
PL-TR-94-2214 

INVESTIGATION OF UPPER MANTLE 
STRUCTURE IN CENTRAL EURASIA FROM 
ANALYSIS OF BROAD-BAND FAR REGIONAL 
SEISMOGRAMS (AND COMPARISON TO 
WESTERN  U.S.)  

J    I     IC.Ä 
ELECTEl^ 

Karl Koch |« 1'JUN 3 0 19951 gj 

Southern     Methodist     University 
Dallas,   TX     75275 

July    1994 

Final    Report 
15   July   1991 30   July   1994 

Approved    for    public    release;    distribution    unlimited 

DTTf QUALITY INSPECTED 8 

PHILLIPS   LABORATORY 
Directorate    of    Geophysics 
AIR FORCE MATERIEL COMMAND 
HANSCOM   AIR   FORCE   BASE,   MA   01731-3010 

1 



The views and conclusions contained in this document are those of the authors and 
should not be interpreted as representing the official policies, either express or 
implied, of the Air Force or the U.S. Government. 

This technical report has been reviewed and is approved for publication. 

Lst^i 
ysMßS F. LEWKOWICZ 
'Coptract Manager 
~ irth Sciences Division, 

S F. LEWKOWICZ,  ßirector 
Sciences Division 

This report has been reviewed by the ESC Public Affairs Office (PA) and is releasable 
to the National Technical Information Service (NTIS). 

Qualified requestors may obtain additional copies from the Defense Technical 
Information Center. All others should apply to the National Technical Information 
Service. 

If your address has changed, or if you wish to be removed from the mailing list, or if 
the addressee is no longer employed by your organization, please notify PL/TSI, 
29 Randolph Road,    Hanscom AFB, MA    01731-3010.    This will assist us in 
maintaining a current mailing list. 

Do not return copies of this report unless contractual obligations or notices on a 
specific document requires that it be returned. 



REPORT DOCUMENTATION PAGE Form Approved 

OMB No. 0704-0188 

Public reDorting aurden for this collection of information is estimated to average ' ^our oer resoonse. including the time for reviewing instructions, searcnmg existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this ouraen. to Washington Headouarters Services. Directorate for information Ooerations and ReDorts. 1215 Jefferson 
Davis Highway. Suite 1204. Arlington. VA 22202-J302. and to the Office of Management and Buoaet. PaoerworK Reduction Project (070-J-0188). Washington, OC 20503. 

1.  AGENCY USE ONLY (Leave blank)      2. REPORT DATE 

July   1994 
3. REPORT TYPE   AND DATES COVERED 

Final  7/15/91 - 7/30/94 
4. TITLE AND SUBTITLE      ,-   „ „,      ^-i       o_ *. n      *.       i Investigation of Upper Mantle Structure in Central 
Eurasia From Analysis of Broad-Band Far Regional 
Seismograms (and Comparison to Western U.S.) 

6. AUTHOR(S) 

Karl Koch 

5.   FUNDING NUMBERS 
PE 69120C 
PR T121  TA TC WU AA 

Contract F19628-91-K-0016 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

Southern Methodist University 
Dallas, TX 75275 

PERFORMING ORGANIZATION 
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

Phillips Laboratory 
29 Randolph Road 
Hanscom AFB, MA 01731-3010 

Contract Manager: James Lewkowicz/GPE  

10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

PL-TR-94-2214 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 

Waveforms from nuclear explosions at the E. Kazakhstan test site were recorded at ARU & GAR at the distance range 

studied for Nevada Test Site explosions(between 1380 and 1540 km). Waveforms at ARU are characterized by weak 

iniüal P waves following by strong secondary arrivals within 5 seconds. Within approximately 14 seconds comes a strong 

later arrival, preceded by a longer-period arrival. Filtering in different frequency bands shows initial P wave & long period 

arrival are consistent with an amplitude ratio of 1:2. Other arrivals are high-frequency & vanish for periods longer than 2 

sec. Synthetic reflectivity seismogram calculations test previous P wave models for Central Eurasia for compatibility 

with identified waveform patterns. Most models produce impulsive 1st arrivals & fail to generate strong secondary 

arrivals. Only models by Mechie et al. (1993) & Priestley & Cipar (1994) show some observed P wave patterns. With a 

new model strong secondary arrivals are generated with observed frequencies & attribute these arrivals to a Moho underside 

reflection & free surface reflection PP. Complete seismogram calculations indicate a positive gradient below the Moho is 

nppdpd tn mntrh inrrpnsinjr S wnvp. nmplimrles nhsprver. at ART! hetween initial S arrivnl A. I .p. 
14. SUBJECT TERMS 

