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Executive Summary 

We study long seismic profiles in the Former Soviet Union that are sourced by a number 
(1-4) of Peaceful Nuclear Explosions (PNE's). These profiles offer explosions in 
different geologic materials that generate strong seismic waves that propagate through 
different tectonic provinces, affecting their propagation characteristics. The ultra-long 
Deep Seismic Sounding (DSS) profile "Quartz' crosses 6 major geologic provinces in 
Eurasia and is sourced by 3 nuclear (PNE) and 48 chemical explosions. High velocity 
(8.4 km/sec) uppermost mantle is found under the Mezenskaya depression and under the 
east flank of the Urals. One almost continuous upper mantle boundary occurs at 65 to 80 
km depth, and another with an approximately 40-km thick LVZ occurs at 120-140 km 
depth. The shallow upper mantle blocks and the two extensive interfaces indicate strong 
upper mantle heterogeneity imaged by this unique profile. Using travel-time modeling 
techniques, we associate the teleseismic P„ with whispering gallery modes traveling 
within the top 160 km of the mantle. The long incoherent coda of this phase results from 
scattering and from reverberations of seismic waves within the crust. We examine the 
unusually strong and extensive coda of the long-range P„ (interpreted as a whispering- 
gallery, WG) phase propagating to beyond 3000 km. Such an extensive coda is inherent 
not only to WG but to all other P-wave phases and can be explained by crustal scattering. 
The long coda is a result of excitation of short-period scattered waves (Pg, Sg, Lg, Rg) 
within the crust by the waves incident from the mantle, or, conversely, by generation of 
mantle phases from crustal guided waves within the source region. Seismic records from 
nuclear explosions recorded by Deep Seismic Sounding profiles provide valuable 
information about the propagation of regional and teleseismic S waves and Lg phases 
across a variety of tectonic structures of Northern Eurasia. Using the data from profile 
"Quartz", we demonstrate that the short-period Lg propagates effectively within the Baltic 
Shield and is strongly attenuated under the West Siberian Basin. We present an evidence 
for Lg leakage into the uppermost mantle and also propose multicomponent amplitude 
measurement and noise correction techniques that facilitate and improve the analysis of 
secondary phases. 
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■CHAPTER 1 

OBSERVATION OF Lg AND S WAVE PROPAGATION ALONG THE ULTRA- 
LONG RANGE PROFILE "QUARTZ", RUSSIA 

I. B. MOROZOV, E. A. MOROZOVA, and S. B. SMITHSON 
Department of Geology and Geophysics, University of Wyoming 
Laramie, WY82071-3006, USA 

1. Abstract 

Seismic records from nuclear explosions recorded by Deep Seismic Sounding profiles 
provide valuable information about the propagation of regional and teleseismic S waves 
and Lg phases across a variety of tectonic structures of Northern Eurasia. Using the data 
from profile "Quartz", we demonstrate that the short-period Lg propagates effectively 
within the Baltic Shield and is strongly attenuated under the West Siberian Basin. We 
present an evidence for Lg leakage into the uppermost mantle and also propose 
multicomponent amplitude measurement and noise correction techniques that facilitate 
and improve the analysis of secondary phases. 

2. Introduction 

Over many years, Russian Deep Seismic Sounding (DSS) data have been extensively 
used by many researchers for a detailed analysis of the velocity structure of the crust and 
uppermost mantle of the northern Eurasia (see [1] and references therein). Most of these 
studies, however, concentrated on the analysis of the primary P-wave refracted and 
reflected waves observed within the first 20-40 sec after the first arrivals. 

Long listening times of the DSS nuclear explosion (PNE) data (up to 600 sec), however, 
allow observations of regional and teleseismic 5-wave and Lg arrivals, the second of 
which is particularly important because of its use as the primary seismic nuclear test 
discriminant. From this perspective, DSS records provide a unique collection of 3- 
component recordings of the propagation of regional and teleseismic phases from about 
60 PNEs across the variety of tectonic structures representing at least 1/10 of the world's 
land mass. 

In this paper, we examine the character of Lg and regional and teleseismic S waves 
observed in the records of the ultra-long DSS profile "Quartz". For a description of the 
location of the profile, its acquisition parameters, tectonic structure crossed by the 
profile, and for an analysis of the crustal and uppermost mantle structure revealed by the 
profile, we refer the reader to our paper [1] in this volume. 

In the following analysis, while focusing our attention on the observational aspects of 
amplitude measurements, we demonstrate that the observed propagation characteristics 



of the Lg phase vary along the profile "Quartz", and they also differ substantially from 
the character of Ig observed before in the adjacent regions of the Baltic Shield. In an 
attempt to explain the significantly lower amplitude of Ig observed along the major part 
of the profile, we propose a mechanism that might be responsible for the leakage of 
energy out of the Lg window. 

