure ot the underlying mantle.
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Several paths in this data set produce motions that are poorly predicted by the abeve models.
For example, the paths from Semipalatinsk westward to stations ARU and OBN are close in azimuth
and are poorly modeled. For ARU, the ditferential travel time and amplitude ratio of Pp and
Pcp in the data are not predicted in anvy of the synthetics (Figure 22a). For OBN. rapid decay of
the second arrival in a very shcrt distance window is seen in the data and not the synthetics (Figure
23).

In the case of station OBN, the diminishing second arrival at 25.96° can be attributed to an
early ending of the “D" tip of the 670 km triplication. To produce such a feature in the synthetics,
changes must be made to the model in the transition zone. Mode) changes made far above the 400
km discontinuity tend not to diminish the amplitude of the second arrival enough to match the
data. Support for this statement 1s seen in Figure 23 in that four very different Lithospheric
structures fail to produce a dimsnished second arrival  One way to end the 670 km triphcation at
a smaller distance would be to include a small zone of an increased velocity gradient on the top
side of the 670 discontinuity. This turns rays up more sharply, thus decreasing the distance where
the “D" :ip occurs. An example of such a scenario is presented in Figure 27. The left column of
synthetics 1s from K8, whereas the middle column is from K8.1, where K8 has been modified by
a small zone of increased gradient right above the 670 discontinuity. The prediction of K8.1 at
26.0° adeyuately suppresses the second arrival. It has been recently proposed that the depth of the
670 km discontinuity may varyv by as much as 20 km. Note also that the depth of this discontinuity
for difterent regrons of the globe has been placed anywhere from around 640 km to 690 km in
the hiterature A 670 km discontinuity occurring at a more shalfow depth would also give rise to
the “D" up of the triplication ending souner. An example of the discontinuity raised by 17 km
along with a slightlv increased overlving gradient is presented in  the third column of Figure 27,
This model K8.2 also predicts the correct amplitude behavior at 26.0°. These types of forward
modeling calculations can be cuarried out at each station.  Although we note here that the

non-uniqueness due to the source-recerver geomelry prevents the validation of such results.
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Recently, there has been renewed debate over the existence of a 520 km discontinuity.
Synthetics were made for a model D23 tJones and Helmberger. 1991), a mdel where $25 was
modificd by adding a 1 percent velocity increase at 500 km depth, and to preserve travel time
the increase 1n velocity at 670 km was decreased. In comparing D25 synthetics with the daty, a
discontinuity of this nature is 130t supported by the short period data stacks 1n this study.

With broadband data trom the Sceviet Union becoming more available, future work tor this
region will include a detatled forward modeling effort. By using other stations in the Soviet natonal
network that were not included 1n the TSS data set, along with selected earthquakes, a better view
of the Asian upper mantle mav be constructed. For the scurce -receiver geometry inherent 1in this

data set, wave paths are typically isglated such that no multi-station protiles exist for any path.

For this reason we have not explored solution models for any of the data due to non-unigqueness.




Introdugtion:  With the methodologies available 10 compute high-frequency fuil-wave responses
both for vertically and laterally inhomogeneous crustal media, the broadband modeling of regional
displacement seismograms has become a topic in many recent studies for retrieving the source and
propagation path characteristics (Barker, 1991; Burdick er al.. 1991; Helmberger et al.. 1991, Zhao
and Helmberger, 1991). The method of Cagmiard de-Hoop is generally used to understand the
composition of various seismic phases that the source process and the propagation effect together
make up at a receiving station. This method requires many generalized rays to be tracked between
the source and the receiver. As the crustal medium becomes complicated, the method can quickly
Lecome quite cumbersome with the process of just tracking the rays. For this reason alone, the
meihod developed bused on the frequency-wavenumber integration, retlectivity approaches is highly
usetu). This later method is computation intensive, but with the advent of fast computers and
vectorized machines this is no longer a constraint on the methodology.

At high frequencies the effects of scattering in the crust bacome so intense that only statistical
properties of wave forms are meaningi'ul. However, one exception to this generality involves the
long-period P, and shear-coupled P waves at regional (1°-15°) ranges (Helmberger, 1972, 1973).