Waveforms, synthetic reflectivity, synthetic seismogram modeling, 
P wave seismograms 

15. NUMBER OF PAGES 

44 
16. PRICE CODE 

17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 

18.   SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 

20. LIMITATION OF ABSTRACT 

SAR 

NSiM 75^0-01-280-5500 Standard Form 298 (Rev. 2-89) 
Pfescr.oed  bv  ANSI  Sid   £39-18 
298-102 



Introduction 

Investigations of the upper mantle structure in Central Eurasia can be considered as 
a two-tier approach. On the one hand the upper mantle has been probed with short- 
and long-period P wave seismograms including the studies by King & Calcagnile 
(1976) and Given and Helmberger (1980), who both used P waves from nuclear 
explosions in the former Soviet Union recorded at western and northern European 
seismic stations to investigate the upper mantle P wave structure. While King & 
Calcagnile's (1976) work was solely based on travel time curves and slowness 
estimations, Given & Helmberger (1980) used synthetic seismogram calculations to 
aid in the interpretation of the observations. Both models included a moderate 
velocity gradient below the Moho (crustal thickness 40 km) to depths of 200 and 
160 km, respectively, below which they differed significantly. The KCA model (King 
& Calcagnile, 1976) included decreasing gradients below 200 km with a velocity 
increase of   7% across the 420 km discontinuity, while the K8 model (Given & 
Helmberger, 1980) featured a low velocity zone below 160 km with moderate 
gradients to 420 km where a smaller velocity contrast of only 4.5% was required. In a 
similar study more recently, Goldstein et al. (1992) studied wave propagation at 
regional distances using nuclear explosions at the East Kazakhstan test site as source 
array in order to estimate slowness at the IRIS stations Arti (ARU), Garm (GAR) and 
Obninsk (OBN) for a series of 2-4 pulses they detected within the early P wave 
seismograms. In their subsequent analysis and synthetic seismogram modeling they 
argued for two competing models with either a discontinuity near 220 km or a 
notch-shaped low-velocity zone between 100 and 140 km in order to match early 
arrivals while the discontinuity near 420 km included a 6.5% velocity increase. 

For the second approach of estimating upper mantle velocity structure, several 
studies during the last decade are based on long-range deep seismic sounding (DSS) 
experiments conducted in the former Soviet Union starting in the early 1970's (e.g. 
Yegorkin & Pavlenkova, 1981; Vinnik & Ryaboy, 1981, Pavlenkova & Yegorkin, 
1983; Mechie et al., 1993, Priestley & Cipar, 1994). For these profiles, which reached 
distance ranges of up to 4000 km, peaceful nuclear explosions (PNE's) were used 
providing the necessary seismic energy to be observed at these large offsets from the 
source. These DSS profiles are shown in Fig.l along with tectonic features for the 
Eurasian region and were extensively described by Benz et al. (1992). 
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Seismogram sections from the DSS profiles are typically characterized (e.g. Vinnik & 

Ryaboy, 1981; Mechie et al., 1993; Priestley & Cipar, 1994) by observations of Pg to 
distances of 200 km as first arrivals and 500-600 km as secondary arrivals. Pn and 
mantle P waves are observed from 200 km with apparent phase velocities between 
8.2 and 8.5 and are particularly strong in amplitude between about 600-1200 km. 
Beyond about 1300  km, the first arriving P wave is often quite emergent and is 
consistently followed by a secondary arrival that can be identified at distances of 900- 
1000 km with fairly strong amplitudes. Reflections from the 420 km discontinuity 
are usually identified beyond 1500 km and the forward branch for the refraction 
below the discontinuity becomes the first arrival at distances of 2000-2200 km. 
Although not relevant for the scope of this study, the long-range DSS profiles also 
show the refraction from the 670 km discontinuity becoming the first arrival beyond 
2700-2800 km while the reflection can be identified at distances as close as 2200 km. 

In this study, we want to take advantage of this previous work and compare 
synthetic seismogram calculations for various one-dimensional models with the 
deep seismic sounding results as well as single station observations at station Arti 
(ARU)  and  Garm  (GAR).  First we will  characterize  the observed wavefield, 
including identification of the early P wave arrivals mentioned by Goldstein et al. 
(1992) and mantle S wave arrivals. In addition we will compare these central 
Eurasian data from a stable continental platform with nuclear explosion data from 
the tectonic western North America, as station LTX in Texas is at a similar range 
from the Nevada Test Site as ARU and GAR from the East Kazakhstan site. The 
next step will include the modeling of P waves between 800 and 1800 km distance 
with important implications for the velocity distribution of the upper 200 km depth 
range from the relative amplitudes of relevant upper mantle phases. In the last part 

we want to investigate the observed S wave pattern, especially the mantle S waves 
that are well developed in the ARU observations even from isotropic explosion 
sources. Particular attention in this respect will be paid to the Lg phase which is 
quite impulsive and shows velocities between 3.6-3.7 km/sec. 



