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ABSTRACT

The University of Wyoming database of seismic recordings of Peaceful Nuclear Explosions (PNEs) has
been recently extended to 19 PNEs recorded along 7 long-range refraction/reflection profiles: QUARTZ, CRATON,
KIMBERLITE, RIFT, METEORITE, and RUBY (2 lines). These profiles form a grid traversing the East European
Platform, the Ural Mountains, the West Siberian Basin, the Baikal Rift, and the Siberian craton in two directions,.,
and include dense and reversed linear as well as fan PNE recordings (RUBY). Dense, 3-component recordings
along subparallel and crossing profiles provide us with unique opportunities to study large-scale propagation effects
of regional seismic phases, allow detailed examination of the regional seismic phases, correlation between the
individual PNE records and with geologic and tectonic features.

In this report, we extend traditional, travel-time analysis of PNE arrivals to amplitude and waveform
inversion and show how short-period PNE recordings are used to constrain the effects of crustal structure on seismic
arrivals within 1000 - 3000 km ranges. These new constraints include (1) characterization of crustal attenuation
through coda measurements and (2) imaging of the crustal structure using receiver function techniques. Both of
these factors are of primary importance for modeling of crustal-guided phases, such as the P, and L,

Energy-balance considerations in three dimensions show that an extensive coda is inherent to all P-wave
phases. This coda can be explained by crustal scattering and is a result of effectively areal excitation of short-period
scattered waves (Py, Sg, Lg, R;) within the crust by the waves incident from the mantle, or, conversely, by generation
of mantle phases from crustal-guided waves within a distributed source region. The resulting estimates of coda Q
range between 0=380 near 2 Hz and 0=430 around 5 Hz and can be associated with crustal attenuation. Our coda
model also explains the observed build-up of the arrival amplitude with time and the apparent lack of a pronounced
coda of body-wave arrivals from the mantle transition zone. We “deconvolve” the overlapping codas of the arrivals
and extract their true relative amplitudes. These coda-free amplitudes could potentially be used in improved seismic
discriminants.

In order to constrain the principal crustal structures from regional and teleseismic PNE arrivals, we show
that scattering and P/S conversions within the crust cause reverberations in the waveforms of P-wave arrivals.
Stacking of receiver functions of first arrivals results in consistent images of the basement along the PNE profiles.
In another consequence, variation of the sediment/basement contact is a major factor influencing the complexity of
PNE arrivals that may influence both amplitude and frequency characteristics of seismic discriminants.

This study demonstrates that amplitudes and waveforms of PNE records provide valuable quantitative
constraints on crustal structure for the analysis of the propagation of L, and other phases and for development and
calibration of regional seismic discriminants.
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OBJECTIVE

During the past several years, supported by the grants from the Air Force Office for Scientific Research
(F49620-94-1-0134 and F49620-94-A-0134) and from the Defense Threat Reduction Agency (DSWAO01-98-0015)
the University of Wyoming has acquired an impressive data set of seismic recordings of Peaceful Nuclear Explosion
along a grid of linear profiles in Northern Eurasia ). These unique seismic data are being investigated for
their potential use in CTBT monitoring.

Until recently, apart from observations of Lg and S waves and their amplitude measurements (Morozov et
al., 1997, 1999), PNE records were analyzed primarily as wide-angle seismic data, with an emphasis on travel-time
modeling and inversion. In this report, we focus our attention on the amplitude and waveform pattern of the PNE
wavefield and investigate applicability and usefulness of coda amplitude measurements and receiver function
techniques traditionally employed in teleseismic studies. Our objective in the following is to demonstrate that (1)
these methods allow constraining variations of the depth of the basement and crustal attenuation — crustal features
that are critical for Lg modeling and seismic path calibration, and (2) accounting for coda effects allows obtaining
coda-free amplitudes of secondary phases (P,, PP, S, L,) that could be used in improved seismic discriminants.