3. S and L phases in "Quartz" records 

PNE records typically exhibit a consistent sequence of primary .P-wave refractions and 
reflections that taken alone or together with the chemical explosion data formed a basis 
of several 1-D [3] and 2-D [1, 4, 5] interpretations.   On the contrary, due to the high 
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Figure 1. Trace-normalized three-component vector amplitude records from 
PNE 323. Reduction velocity is 4.5 km/sec. Lg is strong near 500 km of offset 
but rapidly loses its energy with distance and nearly disappears after 1200 km. 
Note the shadow zone between the offsets of 1500 and 1800 km in the first 
arrivals (indicated by the arrows) and the corresponding gap in the S-wave 
onset. This shadow zone is caused by a prominent low-velocity zone (LVZ) 
below a depth of approximately 200 km [3]. Also note the sharp attenuation of 
S wave amplitude at about 2500 km of offset, apparently corresponding to its 
attenuation within the LVZ [8]. 



level of the crustal reverberations and scattering, even the secondary P-wave phases are 
typically incoherent and diffuse, leading in some cases to dramatically different 
interpretations [6-7, 8-9]. Similarly, S- and Lg arrivals are comparatively weak and are 
masked by the long codas of earlier arrivals. As we will show below, both these features 
are of primary importance; at the same time, they cause difficulty in displaying these 
phases in standard record sections. To highlight these weaker phases, and also to pick 
their onsets, we use 3-component vector amplitude displays [2]. 

3.1. GENERAL CHARACTER OF S-WAVE AND Lg RECORDS 

Figure 1 shows records from the southern "Quartz" PNE 323 (see the map in Figure 1 in 
[1]). 5 wave propagates effectively to regional ranges of about 2000 km, after which it 
becomes much weaker at teleseismic distances, although it still can be distinguished in 
the records. The shadow zone that was observed in the P-wave onsets between 1500- 
2000 km and that is caused by the prominent low-velocity zone (LVZ) below 200 km 
[3] is recognized in the S wave onsets (Figure 1). Compared to Lg and to the 
background coda of P-wave arrivals, the S wave has a higher frequency content, and it 
is strongly attenuated after low-pass filtering below about 2 Hz. 

The Lg phase from PNE 323 is strong at distances below 500-700 km and at frequencies 
below 1.5-2 Hz, but is quickly attenuated with distance and nearly disappears between 
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Figure 2. Three-component vector amplitude records from PNE 123 plotted as 
in Figure 1. Note that the Lg is significantly stronger in the Baltic Shield region, 
NW of PNE 123. 



1200-1400 km from the PNE (Figure 1). Thus in its amplitude-offset dependence, Lg 
propagation along the West Siberian Basin differs significantly from the propagation 
within the Baltic Shield where the absolute value of Lg amplitude appears to be 
substantially stronger, and no indications of its relative attenuation are found, even 
though the shot point is in a sedimentary basin (Figure 2). 

In order to quantify the observed amplitude characteristics of Lg and the 
regional/teleseismic S waves, it is necessary to account for biases in the estimates caused 
by the noise background of the phases, and it is also necessary to chose an appropriate 
amplitude measure. These tasks are performed in the following sections. 

3.2. TIME DISTRIBUTION OF RECORDED ENERGY 

The 5 and Lg phases arrive in the background of scattered energy generated by strong P- 
wave arrivals. As we have observed earlier [9], a dominant part of recorded energy 
from "Quartz" PNEs propagates above the LVZ at 200 km depth, apparently by means 
of coupling between the waves scattered within the crust and turning waves in the 
uppermost mantle. From an observational standpoint, this energy is represented by a 
long train of energy following the uppermost P-wave mantle phases (Figure 1). This 
amplitude decay rate is consistent with its interpretation as being due to scattering within 
the crust, in which crustal S waves and probably Lg waves apparently play a major role 
[10]. 

For our interpretation of comparatively quickly decaying Lg, the presence of a strong P 
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Figure 3. Vector amplitude decay averaged for the records between 1000- 
1200 km offset. The time window starts at the picked onset of the P„ wave. 
For a comparison, the plot on the right shows RMS vertical component. Note 
that along with a somewhat higher stability of the estimates [11], vector 
measure also provides a more consistent estimate of S„ and Lg amplitude. 
Note the high energy and long coda of the uppermost mantle refractions and 
reflections following Pn. This coda forms a strong noise background on which 
S„ and Lg wave amplitudes are measured. 



wave coda may indicate that due to certain features of the velocity structure (e.g., short- 
scale Moho topography, velocity gradient below the Moho, crustal heterogeneity, 
basement relief and faulting) the Lg waves traveling within the crust may be strongly 
coupled to Pn, whispering-gallery modes [9,10] turning within the uppermost mantle 
and hitting the Moho boundary at grazing angles of incidence. In such a manner, 
accounting for a faster decay of Lg, this coupling would also enhance the source- 
induced noise background on which Sn and Lg phases are observed, also leading to their 
more diffuse character as shown in Figures 1 and 2. 