In a recent study, Saikia and Burdick (1990) showed that the short-period P, waves (period as
short as 2 s) are also stable. They studied many observations from the Nevada Test Site (NTS)
explosions recorded at regional distances of 200 to 420 km and modeled the P, waveforms using
adeterministic crustal waveguide. The sources of these wavetorms were shallow. Also, the sources
were predominarntly isotropic, and the portion of P,; waves which was included in the P, and P8
waves had a duration of about 30 s and was dominated by compressional waves. To understand
the observed data, Saikia and Burdick (1990) employed the following strategy. They used the

frequency-wavenumber algorithm (CODE: FILON_AS, written by Chandan K. Saikia,

Woodward-Clyde Consultants) to compute the explosion generated P, waves for several canonical

crustal models and selected a crustal model based on the agreement between the data and the




synthetic seismograms. The crustal model was then utilized to understand the composition of the
Pg wave group which was constituted of phases like PmP, pPmP, 2PmP, PmS, pPmS, PmPSmP,
PmSPmP etc. P, is a constituent wave group whose frequency content is widely used to discriminate
events. In this study. we have taken a similar strategy to investigate the broadband composition
of P, and S, seismograms recorded in the North American continent at iegional distance from
double-couple sources and of the P and S waveforms that are recorded within the Soviet Union.
We shail mainly focus on identifyving the rays important to model the regional waves within the $
wave window.

Data: For the U.S. study, we used a set of three-component broadband seismograms recorded at
Harvard {HRV) station at a distance of 640 km {rom the Saguenay earthquake of November 25,
1988 iFigure 28a). These seismograms were recoraed on a Streckeisen seismometer. We selected
these seismograms because many features recorded on the seismograms were successtully modeled
by 2hao and Helmberger (1991). Beginning with their crustal model, we have directed our study
towards the modeling the high-frequency details observed in the P, waves and the composition
of waves identified as S, and sS, by Zhao and Helmberger (1991) using a multiple source model
A similar study was directed towards the modeling of tne broadtand seismograms recorded within
the Soviet Union. We selected a set of three-component seismograms recorded at GARM trom an
earthquake which originated at a distance of 200 km at an azimuth of 290° on May 4, 1989 (38.73°N
and “85°W Figure 28&b). Unlike tor North American carthquakes, the waveforms of very tew
Soviet Union earthquakes have been modeled. Thus, 1t 1s necessary to develop a starting crustal
model even to obtain a first-order agreement between dawa and synthetic.

Madelkng of HRY Sessmograms frem the Syguenay Lasthiguake: Figure 29 shows the broadband
displacements recorded at Harvard station. o anvesugitte the influence of crustal structure on the
various sigaificant phases ot the P, window, we have started with the crustal mode!l shown 1n
Figure 30 bty Jdutted lines. This model extends from the surface to a half space at a depth ol 53
kim.  The maicer velocity discontinuity s at a depth of 3% km where the P ovelocity jumps trom

6 71 km s to 8.0 km.sand the Svelocity yuinps trom 3 87 kmes to 4.7 kmys Zhao and Helmberger

pxa




Figurc 28. Geographical location of (a) HRYV (Harvard) station (solid triangle) and November 25,
1988 Saguenay earthquake (solid star) and (b} {3 AK (Garm) station (selid triangle) and May 4, 1989
USSR earthquake (solid star).




Broadband Displacement recorded at Harvard
Station from 1988-11-25, Saguenay Earthquake
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Figure 29. Broadband three-component displacement seismograms as recorded by Harvard stutian
from the 1988 November 25 Saguenay carthquake. The original seismograms were integrated




ENA Regional Velocity Models

O ‘—L ; é %V = T

——

200 l

)

<
———

_———e

H (1

40 - l
l.

|

DEPT

——This Study
- Zhao, et al.

ST e e m—-

1 |
8o ’ =L

Figuie 30, Preliminary regional crustal model developed tor tle region hetween the Garm station
and the source of the 1989 May 4, USSR earthquake.




(1991) used a reflectivity code (Mallick and Frazer, 1988) to compute the medium response and
used an elastic crustal structure to model the data. They used a U tshear-wave quality factor) of
6200 and stated that a lower value ol W, 1s not required to match the recarded wave form, although
the conventional wisdom is that for eastern North America Q,is of the order of 300 (Hwung and
Mitchell, 1987). Based on this published information, we started to look tor certain phases within
the P, regime for which the agreement between the data and synthetic can be improved and in
the process to learn more about the regional waveguide.