RESEARCH ACCOMPLISHED
Of the seven PNE lines ifi Figure I, QUARTZ has been studied the best, with detailed crustal and upper
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Figure 1 DSS PNE profiles under study at the University of Wyoming: QUARTZ, CRATON,
KIMBERLITE, RIFT, METERORITE, and RUBY (two lines, obtained recently). Large stars
are the PNEs, small stars (for profile QUARTZ only) are the chemical explosions. Profile
RUBY is shown schematically. The coordinates and other parameters of the PNEs used in these
profiles were reported by Sultanov et al. (1999). Major tectonic units are indicated in white
contours (WSR — West Siberian Rift, BR — Baikal Rift).. Note the extent of systematic,
continuous profiling, with PNEs detonated at the nodes of a 2-D recording grid. Also note that
the profiles are close to some of the IMS stations (labeled triangles). The study of crustal effects
presented here was performed for profile QUARTZ. The box NW of PNE QUARTZ 2
indicates the area where crustal attenuation was measured using coda amplitude analysis.
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Figure 2 Vertical-component record from PNE QUARTZ-4 [Figure ]). Inset shows a sketch of typical
refracted, reflected arrivals and their multiples identified in the PNE wave pattern. Note the strong
second phases in the record. The long-range P, phase (shaded in the inset) consists of arrivals
forming a strong band of energy propagating to 3000 km at a group velocity between 8.0 — 8.1 km/s,
with a faster branch at 8.5 km/s beyond 2700 km (Morozov et al., 1998a). Note the unusually high
energy of the arrivals in the primary P, branch supporting the interpretation of the long-range P, as
a series of Moho and free-surface multiples of P, and Py (labeled WG and WGy). Also note that the
long-range P, phase is strong and is followed by a coda extending beyond the ends of records shown
here.

mantle models developed, and this profile will be used in the following analysis. For our interpretation of the
amplitude character of a “typical” PNE wavefield m, we extract amplitude decay curves from several

seismic records from PNE QUARTZ-4 (often also re s PNE 323) and CRATONm an(m
between the offsets of 2000 — 2500 km. At these offsets, the separation of the phases provi t ill

the PNE energy pattern (Ei . The energy in the PNE wavefield at this distance appears to build up for 20 — 30
s after the first arrivals, by an extensive coda that can be observed for 100 — 150 s m Both the
high amplitudes of the WG phases and the coda are surprising and must be understood in t of future

amplitude modeling of PNE records. Specifically, we will need to explain two features of the recorded distribution
of PNE energy in i

1) The long-duration codas of the observed codas of PNE arrivals. The coda of the free-surface multiple PP (WG
in our notation) appears much stronger than the coda of PP reflections of nearly the same amplitude.

2) The apparent excess in the amplitudes of the WG phases compared to the reflections from the transition zone.
Recent 1-D modeling (Mechie et al., 1993; Morozova et al., 1999).showed much lower amplitudes.



1. Coda decay rate of the PNE arrivals

A simple physical model of the coda allows us to obtain meaningful estimates of crustal attenuation quality
factor (Q) and of the relative amplitudes of the arrivals without presently impractical 3-D finite-difference modeling.
Our approach follows coda models accepted in teleseismic array observations (e.g., Greenfield, 1971; Bannister et
al., 1990; Dainty, 1990; Gupta et al., 1991) and is based on two main observations. Firstly, waves propagating
through the mantle and incident on the crust at high apparent velocity form a source of scattered energy different
from the point-source model commonly used in coda estimates. Thus a correct coda model must take into account
the distributed character of its excitation. Secondly, despite their apparent difference, we postulate that all the
mantle arrivals could have similar coda patterns. Due to their long extent, these codas overlap contributing to the
stepwise increase in energy seen ir| Figure 3. Decomposition of the recorded amplitude pattern allows us to obtain
the true relation between the amplitudes of the onsets of the different PNE phases and their codas.

shows that the two WG multiples forming the long-range P, are clearly distinct in the character of
their codas. The first, Moho multiple labeled WG i is followed by a coda that dominates the record after
high-pass filtering. However, in the low-frequency band, the strongest phase is the free-surface P, multiple (WGg)
followed by its coda. The higher amplitude of the WGy event is consistent with higher reflectivity of the free
surface compared to the Moho. Also, the longer and low-frequency coda of WGy suggests a predominance of
surface waves that propagate efficiently at lower frequencies and are progressively more attenuated as the frequency
increases; this observation thus points to predominantly crustal origin of the coda.