4. Measurement of amplitudes 

The amplitudes of P, S, and Lg phases were measured using RMS estimates within 
carefully chosen time windows picked around the main onsets of the corresponding 
phases (Figures 1 and 2 show the times of the beginnings of these time gates for PNEs 
323 and 123). The lengths of these time gates were generally near 2 sec for P waves, 
and 10-20 sec for 5 and Lg waves. 

In the measurements of comparatively weak seismic phases arriving on a significant 
coda background, certain steps need to be taken to enhance the stability and to remove 
the biases of the estimates. Below we briefly discuss the amplitude measurement 
techniques employed in our analysis of "Quartz" data. 

4.1. THREE-COMPONENT AMPLITUDE MEASURE 

As Kennett pointed out in his analysis of Lg propagation along the FENNOLORA 
profile [11], three-component RMS vector measures result in more stable amplitude 
estimates than single-component measures. This improvement of stability is apparently 
due mainly to a partial compensation of scattering effects that result in the rotation of the 
direction of polarization of particle motion. In our work, we employ an instantaneous 
vector amplitude measure [2] which has two important advantages over the simple 
Euclidean RMS measure used in [11]: 1) our measure is instantaneous, providing the 
maximum possible temporal resolution while being independent of any time windowing; 
2) it is accompanied by a set of other instantaneous multicomponent seismic attributes— 
phase, frequency, polarization vector, ellipticity, etc. We, therefore, routinely use vector 
amplitude for plotting (see Figures 1 and 2), as well as for amplitude analysis (Figure 3). 
The advantages of three-component vector measures are illustrated in Figure 3, where 
the vector amplitude is compared to RMS amplitude of the vertical component of the 
signal. With smaller scatter of the vector measure, and using all three components, it is 
possible to detect and correlate weaker arrivals (Figure 3). 

4.2. AMPLITUDE CORRECTIONS 

Two types of amplitude corrections were applied to the data. First, a correction 
accounting for the instrument noise was performed according to a noise-adaptive 
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Figure 4. Estimates of the contribution of the background noise (coda of 
the previous arrivals) in RMS three-component vector amplitudes of S and 
Lg arrivals from PNE 323. The background noise levels were measured 
within 20 sec time windows before the onsets of these arrivals (Figure 1). 
Note that the noise contribution into the 5-wave RMS amplitude increases 
at near offsets due to the proximity of strong P-wave arrivals; on the 
contrary, the effect of the noise on Lg amplitude estimates increases with 
offset because of the attenuation of the Lg wave itself. 

filtering procedure modified after Anderson and McMechan [12]. This procedure 
reduces "colored" noise in the seismic signal by subtracting a properly scaled instrument 
noise power spectrum, estimated from the pre-shot noise, from the power spectrum of 
the signal. As our experience has shown, this correction may be significant for the 
seismic phases recorded at distances exceeding 1000 km. 

The second amplitude correction accounts for the signal-generated noise background on 
which 5- and Lg waves are observed. We estimate these background noise levels by 
measuring the RMS values of the signal within a 20 sec time window before the onsets 
of particular phases. The results of these measurements (Figure 4) show that the coda 
makes a significant and variable with offset contribution to ig and S-wave amplitudes. 

5. Discussion 

Lg and 5 wave amplitude ratio plots (Figure 5) quantitatively illustrate the features of Lg 
amplitudes observed in Figures 1 and 2. In the West Siberian Basin (NW of PNE 323), 
where the strongest 5 wave is generated from a PNE in crystalline rocks of Altay, Lg is 
strong between 300-700 km, but quickly attenuates with offset, with Lg/S amplitude 
ratio uniformly decreasing (Figure 5). On the contrary, PNE 123 detonated in Pechora 
sedimentary basin, generated the strongest Lg in the Baltic Shield region, where Lg/S 
ratio appears to remain above 1 throughout the available offset range (Figure 5). This 
observation demonstrates that the characteristics of the Earth's crust along the 
propagation paths may be critical for observations of Ig phases. 



Apparently due to the complexity and interference effects in the P-wave onset, the Lg/P 
amplitude ratio exhibits large scatter for all three PNEs. This feature appears to be 
unfortunate for the seismic discrimination applications, where the P/Lg ratio is used as 
the primary seismic nuclear test discriminant. As we suggested above, the weaker short- 
period Lg and a complex pattern of the uppermost mantle phases may be due to a 
common cause—leaking of Lg into the upper mantle. If so, a significantly more detailed 
understanding of the seismic velocity and attenuation structure of the crust and upper 
mantle is required in order to be able to derive a robust discrimination criterion. 