Data analysis 

In this study we analyze complete far-regional seismograms from explosions at the 
Soviet test site in East Kazakhstan including the event from the joint verification 
experiment to investigate upper mantle structure in Central Eurasia. The data were 
recorded at the IRIS stations Arti (ARU) and Garm (GAR) with broad-band sensors 
consisting of Guralp CGM-3 and Streckeisen STS-1 seismometers. These data were 
previously studied and the P wave part was investigated for upper mantle P wave 
structure by Goldstein et al. (1992). The purpose of this study is two-fold: (1) 
reexamine the P waves and compare the observations with synthetic seismograms 
calculated for new models that were established from deep seismic sounding (DSS) 
profiles published in recent years (i.e. Mechie et alv 1993, Priestley & Cipar, 1994); (2) 
to model the S wave part, in particular mantle S waves and the Lg phase, which is 
often used for yield estimation or in discrimination work. 

The station location and the event location are sketched in Fig.l and the event 
parameters are summarized in Tab.l. The path from East Kazakhstan to ARU with 
lengths of 1490-1540 km is almost entirely within the West Siberian platform and is 
almost alongside the DSS profile #43 which was carried out in 1988, however, to the 
knowledge of the author there exist no published results so far from this 
experiment. Results from the closest DSS profile (#32), which was almost exactly 
1000 km to the east along similar strike and with similar path length within the 
West Siberian platform (applying for the southernmost shot puim), were reported 
by Mechie et al. (1993). A second DSS profile (#25) 800 km farther to the east was 
recently studied by Priestley & Cipar (1994). The experiment on profile #45 was 
conducted in 1989 (Ryberg, 1993) and is closest to the path to GAR, but here also no 
results have been published yet. 

Vertical and radial component seismograms at ARU are shown in Figs.2a,b. Traces 
are aligned on the first P wave arrival starting after 20 s into the trace. Except for the 
first two traces with large microseismic background noise, where event magnitudes 
are less or equal 5, event to event variations are fairly small. The traces are 
characterized by a P wave with an emergent first arrival followed by a secondary 
pulse comprising maximum P wave amplitudes. Secondary arrivals are attributed to 
S mantle waves starting at about 170 sec into the trace and the Lg wave which 
arrives about 270 sec into the trace. From the P travel time of 190-195 sec, the Lg 

waves phase velocity is thus nearly 3.5 km/sec. 



Enlarging the P wave portion and filtering the data as shown in Figs.3 shows that 
the initial emergent P wave is long-period and is followed by higher frequency 
arrivals arriving between 2 and 5 sec later. Another high-frequency arrival with the 
highest P wave amplitudes arrives 13-14 sec after the initial P wave. Also a notable 
low-frequency swing precedes this arrival. Goldstein et al. (1992) identified 4 
different arrivals within this P wave packet, attributing the first arrival to a shallow 
direct wave and the later higher frequency phases  to reflections off deeper 

discontinuities. Filtering the data in the pass-band of 1-5 sec (Fig.3b) shows the first 

arrival enhanced in amplitude, as well as the low frequency arrival preceding the 
last high-frequency arrival. Remarkable is the apparent constant amplitude ratio 
between these two pulses of 1:2, in both the broad-band as well as this longer period 

band, and the disappearance of the late high-frequency arrival representing the 
maximum amplitude in the raw data. This high-amplitude, high-frequency arrival 
was interpreted by Goldstein et al.  (1992)  as the reflection from the 400 km 
discontinuity, while this work argues for the lower frequency and earlier arrival to 
be this reflection. If deeper penetrating rays are consistent with longer period 
arrivals, this waveform pattern further argues, that the secondary high-frequency 
energy most likely propagates shallower in the upper mantle contrary to the 
assumption of Goldstein et al. (1992). 

In Fig.3c the P wave portion was further examined by passing the broadband vertical 
data through different zero phase Butterworth band passes with a total of 4 poles 
and with the lower corner frequency fixed at 33 sec. Except for the last trace with 
upper corner at 4 sec where the microseismic noise is significant, all traces show a 
constant amplitude ratio of 1:2 between the initial P arrival and the longer period 
later arrival. Interesting furthermore is the fact that the energy following the first 
arrival and the longer period secondary arrival are only observed for frequencies 
higher than 1 Hz. In contrast to Goldstein et al. (1992) we consider therefore these 
arrivals as narrow-band between about 1-3 Hz (the high-frequencies were shown by 
Goldstein et al. (1992) to disappear above 3 Hz), while the other arrivals are quite 
broad-band extending from a few seconds to a few Hertz. 