Previous measurements of coda
decay rate (Ryberg ef al., 1995; Ryberg
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suggest that these values of Q might be 2
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¢ = 2 assuming body-wave nature of the Figure 3 Amplitude of the high-frequency and low-frequency

coda waves and a point source. However, (filter corner frequency is 5 Hz for QUARTZ and 3HZ
as pointed out by Morozov et al. (1998a), for CRATON) records within the offset range 2500 - 2600
the energy of the coda of the long-range km from PNE QUARTZ-4 and CRATON-1 (modified

PNE phases is better described by a

from Morozov and Smithson, in press). Time reduction
relation[(1)] with ¢ = 1.0 for the higher- > In press)

is 8 km/s, and 7 three-component instantaneous trace

frequency coda and = 0.9 for the lower- amplitude records were averaged within a 2-s sliding
frequency coda, with Q=co. This time window and within the offset range (Morozov and
ambiguity in the determination of the Smithson, 1996) was used. First arrivals, a reflection
attenuation factor O using equatipn](1) from the 410-km discontinuity, and two whispering-
illustrates the importance of a correct gallery phases (WG and WGy) are indicated. Note the
model of geometrical spreading.  The difference of the codas following the free-surface multiple
tendency of the geometric spreading refraction WG}, at low frequencies and the Moho multiple
parameter ¢ to values lower than 1 when WG at high frequencies. Note the about 150-sec long
(O=co shows that formulﬂ) may not be codas following the arrivals; also note the differences in
applicable to the coda decay rate of the these codas between the high- and low-pass filtered

long-range PNE arrivals. records and also between the PNEs.



Assuming predominantly crustal
origin of the coda waves, coda amplitudes
of PNE arrivalspt rgure 2 can be
explained readﬂme take into
account that seismic waves propagating
through the mantle and entering the crust
form a source of scattered waves that is
different from a point source implied by
relation High apparent velocity of the
incident waves (8 — 10 km/s) exceeds the
velocity of the crustal-guided waves (3.5 —
5.5 km/s) generated through conversions
on the Moho, on the basement, on surface
topography, and on other velocity
heterogeneities. ~ Note that the most
efficiently propagating phases within the
crust (in the frequency range 0.5 - 10 Hz),
post-critically reflected S waves, or L,
(Campillo, 1987), tend to the lower limit
of this velocity range.

Since the apparent velocities of
the incident mantle waves are much higher
than the velocity of crustal-guided phases,
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Figure 4 The same amplitudes as in plotted in logarithmic

scale. Straight lines correspond to the relation with
0=320 for the low-frequency curve (at approximately 2
Hz) and 0=430 for high frequency (at 5 Hz). Background
noise estimated from a time window between 300- 350 s of
the records was subtracted from both records prior to
taking logarithm.

we can approximate the generation of

scattered energy within the crust and on the Moho as nearly
simultaneous. The area of this distributed source of
scattered energy increases with time, and thus the geometric
spreading in coda decay cancels out and the entire decay of
coda amplitude is due to the crustal attenuation:

P(e)o B)=c 72,

For more detail on the derivation of this coda power decay
relation, see Morozov and Smithson (in press); a similar
relation for coda energy was also obtained by Dainty (1985).

Relation shows that the coda power decay law
is purely exponential, in good agreement with the data
throughout the entire observed duration of the coda. These
linear trends of InP(f) are consistent with log-RMS coda
shapes of Semipalatinsk nuclear explosions presented by
Baumgardt (1985). From this relation frequency-dependent
QO can be easily estimate 4), resulting in values
ranging from Q=320 near 2 Hz and Q=430 around 5 Hz.
These values above suggest a dependence of Q = 270-2.
and further confirm our association of the arrival PNE coda
effects with crustal, preferably P— L, or L,— P scattering
(Singh and Herrmann, 1983; Dainty, 1990). The
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Figure 5 A model of intensity variation with time

for a PNE event (see equations|(3)). The
energy of the primary event is
approximated by a parabolic function
and is characterized by its peak power P’
and duration 7. The coda is
parameterized by its coupling to the
primary event A and by its decay rate
@/Q defined in relation

comparatively low values of O might be related to the effect of the thick sedimentary cover of the Pechora basin
sampled by the part of the profile used in this analysis (Morozova et al., 1999).