6. Conclusions 

We  present the  first study  of short-period Lg and regional/teleseismic S wave 
propagation along the DSS profile "Quartz". The following summarizes our findings: 

1. instantaneous three-component amplitude measures provide improved estimate 
stability and quality necessary for a quantitative amplitude analysis of the records, 
2. S wave is of a high frequency compared to Lg, there are indications of a S-wave 
shadow zone corresponding to the LVZ below about 200 km, and the drop in the S- 
wave amplitude apparently points to high S-wave attenuation within this LVZ, 
potentially suggesting partial melting within it [ 13], 
3. during its propagation across the West Siberian Basin, Lg quickly decreases in 
amplitude (faster then the S wave), whereas Lg from a PNE in a sedimentary basin 
effectively propagates in the Baltic Shield region, 
4. although we do not have the sufficient data yet, we speculate that fast 
dissipation of Lg energy under the West Siberian Basin may be due to its leakage 
into the mantle through Moho irregularities and crustal heterogeneities; this 
mechanism may also contribute to the strong coda of the P wave propagation in the 
uppermost mantle, 
5. a better knowledge of the details of deep crustal and upper mantle structures is 
necessary in order to understand the amplitude characteristics of Ig propagation, 
6. short-period P/Lg amplitude ratios obtained for "Quartz" PNEs exhibit poor 
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Figure 5. Offset dependence of L/S amplitude ratios for PNE 323 and PNE 
123. Note the rapid decreasing of L/S with distance in the West Siberian 
Basin (PNE 323), and higher L/S within the Baltic Shield (PNE 123 to NW). 
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stability with offset, making its use as a seismic discriminant problematic. 
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CHAPTER 2 

HETEROGENEITY OF THE UPPERMOST EURASIAN MANTLE ALONG 
THE DSS PROFILE "QUARTZ", RUSSIA 

E. A. MOROZOVA, I. B. MOROZOV and S. B. SMITHSON 
Department of Geology and Geophysics, University of Wyoming 
Laramie, WY82071-3006, USA 

1. Abstract 

The ultra-long Deep Seismic Sounding (DSS) profile "Quartz' crosses 6 major geologic 
provinces in Eurasia and is sourced by 3 nuclear (PNE) and 48 chemical explosions. Our 
interpretation shows a 42-km thick, high-velocity crust under the Baltic Shield, a 29-km 
thick crust and high-velocity upper mantle under the Mezenskaya depression, 52-km 
thick crust with high-velocity lower crust and uppermost mantle under the Urals, and 
40-km thick crust under the West Siberian Basin deepening to 45 km under the Altay- 
Sayan fold belt. High velocity (8.4 km/sec) uppermost mantle is found under the 
Mezenskaya depression and under the east flank of the Urals. One almost continuous 
upper mantle boundary occurs at 65 to 80 km depth, and another with an approximately 
40-km thick LVZ occurs at 120-140 km depth. The shallow upper mantle blocks and 
the two extensive interfaces indicate strong upper mantle heterogeneity imaged by this 
unique profile. 

2. Introduction 

The ultra-long DSS profile "Quartz" which crosses 6 major geologic provinces in 
Eurasia and is sourced by 3 nuclear explosions and 48 chemical explosions, provides 
unusually detailed and continuous coverage of the uppermost mantle. The 3850-km- 
long profile is recorded by 400 3-component recorders at a nominal spacing of 10 km 
and shows good energy out to more than 3100 km from nuclear explosions (PNEs) and 
600 km from chemical explosions (Figure 6). This data is unique in the length of 
continuous profiling, the number of source points, and in the recording in two directions 
from each source point. The profile has been interpreted by various groups for either 
crustal structure using chemical explosions [1-2,3] or upper mantle structure using only 
nuclear explosions [4, 5]. A review of interpretations of "Quartz" and other DSS profile 
can be found in [6]. Here we present a combined interpretation of both nuclear and 
chemical explosions using both first and second arrivals for the detailed structure of the 
uppermost mantle after taking into account the effect of crustal structure. Interpretation 
is carried out with the ray tracing modeling program by Zelt and Smith [7]. We will 
show that velocity structure of the uppermost mantle is affected by travel time anomalies 
in the crust as determined from chemical explosions, and importantly, uppermost mantle 
velocity is also determined from these chemical explosions complimented by PNEs for 
greater detail than can be determined from one source alone. 

11 
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2. The Data 

The profile extends from the Baltic 
Shield on the NW across the Ural 
Mountains to the Altay Mountains 
on the SE (Figure 1). The geologic 
provinces crossed from NW to SE 
include the Baltic Shield, 
Mezenskaya depression, Timan belt, 
Pechora Basin, Ural Mountains, 
West Siberian Basin, and Altay- 
Sayan fold belt (Figure 1). The 
PNEs are located in the Pechora 
Basin, the West Siberian Basin and 
the Altay Mountains (Figure 1). 