The phases marked as S, and sS, show the greatest mistit between the data and the synthetics
computed by Zhao and Helmberger (1991) (see their Figure 16). The synthetic seismograms are
definitely of lower frequency. So our initial attempt was to understand what part of the crustal
waveguide would be most critical in development of these waveforms.  In the present calculation,
we used the frequency-wavenumber integration method and set the nyquist frequency at 10 hz.
We computed theoretical sexssmograms for eight fundamental faults and used a focal mechanism
with a dip 659, 2 rake of 78° and a strike of 323° to predict the vertical, radial and tangential
component seismograms. These synthetics were used to compute both the point and muitiple source
seismograms and the corresponding vertical component seismograms are shown in Figure 31. The
source model contained three sub-sources, with seismic moments of 1.55x10%4, 1.45x10%¢ and
1.95%x 10°4 dyne-cm respectively. The second source was delayed by 0.65 s and the third source
by 1.45 5 trom the first source to account tor the propagation of the rupture tront. The first
source was represented with a source time function defined by a trapezoid of 0.4s rise time, 0.05s
of follow-on time and 0.25s ot healing ume. Similarly, the second and third sources were convolved
with the trapezoids of (0.2s, 0.15s, ¢.13s) and (0.1s, 0.3s, 0.2s), respectively. We also show the
synthetic seismograms generated by Zhao and Helmberger (1991) an Figure 32 using a nvquist
frequency of 4 hz so that a direct comparison can be made with those shown in Figure 31. The
frequency content in the Pnl waves of these seismograms 1s not as vich as those P’nl waves shown

in Figure 31 In these seismograms (Figure 31), the high itequencies are the result of Jdenived

source complexity




Point-Source Vs Multiple—Source Synthesis of the
Harvard Record for Various Crustal Models
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Figure 31. Comparison between two sets ot displacement seis.iogratns synthesized using point and
muluple scurces. (a) Point-source displacements - the upper seismogram is computed using the
modei response of Zhao and Helmberger (1991) and the botto.; seismogram is computed using the
model response of the present crustal model. and tt) multipie -source displacements for the two
crustal models.
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Figure 32. Comparison between data and svnthetic displacements with a nvquist of 4 hz The

seismograms for 625 km was computed using a different velocity crustal model (Figure taken from
Zhao and Heimberger, i991)




In Figure 33, we compare the vertical and radial component showing just the Pnl portion of
the seismograms computed using the parameters of multiple sources. The high-frequency signals
are adequately predicted with respect to those observed on the recorded data. The seismograms
computed using the response up to 4 Hz were essentially identical to these seismograms.

Ray Analysis of Pnl Seismograms:. In this section, we discuss our investigation of the constituent
phases of the recorded P, seismogram at Harvard station. The basic idea is to investigate the
interaction of individual ray groups in creating the total seismogram. We computed generalized
ray seismograms using the source process of the Saguenay earthquake for several groups of generalized
tays. In Figure 34, we display vertical-compcnent seismograms of these ray groups. The top six
s2ismograms are normalized to their maximum amplitude. All the PmP and SmS rays were allowed
to reflect from each interface beneath the crust-mantle boundary including the reflection from
the Moho discontinuity. The total response of these PmP and SmS rays is plotted in the first
seismogram. The geometric arrivals are indicated by PmP and SmS respectively. The S, arrival
1s small and is preceded by a refracted phase SP. This refracted phase had developed due to a
critical incidence of an S wave on an interface peraitung the converted P phase to travel along
the interface. This is a strong phase as distinctly observed on the record (see Figure 33) and was
incorrectly identified by Zhao and Helmberger (1991) as the S, wave. The seismogram in the
cecond row is for the sPmP, a ray which has departed from the source as a S wave and then
converted to P mode at the free surface. The amplitude of this ray is small. The next seismogram
1s tor sSmS. Both the geometric and head waves are strong for this ray group and contribute
significantly to the total seismogram. The next two seismograms are for the SmSSmS and sSmSSmS
ray groups. Both the ray groups have signiticant contributions. The sixth seismoéram 1s for a ray
group identified as SmS'SmS. The rays included in this group leave the source downward and
reflect from each interface. The reflections are turned back into the lower crust again at the Moho
discontinuity betore they are reflected back to the receiver. The contributions from these ravs do

of fer a significant contribution to the evolution of the S, wave group. The seismogram "Total" is

the result ot direct sum of the upper six seismograms. Having obtained a good agreement between
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Figure 33. Companson between dzta and synthete displacem- nts computed with model respaine
i io a nvquist of 10 Hz Noate the development of high trequencies and agreement between phases
marked by the c-rows.