2. True amplitudes of PNE phases

Since second arrivals ride on top of the codas of the earlier phases, the PNE record section exhibits a
characteristic energy buildup, with the onsets of later phases appearing stronger than they are in reality. For the use



of these amplitudes in  seismic
discriminants, more stable estimates
would apparently arise from the
amplitudes that are free from such crustal
contributions. As we show below, such
“coda-free” amplitudes can be obtained by
“deconvolving” the observed averaged
amplitude.

Amplitude (relative units)

0 100 I 200

In a simplified approach to such 5 , . ,
deconvolution, we again start from the
localized amplitude decay curves shown
in |Figure 3| and model each of the events
as a superposition of a primary arrival and
of its coda [(Figure ]5). We assume that
coda power follows the time dependence
and is proportional to the total energy
of the primary phase. This approximation
leads to a two-parameter amplitude decay

model for each of the four arrivals labeled Figure 6 Top: Coda amplitude decay model for frequencies below 5

Amplitude (relative units)

T 1
0 100 200
Time - Range / 8 (sec)

in [Figure 3] Hz. Thick line is the low-frequency amplitude from

0 Figure 3! thin line shows the modelled amplitude shown in

P(t— t0)= NO’ 1<t Figure 6] Note that crustal scattering and a simple

Mofp(t—tol tZtO, approximation of coda power (1) explain the observed

3) coda build-up by the subsequent P, PP, WG, and WGy

arrivals. Bottom: Amplitudes and codas of the four

where ¢ is the onset time, P° is the separate arrivals forming the total coda energy. Note that

squared amplitude of the onset, 7 is the this decomposed section is dominated by the reflection

estimated duration of the primary phase P,P. Also compare the amplitude of WG in this plot to

(so that P’7 measures its total energy), and the high-frequency WG coda in[Figure 3]and note that WG
A is the relative coda amplitude parameter. is stronger at lower frequencies, as expected.

Since we assume that the mechanism of
scattering is common for all arrivals, A is the same for P, P,;,P, WG, and WG

By varying the parameters describing the amplitudes of the four arrivals i, we obtained the coda-
free amplitudes of these arrivals : Ap=1.7, Apyiop=4.1, Awc=2.1, Awg=2.9, A=0.22. During this joint
inversion of the energy envoelopes, we also found that a value of O=380 better describes the observed pattern of
overlapping codas than the value of 0=320 estimated from the cumulative linear trend in

shows that the simple mode describes the observed amplitude pattern satisfactorily throughout
the entire recording time range. As expected, the strongest phase in the deconvolved amplitude pattern in the
bottom of is the reflection from the 410-km discontinuity. Note that because of increased attenuation
below about 150-km depth (Morozov et al., 1998a, b), the arrivals from the mantle transition zone are very weak in
the high-pass filtered records and they do not boost the apparent WG energy (.

3. Mantle waveguide focusing under the profiles QUARTZ and RUBY?

As the argument above shows, the energies of secondary phases including the long-range P, appear
stronger than they are in reality due to their enhancement by the codas of the earlier phases. However, even after
our amplitude correction, the amplitudes of the WG modes, and in particular, their total energy bottom)
are still significantly higher than expected from 1-D modeling (Mechie et al., 1993; Morozova et al., 1999). At
longer ranges, high amplitudes of the surface multiples of P, in this region are also indicated by the observations of
a very strong PP phase (corresponding to the first phase in the WGy group in our notation) from the Semipalatinsk
nuclear explosions (Baumgardt, 1985, 1990).



As a solution to this controversy, we suggest that high amplitudes of the waves guided within the
lithosphere could be their focusing under the northern part of the East European Platform. This region has a mantle
structure that is distinctly different from that of the West Siberian basin (Mechie et al., 1997; Morozova et al., 1999).
The unusually high amplitudes of the long-range P, have been observed only on the profiles QUARTZ and RUBIN
traversing the East European platform (Ryberg et al., 1995), and the strong PP phase was also identified along a the
path close to that of the profile RUBIN ; Baumgardt, 1985). On the contrary, our preliminary study
suggests that the long-range P, is much weaker and crustal attenuation is somewhat lower under the Siberian craton .