48 chemical shots were spaced 
at about 80 km along 3850 km of 
profile. Two unique aspects of the 
profile are: 1) continuous profiling 
of the crust and uppermost mantle 
over such a great distance, 2) crustal 
refraction/reflection profiles that are 
recorded in two directions from each 
shot point, thus providing empirical 
evidence of crustal and Moho changes in opposite directions around each shot point. 
The chemical explosions are recorded into the same receivers on the ground as the 
nuclear explosions. In contrast with earlier approaches [1-2], we did not velocity filter 
the data because the station spacing leads to severe aliasing. Travel-time curves from 
chemical explosions along the entire profile, show good coverage of the Moho from 
PmP which generally stays around 8s reduced time corresponding to a depth of about 40 
km. Deviations from this time occur in the Mezenskaya depression, Urals, and Altay- 
Sayan Belt. The chemical recordings typically show Pg, one or two deep crustal 
refractions and reflections, PmP and some Pn arrivals (Figure 2). An upper mantle 
event, Pp/, may also be observed (Figure 2). The crustal-uppermost mantle structure is 
further constrained by data from the PNEs. 

Ancient 
platforms 

Young |     I     | 
platforms      [ - T    } 

Fold 
bells 

Figure 6. Map of the western part of the 
former USSR showing the location of 
profile "Quartz" and its three PNEs. 
Major tectonic provinces are indicated. 

The Baltic Shield is characterized by high-velocity (7.2 - 7.4 km/s) lower crust 
indicated by a high-velocity first arrival and the PmP asymptote as well as from an 
earlier tomographic study [3], and crustal thickness is about 42 km. The Mezenskaya 
depression is marked by sharp, local advances in travel time for PmP (Figure 2, shot 
point 77) and for first arrivals from PNE 123 (Figure 3). Both forward and reversed 
shots show Pn at 6 s reduced time versus 8 s for adjacent crust (Figure 2). Our model 
accounts for this with a Moho uplift to 29 km depth under the Mezenskaya depression 

12 



and an upper mantle velocity increase to 8.4 km/s, which is necessary to explain the 
travel-time advance in the refracted wave from PNE 123 (Figure 3). The modeling 
shows that the travel-time curves simply cannot be fit with only an uplift in the Moho. 
A large gravity high occurs over the Mezenskaya depression confirming the seismic 
interpretation. Based on PmP, the Moho depth is 39 km under the Timan belt and 33 
km under the Pechora Basin (Figure 4). 

For the Ural Mountains, chemical shots and PNE 123 show a lower crustal 
refraction with a velocity of 7.1 km/s (Figure 2, shot point 142, and Figure 3, top) and 
PmP from PNE 123 (Figure 3) has a distinctly longer reduced travel time of 8.5 s under 
the Urals compared with PmP to the NW under Pechora Basin. Upper mantle refracted 
arrivals from PNE 213 have a broad travel-time advance just east of the Urals and a 
sharp local anomaly on the east flank of the Urals (Figure 3, PNE 213). Also, Pn from 
PNE 123 appears to be blocked by the Urals, and first arrivals at 300 to 800 km offset to 
the SE are Ppj—-a reflection from the upper mantle (Figure 3). These data are 
interpreted as a rather thick 52-km deep root particularly characterized by high 
velocities up to 7.9 km/ in the lowermost crust and 8.4 km/s in the uppermost mantle, 
implying that a large amount of anomalously high-velocity material must be present 
under the east flank of the Urals. The Urals have a 30-km thick, high-velocity lower 
crust with a 14 km root. 

In the West Siberian Basin, PmP travel-times are almost constant (Figure 2, shot 
point 277), and no travel-time anomalies are observed in first arrivals from PNEs. 
Crustal thickness is constant around 41 km. In the Altay-Sayan belt, PmP travel-time 
increases and crustal thickness is greater—about 45 km. 

A major uppermost mantle reflection, P#, is traced semi-continuously across the 
entire profile. This reflection is recorded on 10 chemical shots (Figure 2) and all 3 
PNEs (Figure 3). Although the reflection is not followed continuously (Figure 4), we 
correlate it from record to record at a depth of about 65-80 km. To the south of PNE 
123, the first arrival from 300 to 850 km offset is correlated as a reflection from the PN 

interface on the basis of its move-out (Figure 3). The depth of this boundary and the 
mantle velocity above it are influenced by high-velocity lower crust and upper mantle 
under the Urals. Here our interpretation differs from that of Mechie et at. [4] and 
Ryberg et al. [5], who interpreted the same event as a uppermost mantle refraction at 
offsets from 500 to 850 km ignoring the kinematics of this event at shorter offsets. Pn is 
not seen under the Urals and appears to be blocked by them. 
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When we include events from the PNEs in the crustal/uppermost mantle 
interpretation, one or two relatively local low-velocity zones are interpreted in the 
northern part of the profile recorded from PNE 123. We see no evidence for these in the 
travel-time curves from the two PNEs to the south of the Urals. The NW leg recorded 
from PNE 123 (Figure 3) shows a large travel time advance over the Mezenskaya 
depression in the mantle refractions, a Pn event, a Pft from about 60 km depth and two 
deeper upper mantle arrivals at offsets of 700 to 1000 km. Beyond 900 km, a step in the 