In Fig.4a the S wave portion is shown with indication for a mantle S arrival at about 
150 sec after the first arriving P (170 sec into the trace). In addition a secondary 
arrival is also identified with a delay of about 17-18 sec. Both arrivals can be 

interpreted as the direct mantle S arrival generated from the free surface conversion 
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at the source and the S wave reflection from the 400 km discontinuity. Further 
energy can be correlated with a delay of 30 sec with respect to the first mantle S 
arrival, and it might be speculated this to be the free surface reflection SS similar to 
the pattern within the P waves. It should be noted that if the data are filtered with 
lower frequencies, these arrivals become more intermittent, thus 0.2-0.6 Hz appears 
to be the optimum frequency band for the shear wave energy. Surface waves, shown 
for period between 10 and 50 sees in Fig.4b, are arriving between 300-350 sec after the 
P wave and hence have group velocities near 3.0 km/sec. A multiple filter analysis 
(Dziewonski et al., 1969) of the data suggests a Airy phase with frequencies near 20 
sec similar to the Rg phase with a group velocity minimum of 3.0 km/sec. 

Comparison with Western U.S. far-regional explosion data 

In Figs.5 we contrast regional seismograms from both Joint Verification Experiment 

(JVE) explosions detonated at the Nevada Test Site on Aug. 17, 1988 and at the 
Soviet test site in East Kazakhstan on Sep.14, 1988 which were observed at similar 
ranges from the source. Station LTX is at an epicentral distance of 1468 km from the 
NTS source, while stations GAR and ARU are located 1386 km and 1530 km, 
respectively, from the East Kazakhstan site. In both regions the P wave at these 
distances is characterized by the direct mantle P wave and the 400 km reflection. 
This pattern is further enhanced by the low-pass filtered P waves shown in Fig.5b 
which also indicates that there is a significant drop of amplitude. ior the reflection 
at GAR. On the other hand the Lg appears quite similar although slightly slower for 
the western U.S. Both the apparent longer periods observed throughout the 
seismogram and the much higher signal for the surface wave at LTX indicate the 
stronger attenuation of high frequency body waves and associated scattered waves. 

Filtering the P waves in different frequency bands as carried out for the records 
displayed in Fig.5c shows a similar pattern for the Western U.S as was demonstrated 
for Central Eurasia. While the initial P wave and the 400 km reflection are 
emphasized by the low-passed records, it is obvious that especially Pn (or the wave 
guided in the mantle lid (Koch & Stump, 1993; Burdick & Helmberger, 1978)) and 
some later phases  are much higher frequency and compare with the higher 
frequencies observed for later phases at ARU. Therefore it is suggested that higher 
frequency energy does not penetrate as deep into the mantle than direct P or the 

400 km reflection. 
5 



Synthetic seismogram modeling 

In the preceding section the waveform characteristics in particular of the P waves as 
well as the complete far-regional seismograms were extensively discussed. In this 
section we use synthetic seismogram modeling in order to investigate various 
proposed velocity models for Central Eurasia for their ability of reproducing the 

waveforms observed at ARU (or GAR) including models derived from previous 
seismogram modeling  (Fig.  6a)   and  more  recently  published  models  from 
interpretation of DSS profiles mainly on the Siberian platform (Fig.6b). For the 
waveform modeling we used the extended reflectivity method (e.g. Müller, 1985), 
which only accounts for a one-dimensional velocity structure, but which was also 
applied in many previous studies (i.e. Goldstein et al, 1992; Mechie et al., 1993; 
Priestley & Cipar, 1994). For all calculations a consistent set of parameters was used: a 
source depth of 500 m, although Ryberg (1993) mentions a typical emplacement 
depth of about 800 m for most of the nuclear devices used in the PNE experiments; a 

source duration of 1 sec applying a Bruestle-Müller source function (Bruestle & 
Müller, 1983) except for the cases where a different source duration is explicitly 
mentioned, and an acausal, frequency-independent attenuation model adopted after 
Der et al (1986) including Qp of 900 in the crust, about 600 in a depth range of 100 km 
below the Moho and 400 for depths to the upper mantle transition zone. The 
attenuation value for S waves in each layer was chosen according to the relation 
Qp/Qs=9/4. Different frequency and slowness parameters were used depending on 
only P  wave  calculations   or  calculations  of the  entire  seismograms  within 
reasonable computation times and are described in the appropriate sections. 