Generalized Ray Interpretation of Pnl Waves at Regional
Distonce = R=640.0 Km (Saoquenay Epicenter to HARVARD)
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Figure 34. Understanding of the waveform recorded at Harvara station using the ray decomposiiion
technique. The top six seismograms are for the individual rav groups. The seismogram labeiled
“Total” is the total response of all the responses of upper six ceismograms and the comparison with
the F-K seismogram shown below suggests 3 good agreement tetween the two seismograms.
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the data and the synthetics, we only plotted the multiple-source frequency wavenumber seismogram
computed using the frequency-wavenumber method beneath the total response for a direct
comparison. This comparison produced good agreement among the dominant features within the
so called S, waves".

Thus, we have extended our previous study (Saikia and Burdick, 1990) on the deciphering

of the ray composition of Pg waves trom explosion sources to earthquake sources. As in the above
study, we found that the wavetforms within the Sp group can Je studied in time domain in terms
of a basic few rays, namely the SmS, sSmS, SmSSmS, sSmSSmS and SmS'SmS rays. Since these
phases leave the source as S waves, they are not excited by the explosion source. Therefore, the
only phases that may arrive within the S, widow from a pur2 isotropic source are the P waves that
are converted to S waves.
Modeling of GARM Seismograms from May 4, 1989 USSR Earthguake: In this study we have
used a set of three-component seismograms recorded at Garm station from an earthquake of May
4, 1989 (latitude: 39.436°N and longitude: 75.35°F, h=35 km, ISC). The station is located at a
distance of 200 xm from the source Figure 35 shows the recorded displacemens processed Jrom
the broadband velocity seismograms. A high-pass fiiter was applied to remove the long-period
effects. The crustal structure encountered by the wavetield along its propagation path is complex
which 1s reflected in the wavetorm. To begin to understand the waveforms, it was npecessary to
develcp a crustal structure,

OQur strategy for developing the crustal model was to begin with the tangential component
seismogram because of the simplicity of the observed displacement. This component contains only
three distinct individual arrivals as marked by the arrows. We used generalized rav theory (o
synthesize this component for various crustai models and several source depths. The best prediction
was obtained for a source depth of 25 km for the prelim:nary crustal model shown in Figure 36.

We used the following tucal mechanism. dip=

i

3¢ ship=-1352 and a strike=32°. The structure

contains two major discontinuities representing the Conrad and the Moho. We succceded in modeling

the tangential displacement using only three arrivals; the direct SH and two reflections from the




Broodband Displacement recorded at GARM Station
from 1989-05-04 Eorthquake in Soviet Union; AZ=292
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Figure 35. Broadband three-component displacement seisimoyrams as recorded by Garm stauon
from the USSR earthquake of May 4, 1989. The oniginal seismograms were integrated.
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and Helmberger (19910,




discontinuities. The frequency-wavenumber seismograms were computed with these parameters
and were compared with the recerded data. Figure 37 shows the comparison between the data and
the syathetic seismograms for the vertical and tangential components. We are successful in producing
a good agreement between the data and the synthetic for the tangential motion. We ma:i the
ina.viduai arrivals in the synthetic and show their correspondence with the data by the thin arrows.
I'he vertical componeni show agreement in the arrivals o Po. PmP, 5¢S and SmS phases. The
signal bracketed within the window of the vertical-component synthetic seismogram has a similar
character in the frequency content to the signal bracketed within the data window. Figure 38
shows 1 generalized ray seismogram using the thiee rays. The vertical synthetc seismogram has
4 strong SmS which is smeared out in the data Jdue to the interaction with the physically more
somplicated crust in the region. The vertical component of the recorded seismogram 15 also
dominated by long-period Pp; siznals shown by the solid window. These waves are also obsersed
in the synthetic seismogram but arriving at Garm with a fast veiocity. We also investigated the
effect of a possible linear velocity gradient near the free surface to Jdetermine if such  velocity
distribution would account for the mismatch between the daia and the synthetics witho, rnucketed
the window shown in Figure 37 We discretized the top ten kilomewers of the crust into ten layers
ot gqual thickte - .nd allowed a P-wave velocity increase from 4.5 km/sec to 5.5 km-sec from
the surface. The S-wave velocity within each layer had a ratio of 1.73 to the P-wave velocity.
This seemed to be a particularly reasonable expianation tor the small complex phases between the
major arrivals. However, the synthetic seismosrams computed using this surface gradient did not
improve the fit to a sigmficant degree.