.„ wst.^ - -.   - ..mM$mi&m. 
«10 "ffl*AKfi-«$ 

NW 
-2000 

Distance (km) 

Figure 3. Vertical component records from "Quartz" PNEs showing travel 
times calculated using our final velocity model (Figure 4). Prominent features 
of the crustal and Moho structure constrained by these records are indicated. 
Note that the P„ arrival SW from PNE 123 is blocked by the Urals and the 
reflection from the 70-km discontinuity (PN) is observed in the first arrivals to 
the offsets of 900 km. 
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first arrival indicates presence of a major low velocity zone in the uppermost mantle. 
The major LVZ begins at 120 to 140 km depth and extends to about 170 km based on a 
small velocity decrease. 

From PNE 213 to the NW, (Figure 3) Pn is present as a first arrival and shows a 
strong advance in travel time under the Urals and under the Mezenskaya depression, 
indicating high velocities in the crust and uppermost mantle of both areas. A P/y arrival 
resembles that from PNE 123 to the SE. The PmP travel time branches are essentially 
the same in both directions from the shot point suggesting similar crustal structures. To 
the SE, the Pn arrival is very weak, and P^ is followed by a somewhat deeper mantle 
event refracted under the 70 km depth boundary, indicating the same mantle interface 
under the West Siberian Basin (Figure 4). 

PNE 323 (Figure 3) shows a Pn event to the north followed immediately by a short 
reflection from 65 km depth interphase and then by a long phase refracted under this 
boundary. The first arrival from 850 to 1600 km from two branches with apparent 
velocities of 8.5 and 8.7 km/s, respectively. 

3. Discussion and Conclusions 

Our crustal and uppermost mantle model (Figure 4) is simpler than previously published 
versions [1-2] because we did not use a velocity filter and interpreted only the more 
clear events. In addition we used arrivals from PNEs to constrain our crustal model and 
secondary arrivals (reflections) to determine uppermost mantle structure. 

Under the Baltic Shield, the crust is forty-two kilometer thick and contains high 
velocity (7.1 km/s) lower crust similar to the earlier results [1-2] and to a recent 
tomographic study [3]. The thinnest crust (29 km) along the profile occurs under the 
Mezenskaya depression, which is underlain by high velocity (8.4 km/s) uppermost 
mantle. Under the Urals, both chemical shot 142 (Figure 2) and PNE 123 (Figure 3) 
show a lower crustal refraction with an apparent velocity of 7.1 km/s, and also the 
reflection from PNE 123 (Figure 3) clearly indicates a root under the Urals, which 
extends to about 52 km depth. A thick, high-velocity lower crust is modeled here 
underlain by high-velocity upper mantle on the eastern flank of the Urals. Although the 
exact position of the Moho boundary can vary somewhat, the presence of much high- 
velocity material in the lower crust and uppermost mantle is required by the strong 
traveltime advance in the mantle refraction from PNE 213 (Figure 3) and by a gravity 
anomaly. From an about 40-km thick crust under the West Siberian Basin, the crust 
thickens to about 45 km under the Altay-Sayan fold belt. 

An uppermost mantle boundary at 65 to 80 km depth is traced almost continuously 
across the profile using reflections and refractions from both chemical and nuclear 
explosions (Figure 4). We interpret these results as a continuous boundary. The two 
local LVZs at about 70 km depth may be a function of abnormally high velocities under 
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the Mezenskaya depression and Ural Mountains. Another major heterogeneity of the 
upper mantle is a LVZ varying between 120 and 140 km depth with a thickness of about 
40 km; this zone has been pointed out by a number of workers [4, 5, 8]. 

The differences between our interpretation and earlier interpretations [1-2, 5] are 
caused by our determination of high velocity blocks beneath the Moho based on 
combined analysis of chemical and nuclear shots and our use of second arrivals and our 
interpretation of some first arrivals as post-critical reflections (Figure 3). In conclusion, 
use of numerous shot points over a 3800 km seismic profile reveals significant 
heterogeneity in the uppermost mantle, in the form of several apparently continuous 
layers and also blocks of contrasting velocities. 
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Figure 4. Crustal (top) and uppermost mantle (bottom) velocity-interface structure 