The stable continental shield (Central Eurasia/ Canada) models shown in Figure 6a 
were derived from travel-times/ slowness analysis and/or waveform modeling and 
are consistent (with the exception of Goldstein et al., 1992) in that they show 
moderate gradients for the upper 200 km in the P wave velocities with reduced 
gradients above the 400 km discontinuity. Only Given & Helmberger's K8 model 
and Goldstein et al.'s models include a low velocity zone above 200 km which was 
also speculated about by Vinnik & Ryaboy (1981). All models have similar 400 and 
700 km discontinuities both in velocity contrast and depth as well as the gradient in 
the transition zone. Models from deep-seismic sounding (Fig.6b) also show quite 

strong similarities, as most include small to moderate gradients to depths of about 

120 km although the associated velocities extend over a significant range, with a 
strong increase in the gradient within a depth interval of a few to a few tens of 



kilometers near this depth, underlain by a depth region with notches of higher and 

lower velocities. There is also considerable variation among the models for the 

upper mantle discontinuities near 400 and 700 km, reflecting the ranges at which 

these reflections were observed as well as their amplitudes on the different profile 

lines. In the first part of this section these models which were developed purely 

from P wave observations are revisited to investigate their appropriateness for 

modeling the P wave observations at ARU. Although some of the models were also 

used by Goldstein et al. (1992), the newer models from DSS profiling were not 

available at that time. 

a) P wave seismograms 

For the synthetic P wave seismograms we chose phase velocity integration limits of 

7.8 and 20 km/s in order to include all upper mantle P phases but eliminating 

possible later phases such as Pg as the total length of the time window of 51.2 sec 

would cause otherwise well-known wrap-around effects. All frequencies from 0.05 

to 4 Hz were included. In Figs.7 we summarize the results from the reflectivity 

method for the various published models for Central Eurasia for the distance range 

from 800-1800 km. Model KCA shown in Fig.7a is characterized by the direct P 

arrival turning above 200 km in the upper mantle and the reflection from the 

400 km discontinuity as the strongest arrivals in this time window. Secondary 

arrivals are crustal multiples from the direct P (both the first o.ustal multiple and 

the PP phase which arrive at nearly the same time) as well as S-P converted 

multiples (the phase preceding the PP arrival is the surface converted S-P arrival, 

where the path from the surface to the Moho is of S type - the phase trailing the PP 

reflection is the multiple corresponding to PP with one leg in the crust a S wave). At 

distances larger than 1200-1300 km the initial P wave arrival is followed by a low- 

amplitude later arrival that can be attributed to the Moho underside reflection. Both 

the reversed amplitude ratio for the main phases as well as the lack of later arriving 

energy were considered by Goldstein et al. (1992) as a reason to reject this model as 

well as model K8 (Given & Helmberger, 1980) considering them inappropriate for 

the observations at ARU. Model K8 (Fig.7b) and S25 (Fig.7c), which was developed 

for path within the Canadian shield region, show similar patterns as KCA with the 

exception of somewhat stronger amplitudes for the 400 km reflection and a reduced 

amplitude for the initial P wave for distances greater than 1600 and 1700 km, 

respectively, due to the low velocity zones in these models below 140 and 165 km, 



respectively. The fourth of the models derived mainly from traveltime analysis and 
waveform modeling is CE200 (Goldstein et al., 1992) and its corresponding synthetic 
seismograms are displayed in Fig.7d. The model calculations show a very strong 
reflection from a discontinuity located at 200 km depth as well as from the 400 km 
discontinuity. The broad-band seismograms in the 1500-1600 km distance range 
confirm the amplitude ratios as observed by Goldstein in the 0.5-1.5 Hz frequency 
band. Their alternative model CELVZ produces a similar result when looking into 
the distances appropriate for ARU, with strong reflections for distances between 900 
and 1300 km and an even smaller initial P wave. 