Although still qualitative, the above argument is supported by an observation that not only the WG arrivals
but also their primary phases P,, and Py (the latter are refractions and reflections from regional seismic boundaries
between 90 — 140 km depth; cf. Pavlenkova, 1996; Morozova et al., 1999) are very strong between the offsets of
about 300 — 800 km((Figure |2). Such strong amplitudes should be due to high energy of the source and to the
velocity gradient and reflectivity observed within the lithosphere (Morozova et al., 1999). After a reflection from
the Moho and free surface, this near-critical energy could form the observed strong waveguide arrivals (WG in

:

The high amplitudes of multiple refractions (PP and WG) could be explained by the effects of crustal,
Moho, and lithospheric heterogeneity favoring propagation of energy within the top 150 — 200 km of the mantle
under the northern part of the East European platform and under the West Siberian basin). Among these
effects are the strong velocity gradient and reflecting boundaries in the uppermost mantle (Morozova ef al., 1999).
As demonstrated by Kennett (1987), within the ranges of PNE profiles (20° to 30°) layered structures within the
mantle may act as a wave-guide contributing significantly to the P-wave coda.

Baumgardt (1985) also suggested that focusing could explain the high-amplitude PP in NORSAR
recordings of the Semipalatinsk nuclear explosions. In particular, near-receiver focusing was required to account for
the variations of PP amplitude across the array. In contrast to this observation, QUARTZ records show consistent
and strong WG phases within the entire offset range and suggest that reflective lithosphere with vertical velocity
gradient and favorable source conditions should be responsible for the overall character of the wavefield. Near-
receiver scattering manifests itself in reduced coherency between the adjacent seismograms.

The unusually strong P, and WG phases observed in QUARTZ records could support the observations of
coda flattening between 310 — 450 sec after the teleseismic P-wave arrival in the recordings of Semipalatinsk
explosions at NORSAR (Baumgardt, 1985, 1990). In a detailed study, Baumgardt (1990) showed that this part of
the coda consisted primarily of L, and S, modes, with minor amounts of P, energy and no detectable teleseismic P
contribution. He interpreted this coda flattening as a result of P,—L, scattering under the Urals. This explanation,
which appears to be the only reasonable model of the observed coda, also implies that the P, is strong and carries
enough energy to reverse the decay of the P-wave coda.

4. The nature of the PNE arrival coda

Since our coda decay model in equation is dictated simply by the scattering geometry and by the
principle of conservation of energy, it should be applicable to other observations of scattering at regional and
teleseismic distances. Indeed, in a teleseismic study of underground nuclear explosions at Novaya Zemlya,
Greenfield (1971) interpreted the observed coda as a result of near-source R,—P scattering and pointed out that
without crustal attenuation, the coda energy would have been constant. Dainty (1990) suggested that for Kazakh
nuclear tests recorded at NORESS, about half of the coda energy consisted of near-source L,—P scattering, and
another half was represented by P—L, scattering near the seismic array, with an energy decay law similar to derived
above (Dainty, 1985). Baumgardt (1985, 1990) used incoherent beams and continuous “polar scans” to identify
variations in coda decay and mode content within 200 — 400 sec of the teleseismic P-wave codas.

The codas of the WG phases and, as we suggested above, of all the other P-wave phases are not due to
anomalously low crustal attenuation and to a tuned, narrow-band, highly scattering uppermost mantle as suggested
by Ryberg et al. (1995) or by Ryberg and Wenzel (1999). On the contrary, we favor the traditional interpretation of
the coda as a result of crustal scattering of the waves incident from the mantle and propagating at high apparent
velocities. The reciprocity principle complements this mechanism by its counterpart in which strong crustal-guided
waves (Pg, Sg, Lg, R;) generated by the PNE are scattered on crustal heterogeneities producing secondary phases
propagating through the mantle and feeding the observed coda (Dainty, 1985, 1990).