along the profile "Quartz" obtained using 3 PNEs and all 48 chemical explosions. 
Locations of the PNEs are indicated. Reflecting boundaries in the crust and mantle 
are highlighted. P-wave velocity values are given in labels. Note the low-velocity 
zones (dashed areas), high-velocity regions (dotted), horizontal velocity variations 
within the mantle, and prominent mantle reflectors at the depths of 60-90 and 120- 
140 km. Also note the Moho relief, especially the roots under the Ural Mountains 
and the Moho uplift under the Mezenskaya depression. 
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ABSTRACT 
The most prominent secondary phase observed in the records from the ultra-long profile 
"Quartz" crossing northern Eurasia is the high-frequency long-range (teleseismic) Pn. 
This phase, propagating with the group velocity of about 8.1-8.2 km/sec to over 3000 
km distances, dominates the records within the frequency range above about 5 Hz. 
Within this teleseismic Pn, we distinguish onsets of several branches having higher 
apparent velocities between 8.5-8.6 km/sec. Using travel-time modeling techniques, we 
associate the teleseismic Pn with whispering gallery modes traveling within the top 160 
km of the mantle. The long incoherent coda of this phase results from scattering and 
from reverberations of seismic waves within the crust. The contrast in frequency 
contents between the teleseismic Pn and deeper refracted and reflected phases is 
explained by the increase of inelastic attenuation within the prominent low-velocity zone 
below the depth of about 150 km. 
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INTRODUCTION 
Russian Deep Seismic Sounding (DSS) program produced unparalleled until now 
seismic datasets suitable for a detailed study of the seismic structure of the upper mantle. 
A characteristic feature of this program was the use of large chemical and nuclear 
explosions (PNEs) recorded by densely spaced (10-15 km) 3-component short-period 
(1-2 Hz) portable recording systems deployed along linear profiles. Recording ranges of 
PNEs exceeded 3000 km, allowing observations of seismic phases diving down to 800 
km into the mantle (Egorkin and Pavlenkova, 1981; Ryaboy, 1989; Kozlovsky, 1990). 
The data from one of the best profiles of this program, "Quartz" acquired during 1984- 
87 have been extensively studied by several groups, providing information about the 
mantle structure (Mechie et al., 1993; Ryberg et al., 1995; Ryberg et al., 1996) and 
about the structure of the crust (Egorkin and Mikhaltsev, 1990; Schueller et al., 1997) of 
the northern Eurasia (Figure 1). 

PNE records from "Quartz" profile show a consistent sequence of primary P-wave 
refractions in the first arrivals observed to the maximum offset of 3145 km (Figure 2). 
Based on the analysis of the first arrivals, Mechie et al. (1993) derived 1-D velocity 
models for different PNEs, and Ryberg et al. (1996) proposed a 2-D model of the mantle 
velocity structure, using all three PNEs of the profile (Figure 1). 
Due to high energy of the sources, PNE records are abundant in seismic phases as 
secondary arrivals (Figure 2). Reflections from the 410-km and 660-km discontinuities 
in the mantle and a number of crustal multiples are easily recognized (Figure 2). 
Reversed PNE records reveal horizontal variations in the structure of the mantle within 
the length of the profile (Ryberg et al., 1996; Morozova et al., manuscript in 
preparation). Our attention in this paper will be concentrated on the phase which is not 
obvious in unfiltered gathers, but becomes dominant after high-pass filtering of the 
records above approximately 5 Hz (Figures 3 and 4). This phase is also observed in the 
radial and transverse components and in the records from the third PNE of "Quartz" 
profile (see plots in Ryberg et al., 1995). 

Such high-frequency long-range (often called teleseismic) Pn phases, and corresponding 
Sn phases propagating within the uppermost mantle to 2000-3000 km distances were 
observed by many authors (e.g., Molnar and Oliver, 1969; Heustis et al., 1973; Walker 
1977). These phases efficiently propagate through continental shields and deep-ocean 
basins, but appear to be blocked by major suture zones (Molnar and Oliver, 1969). 
Although it is generally accepted that these phases are due to some sort of waveguide 
mechanism, no agreement about the details of this mechanism exists. Depending on the 
mantle structure beneath the Moho, several models of these high-frequency long-range 
phases have been proposed: whispering-gallery (WG) waves within the upper mantle 
(Stephens and Isacks, 1977; Menke and Richards, 1980), guided wave in a high-velocity 
layer above a low-velocity layer (Mantovani et al., 1977), or transmission through a 
low-velocity layer beneath the Moho (Sutton and Walker, 1972). Long incoherent codas 
of teleseismic Pn and Sn arrivals are explained by scattering of high-frequency waves 
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within the crust and upper mantle (Richards and Menke, 1983; Menke and Chen, 1984) 
together with reverberations in the water column (Sereno and Orcutt, 1985, 1987), 

Ryberg et al. (1995), who first observed this band of incoherent high-frequency energy 
in "Quartz" records, proposed a model that relates this phase to a special propagation 
mechanism through a strongly scattering waveguide located immediately below the 
Moho. Using simulations with the reflectivity method (Fuchs and Müller, 1971), 
Tittgemeyer et al. (1996) demonstrated that a high-frequency phase with an apparent 
velocity of about 8.1 km/sec canpropagate by means of multiple scattering through a 
80-km thick stochastic sequence of thin layers below the Moho. 