A second set of synthetic seismograms for models derived from the interpretation of 
DSS data is shown in Fig.7e-h. The model found by Vinnik & Ryaboy (1981) for 
seismic observations along a long-range profile on the East-European platform 
shows a relatively similar waveform pattern as previous models with a fairly 
impulsive first arrival and a strong reflection from a discontinuity near 400 km 
depth. However a few noteworthy differences are the increased amplitudes for the 
crustal multiples and conversions and the secondary phase that is observed beyond 
1200 km. For the remaining three models by Mechie et al (1993), shown in Fig.7f 
(Quartz-N) and Fig.7h (Quartz-S), and by Priestley & Cipar (1994) in Fig.7g, all predict 
small amplitudes for the reflection near 400 km for distances less than applicable for 
ARU. However these models (see Fig.6b) are quite similar in the predicted P 
waveforms, although the profile lines are some 1000 km apart and are confined to 
different tectonic units such as the West Siberian basin and (h   Iberian platform. 
First, they predict quite emergent initial P waves at distances of 1200 km (Fig.7g) and 
1500-1600 km for the Quartz profiles (Fig.7f,h). These models also show larger 
secondary arrivals following immediately the initial P wave throughout the shown 
distance range. However, the most striking feature of these seismograms is the 
strong amplitude arrival following the 400 km reflection with delays between about 
15 to 25 sec depending on the model and a phase velocity close to the initial P wave. 
This phase was found before by Ryberg (1993) in the seismic observations along the 
Quartz profile as an apparently longer period arrival and interpreted as the surface 
reflection PP. A closer investigation determines the earlier phase seen in Figs,7f-h to 
be the PP phase while the strong arrival can be identified as overcritical PP reflection 
from strong velocity gradients near 120 and 140 km depth.   Therefore this phase is 

quite late in the Quartz models, but it is interesting to note that it appears much 

earlier in the model by Priestley & Cipar (1994) and might interfere and thus be 

interpreted as the 400 km reflection at distances less than 1600 km. If on the other 



hand this arrival is close to the reflection as might be evidence in the ARU data, 
then the velocity models derived by Mechie et al. (1993) are either too slow in the 
uppermost mantle or the velocity gradient is introduced too deep. Mechie et al. 
(1993) argued for an alternate model for their profile line with the shot point in the 
north with velocities near 8.2 km/sec at those depths which in turn is close to the 

values found by Priestley & Cipar (1994). 

From the preceding discussion of previous models it becomes evident that most of 
those models are inadequate in reproducing the characteristics at ARU, which, as 
detailed in the previous section, are an emergent P wave arrival followed by fairly 
high frequency secondary arrivals, which in turn are preceding a low-frequency 
400 km reflection and a high frequency arrival with the dominant amplitudes 
within the P wave portion of the seismogram. In order to resolve the discrepancies 
between P observations and synthetic P wave seismograms we developed a new 
model that is fairly similar to the Quartz models and the model by Priestley & Cipar 
(1994), as these models both feature somewhat low-amplitude direct P waves and 
high-amplitude PP waves. The model has a fairly small positive gradient below the 
Moho starting with velocities of 8.2 km/sec with a rapid increase of velocities 
between about 110-130 km. Below an about 10 km thick lid-like structure (similar to 
Priestley & Cipar, 1994) we introduced a weak low-velocity zone to about 250-300 km 
and a 400 km discontinuity with a velocity jump from 8.64 to 9.25 km/sec. Similar 
values for the velocity contrast across this discontinuity were proposed for other 
models. The synthetic P wave seismograms for this model with frequency and 
slowness parameters as used in all the previous calculations are shown in Fig.8a for 
the vertical component and in Fig.8b for the radial component. The seismograms 
indicate a emergent P arrival beyond 1200-1300 km and a strong secondary arrival 
seen for distances less than 1800 km. The third arrival seen particularly for the 
distance of 1600 and 1700 km can be attributed to multiple between the Moho and 
the strong velocity gradient near 120 km depth. The reflection from the 400 km 
discontinuity appears for distances larger than 1500 km where it interferes with the 
surface reflection PP from both the direct wave and the 120 km gradient reflection. 
The radial component seismograms are somewhat at odds with the observations, as 
they show a similar pattern as the vertical component, however the observations 

do not show pronounced secondary arrivals (Fig.2b). 

So far a source time function of 1 sec was used throughout all synthetic calculations. 

Goldstein et al. (1992) argued for a source function of 0.5 sec duration based on the 



waveform matching of synthetic reflectivity seismograms and observations at 

NORESS which is beyond the distance where upper mantle discontinuities cause 
waveform complexities. In Figs.9 we used the same velocity model as in Figs.8 but 
applied this shorter source time function. The result from the higher frequency 
content of the source wavelet is an increase in amplitude for the two underside 
reflections (Mo ho/surface) related to the velocity gradient near    120 km depth, 
represented by the third P arrival and   the arrival following the 400 km reflection, 
respectively at 1600 km distance. Comparing these adjacent arrivals, then it is 
evident that they are now about the same amplitude, while in Fig.8 the earlier 
arrival was higher amplitude. This behavior is somewhat consistent with the 

observations at ARU (e.g. Fig.3). In addition, the radial components show less 
significant secondary arrivals in better agreement with the ARU data. 