The observed difference between the amplitude dependencies of the records at lower and higher
frequencies (Figure 3} is very significant. Similarly to the deep P-wave phases, the WGj; arrival and its coda are low
in their high-frequency content. Compared to WG, WGy is similar but travels two additional passes through the
crust, and thus the disappearance of WGy in the high-pass filtered record should be related to crustal attenuation.
Also, the increased Q at higher frequencies) and its regional variations) suggests that the low-
frequency coda contains more surface waves sampling the sedimentary, lower-Q parts of the upper crust. Therefore,
the difference between WG and WG also points to a crustal nature of the coda.

An important implication of our coda model is that only a three-dimensional (3-D) analysis of scattering
can yield reasonable quantitative estimates of the dynamic properties of the PNE wavefield. Although 3-D or 2-D
modeling of PNE short-period records using realistic crustal and mantle models is at present not practical, it appears
that interpretations of scattering based exclusively on 1-D simulations (Tittgemeyer, 1996; Ryberg and Wenzel,
1999) might become misleading. On the contrary, energy balance considerations consistent with the accepted
teleseismic coda models and utilizing the true, 3-D view of the process of wave propagation allow us to explain the
behavior of the coda and to unravel the amplitude relations between the observed PNE phases.

5. Using receiver functions to map crustal basement

In another application of the new, amplitude and waveform analysis of PNE records, we computed receiver
function sections by deconvolving the vertical-component record of each PNE seismogram from profile QUARTZ
from the corresponding inline component. The receiver function sections from the three QUARTZ PNEs were
stacked and correlated with the detailed crustal model derived earlier (Morozova et al., 1999; in this
model, the depths to the basement were obtained from industry reflection and borehole data and was provided by the
Center GEON, Moscow.

A comparison , middle) of the detailed picks of the crustal basement with the receiver function
image shows that although the Moho P/S conversion cannot be correlated in the receiver function stack, the
basement is well pronounced as a P to S converted arriving 1 — 2 sec after the first arrivals.  Although such
conversions generally contribute to the complexity of the first-arrival waveforms and cannot be picked directly,
deconvolution reveals the variations of the depth of the basement with substantial detail. Among possible
implications of this observation, we suggest that (1) receiver functions computed using the 3-component recordings
of PNE first arrivals can be used to constrain such important structural features of the crust as the depth to the
basement, and (2) it shows that P/S conversions on the basement and other resonances within the sediments
contribute to the complexity and amplitudes of the first (and presumably all other) arrivals. Both of these
conclusions should be considered carefully during modeling of Lg propagation in realistic crustal structures like the

one presented in top.

CONCLUSIONS AND RECOMMENDATIONS

Based an analysis of amplitude envelopes of the records from the profile QUARTZ, we arrived at both a
consistent explanation of the character of PNE arrival coda as well as at a realistic estimate of its decay rate, in
contrast to some of the previous results (Ryberg et al., 1995; Tittgemeyer et al., 1996; Ryberg and Wenzel, 1999).
The key points of our coda model of PNE arrivals are:

1) A long coda detectable to 100 — 150 sec in DSS records follows every PNE arrival at an offset range over 2000
km;

2) Codas of the long-range arrivals are due to scattering within the crust of the primary PNE arrivals propagating
at high apparent velocities thus leading to distributed coda excitation and reduced geometric spreading;

3) The codas of the PNE arrivals build up energy within the record section leading to an increased energy within
the PP time window. This amplitude pattern of the records was inverted for true amplitude relations between
the arrivals.

As a result of our PNE coda model, we obtained estimates of coda Q ranging between 0=380 near 2 Hz
and 0=430 around 5 Hz. These values correspond to the values generally associated with the crust (including the
sedimentary rocks) and suggest that the crust could be the source of the extensive coda pattern observed in PNE



records (F4 . As our study shows, the amplitude pattern of the PNE records throughout their full length can be
explaine tively by body- and guided waves within the upper mantle and by (predominantly) crustal
scattering.

Using receiver function analysis of PNE arrivals, we show that scattering and P/S conversions within the
crust cause reverberations in the waveforms of P-wave arrivals. Stacked receiver functions of first arrivals produced
a consistent images of the basement along the PNE profile QUARTZ. This technique could potentially be used for
imaging crustal basement along other PNE and conventional-explosion profiles with 3-component recordings.
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