Comparigen of Regiongl Pni Waves from the Ly and LSSR Crastal Models:  In this secton, we
continue to investigate the regional wavetorms that ase hikely to be predicted by the crustal models
developed for North America and Soviet Union. Since the record at Harvard station was so
successtully modelled and since 1t was L a runge of 640 km, we examined the response of the

UILER crust model at this range.  In fact, sesmograms at such distances are just becoming available

fioo the Soviet Union.  Figure 39 shows the companson between tne synthetc seismegrams




Preliminary Modeling of Brcadband Displocement
Recorded ot GARM stotion, R=200 Km
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Figure 38 A vertical component seismogram computed usiog direct P and S, PcP and ¢85, and
PmP and SmS phases.  These arrivals can distinctly be obsers2d on the recorded seismograms.
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Comparison of Displocement Seismograms at 640 Km
for the U.S. and USSR Crustal Models
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Figure 39 Comparison between the synthetic seismograms computed at 640 km for the USSR
crustal mo-Jel and the US crustal mode! Both vertical and radial comnponents are shown.




computed for the USSR and US crustal models for both the veru ents assuming
the same focal mechanism at the same azimuth.  The seismograms < at the respective
depths of the earthquakes and the two depths are similar.  \We also used the same source function.
The USSR crustal model predicts a stronger PmP relative to the P,. The S,,SP and s§, arnivals
predicted in the seismograms by the US crustal model (marked by the arrows) seem to exhibit a
correspondence to the long-period signals predicted in the response of the USSR crustal model.
The difference in the amplitude ratios is caused by the differences in the near-surface velocities
of the two crustal models. For the North American crustal model, the crustal velocities have a
gradient near the surface. The rays arrive at the receiver more steeply compared to the rays for
the USSR crustal model, thus partitioning the energy in a significantly different ratio to the vertical
and radial component.

We further investigated the composition of the P, waves predicted by the USSR crustal
model at 640 km in terms of generalized rays. We found that the S-wave reflections from the
Muho and Conrad discontinuities are strong as shown in the top two seismograms of Figure 40.
The Conrad reflection, ScS, arrives immediately following the Moho reflection SmS. The phase
shown by an arrow on the SmS seismogram is arriving at the arrival time of S, phase, but its
waveshape is more complicated than is expected from 3 classical S, phase. Among the other
phases that contribute most significantly 10 the total P, seismogram within the S window are the
sSmS, SmSSmS and ScSScS phases. The bottom two seismograms plotted in Figure 40 allow us to
compare the agreement between the generalized ray (Total) and frequency wavenumber (F-K)
seismograms. The agreement is poor following the PmP arrival. A strong long-period signal does
propagate to the receiver in the frequency wavenumber seisinogram. This must be a total effect
of many generalized rays. This effect wus also observed on the recorded seismogram at Garm
station even at a distance of 200 km fro.. the source.

Conclusions: Based on these investigations, it seems feasible to develop time-domain discriminants

at different nuclear test sites which relv on the stable features that are observed in the recorded

waveforms. ‘The most stable phases ure ubserved in the explusion generated P, wavetorms for




Generglized Ray interpretation of Pnl Waves at Regional
Distance - R=640.0 Km - SOVIET UNION CRUSTAL MODEL
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periods as short as 2 s (Burdick e al.. 1988; Saikia and Burdick, 1990). In this study. we have
extended our analysis spproach to regional broadband seismograms from earthquake sources. The
short-period P, waves have a functional dependence on the crustal waveguide. They can be
deterministically modeled using average tlat-layered crustal structures and using some selected
generalized rays. By modeling the broadband displacement at Harvard station, we found that the
structure across the crust-mantle transition zone and within the mantle can profoundly affect the
frequency content of the phases like S, and sS,,. The source multiplicity of an earthquake can aiso
create added complexity in the frequency content of these phases We found that the P, seismograms
near the S-wave arrival can adequately be modeled using the ray responses of the following phases:
SmS, sSmS, SmSSmS, sSmSSmS and SmS!'SmS.

For the Soviet Union, the most important requirement for understanding recorded seismograms
i5 the crustal model. The structure within the Soviet Union is heterogeneous and the development
of reliable crustal models is on-going (Gurrola and Minster, 1991). In this study, we have developed
a crustal structure by modeling the recorded seismograms at Garm station from an earthquake at
a distance of 200 km (Az=292°) which consisted of Conrad and Moho discontinuities. In addition,
a stight gradient is allowed for the upper-mantle structure. The rav analysis indicated that the

most important generalized rays for the composition of the P, waves are the following phases:

SmS, Sc§, sSmS, sScS, SmSSmS and sSmSSmS.
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