b) Complete seismograms 

Starting from the P wave models we computed complete synthetic seismograms 
with constrained S wave models using a Poisson's ratio of 0.25. The frequency band 
considered was 0.02-2Hz with a sampling interval of 0.125 sec and a phase velocity 
window between 3 km/sec and 16 km/sec was applied. The resulting records are 
shown in Fig.l0a-b for the representative models CE200 (Goldstein et al., 1992) and 
Quartz-N (Mechie et al., 1993) for comparison with the most important features in 

the observed S waveforms and a qualitative discussion in tlu, ; -chon. Although 
CE200 was found to exhibit major deficiencies in explaining the P wave portion, it 
was shown by Goldstein et al. (1992) that the surface wave dispersion in the 
frequency band from 10-100 sec is quite well matched. The complete seismograms 
show an impulsive Lg arriving 250 sec into the reduced time trace at 1500 km which 
is slightly earlier than indicated by the S wave observations (see Fig.2) and surface 
waves that are predicted to arrive after 300 sec. The crustal velocities ranging from 
3.6 to 3.9 km/sec as used by the constrained S wave model are therefore slightly 
higher than observed which is consistent with Goldstein's dispersion curves where 
the observed dispersion is consistently slower than the prediction. The initial S 
wave with onset about 150 sec after the initial P wave at 1500 km from their model 
is much earlier than the observed first S wave arrival at ARU at a slightly larger 

distance.   Interesting  from   these  model   seismograms   is   also   the  significant 

amplitude for the S wave reflection from the 400 km discontinuity for distances 
beyond 1600 km. Unfortunately, this arrival is not well developed for distances 
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similar to GAR and ARU and therefore can not be used for estimation of the S wave 
velocity contrast across this discontinuity. 

The synthetic seismograms from the constrained Quartz-N model by Mechie et al. 
(1993) are shown in Fig. 10b and show some interesting similarities with the 
observations. Although the Lg wave is quite emergent due to the lack of a gradient 
within the crust, the steady increase of S wave amplitudes between the initial S (150 
sec after P at 1500 km) and the Lg/surface wave arrival matches the pattern observed 
at ARU. This model with a small velocity contrast across the 400 km discontinuity 
does not produce a strong reflection within the considered distance range. 

To summarize the results from the complete seismogram calculation we find that 
the crustal model used by Goldstein et al, (1992) gives a good match of surface waves 
and Lg observations with the deficiency of velocities slightly too high. Considerable 
positive velocity gradients as present for the Quartz-N model within depths of 100 
km below the Moho produces increasing amplitudes following the initial S wave 
arrival. Models with positive gradient below the Moho such as KCA (King & 
Calcagnile, 1976) or K8 (Given & Helmberger, 1980) produce similar results. A 
suitable S wave model for the ARU observations must include the aforementioned 
features, however all constrained models predict considerably earlier mantle S 
arrivals. Therefore the Poisson's ratio below the Moho in Central Asia must be 

higher than 0.25. 

Discussion and Conclusions 

Far-regional observations at ARU have been used to constrain upper mantle 
velocity structure in Central Eurasia by testing previously published P wave models. 
Synthetic seismograms based on the extended reflectivity suggest several later 
phases in the early P wave segment that were previously interpreted as reflections 
from velocity discontinuities near 200 and 400 km by Goldstein et al. (1992), but that 
can be identified as surface and Moho underside reflections. The model calculations 
also were successful in predicting the higher frequency contents of the surface 
reflection relative to the 400 km reflection and shows that these two phases interfere 

at ranges close to the distance between ARU and the East Kazakhstan test site. The 

slowness estimates made by Goldstein et al. (1992) for their second arrival supports 

these findings as they find higher slowness than for the initial P arrival in 

11 



agreement with slower phase velocities for secondary arrivals found in this study. 

Measured slowness for arrivals 3 and 4 in Goldstein et al. (1992) can also be 

explained by the synthetic seismograms shown in Figs 8 and 9, in that the surface 

reflection PP interfering with the 400 km reflection at ARU producing the broad 

slowness estimate for arrival 3. The estimate for arrival 4 is dominated by the 

coherent long-period 400 km discontinuity reflection, the following high-frequency, 

high-amplitude arrival does not contribute significantly, possibly due to 
incoherence. 

The significance of surface reflections in far-regional observations was furthermore 

stressed by Ryberg (1993) which follows the initial P arrival by about 10 sec. The 

secondary arrival in Figs 8 and 9 which is a overcritical arrival produced by the 

strong gradient near 120 km is seen in many DSS profiles between 800 and at least 

1500 km, as argued by Mechie et al. (1993) or Ryberg (1993). Ryberg(1993) modeled 

this arrival with a laminated zone right below the Moho and produced an arrival 

that was significant in amplitudes to at least 3000 km. The much simpler model 

used here supports the fact that secondary energy following the initial P arrival at 

far-regional distances in Central Eurasia results from mantle P waves that propagate 

in a about 80-100 km thick zone below the Moho. 

The preliminary study of complete seismograms argues for stronger positive 

gradients of the shear velocity structure of at least the top 100 km in the shear 

velocity structure in the upper mantle. The models uaed throughout this study 

predict initial S arrivals much earlier than observed by as much as 20 sec which in 

turn would predict Poisson's ratios larger than 0.25 for the upper mantle in Central 

Eurasia. More modeling is required in order to resolve these discrepancies. The 

modeling also produced strong S reflections for models with significant 400 km 

discontinuities, however, these arrivals become only large for distances well beyond 

the distance between ARU and the East Kazakhstan test site. Future analysis of the S 

waves from deep seismic sounding profiles could focus on identifying this phase 

and its implication for the shear velocity structure near the discontinuity. 
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ARU - vertical component (raw data) 
 r~ 
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Figure 2:    Broad-band seismograms observed at Arti (ARU) for explosion events 
studied by Goldstein et al. (1992); (a) vertical component (unfiltered) -   (b) radial 

component (unfiltered). Epicentral distance is given to the left of trace. Only the 

traces 4,5,6,8,10 and 11 (from the top) are used in the following due to sufficient 

signal/noise ratio. 

500 



ARU - Radial component (raw data) 
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Figure   2b 
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ARU - vertical component (raw data) 
T 

1520       1522      1524 1526       1528       1530 
Distance (km) 

1532       1534       1536       1538 

Figure 3: P wave section of data displayed in Fig. 2a - (a) raw seismograms (b) 

filtered (0.2-1 Hz / 6 poles / zero-phase) - emphasizing the initial P arrival and the 

reflection from the 400-km discontinuity (c) P wave portion of the JVE explosion 

(Sept. 14, 1988) at ARU filtered in several pass-bands. When looking at longer 

periods, the initial P wave and the 400 km discontinuity with a stable amplitude 

ratio of about 1:2 remain while the second and fourth arrival disappear. 
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ARU - vertical component (BP 0.2-1 Hz [-2]) 
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Figure  3b 
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ARU - vertical component (zero phase band-passed filtered) 

15 20 25 30 
Time (sec) 

35 

Figure  3c 
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ARU - vertical component (BP 0.2-0.6 Hz [-2]) 

1520      1522 1524      1526       1528       1530 
Distance (km) 

1532       1534       1536       1538 

Figure 4.   (a) S wave seismogram section band-pass filtered from 0.2-0.6 Hz 
showing mantle S wave arrivals at 170, 208 and 220 sec after the initial P 
which are related to the direct S (from the near-source surface conversion) 
the 400 km reflection and SS - (b) Surface wave section for the 10-50 sec 
pass band; most of the energy is from the Airy phase with periods closed to 
20 sec with group velocities of about 3 km/sec. 
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ARU - vertical component (BP 10-50 sec [-2]) 
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Figure  4b 
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Vertical component JVE data comparison (BB velocity) 

GAR 

ARU 

100 150 200        250        300 
Time (sec) 
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Figure 5: Comparison of the JVE explosion waveforms at regional distances in 

Central Eurasia recorded at GAR (1384 km) and ARU (1530 km) (Sep. 14, 1988), and 

Western United States recorded at LTX (1468 km) (Aug. 17, 1988); (a) raw data 

featuring mantle P, Lg and mantle S only for Eurasian paths - (b) band-pass filtered P 

waveforms with direct P and 400 km reflection - (c) LTX P wave segment filtered in 

in the pass-bands given next to trace 
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Vertical component JVE data (BB vel.) comparison (BP 0.1-0.5Hz [-2]) 
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Figure  5b 
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Event 88_230 at 1468.2 km (BB-integr.) 

unfiltered 
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Figure 5c 
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Figure 6:    Upper mantle models for stable continental regions (Eurasia): 
(a) KCA [King & Calcagnile (1976)], K8 [Helmberger & Given (1980)], CE200/CELVZ 
[Goldstein et al. (1992)], S25 [Lefevre& Helmberger (1989)] 
(b) Quartz-N/S [Mechie et al. (1993)], PRCIP [Priestley & Cipar (1994)], VKRY [Vinnik 

& Ryaboy (1981)], This Study 
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Figure 9:     Synthetic seismograms as in Fig.8 but for a source duration of 0.5 sec 

(reduction velocity: 8.7km/sec). 
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Figure 10.   Complete synthetic seismograms for two P wave models used in 
Fig. 7.    The S wave structure was constrained to Poisson's ratio of 0.25. 
Reduction velocity used was 8.7 km/sec. 
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