Although presenting a possible propagation mechanism, this "multiply scattering 
waveguide" by Ryberg et al. (1995) and Tittgemeyer et al. (1996) does not appear to be 
the likely solution, since it implies very strong horizontal continuity of the scatterers. 
Strongly scattering mantle above 120 km would have been clearly recognized in 
earthquake codas. From the observational standpoint, this model does not account for 
three important details of the kinematics of this high-frequency phase in "Quartz" 
records: 1) the increase in its apparent velocity within the offset range of 1000-1700 km; 
2) the separation of its onset into at least three branches with apparent velocities of about 
8.5 - 8.6 km/sec between the offsets of 1300 and 2400 km; and 3) the presence of a 
high-frequency and high-velocity event at the offsets exceeding 2700 km, and 7 - 10 sec 
before the main teleseismic Pn (Figure 4). Also, the scattering-waveguide model does 
not explain the relation of the teleseismic P„ to other low-frequency phases, and in 
particular, the coincidence of the onset of this phase with the "internal multiple" m 
indicated earlier by Mechie et al. (1993) within the offset range 1000 - 1700 km (Figure 
2). Finally, the unfiltered records from PNE 123 show that the teleseismic Pn between 
the offsets of 900 to 1700 km is remarkably strong and coherent (Figure 3), and 
therefore it definitely cannot be due to a stochastic scattering mechanism. 

As it often happens in seismology, another interpretation of these observations exists. In 
this paper, we re-examine the nature of the teleseismic Pn in "Quartz" records. After 
analyzing travel-time, amplitude, and spectral characteristics of a number of secondary 
phases, and after performing a simple simulation of scattering within the crust, we will 
arrive at a model of teleseismic Pn propagation that will be different from the stochastic 
model by Ryberg et al. (1995) and Tittgemeyer et al. (1996), but related to the more 
deterministic WG models proposed earlier (Menke and Richards, 1980). A cartoon 
shown in Figure 5 summarizes the main idea of our interpretation. Instead of speaking 
of the "high-frequency" teleseismic Pn, we recognize it as the first "broad-band" arrival 
at offsets exceeding 1000 km, in comparison to which the deeper refracted and reflected 
waves are relatively devoid of high-frequency energy. This observed penetration depth- 
dependent frequency selectivity is associated with the increase of seismic attenuation 
with depth. 
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TELESEISMIC Pn IN "QUARTZ" RECORDS 
Analyzing the nature of the incoherent "high-frequency" teleseismic Pn phase in 
"Quartz" records, we need to explain three major observed characteristics of this phase: 

1) its travel-time dependence and relations to other seismic phases; 
2) clear separation in frequency content from the lower-frequency deep 

refractions; 
3) its incoherence and the long incoherent coda. 

Starting our analysis with the first of the'above questions, and after travel-time forward 
modeling of the major phases contributing to the observed wavefield, we present a 
simple simulation of the kinematic effects of scattering in the first-order Born 
approximation. After this, we describe how the attenuation within the upper mantle can 
cause the observed frequency separation of the teleseismic Pn from deep mantle 
refractions. After that, we briefly discuss the possible role of scattering effects in the 
formation of the coda. 

In the subsequent analysis, we will use the records of the southern "Quartz" PNE (shot 
point 323 in Figure 1) having the largest signal-to-noise ratio within the high-frequency 
part of recorded bandwidth (Figure 2). 

Phase correlation 

The critical difference of our interpretation from that by Ryberg et al. (1995) lies in a 
different identification of the seismic phases (Figure 6). In the high-frequency filtered 
gathers (Figure 4), we see that the teleseismic Pn increases its apparent velocity toward 
smaller offsets, between 1000-1500 km, where it is close to the Moho multiple from the 
depth of about 90 km (Figure 6). The continuation of this phase toward the ordinary Pn 

is clearly of a significantly lower amplitude, and it is not seen in Figure 4. Teleseismic 
Pn becomes visible in the records (Figure 4) only near the triplication point of the first 
WG wave, following the onset of the Moho multiple from the depth of 90 km (Figure 6). 
This observation also argues against the "scattering waveguide" origin of the teleseismic 
Pn, since such scattering would have resulted in a uniformly decreasing amplitude with 
offset. Between the offsets of 1500 and 2700 km, the onset of the teleseismic Pn is 
apparently discontinuous, with a cusp near 2300 km (Figure 4). This travel-time pattern 
most likely corresponds to two WG branches with apparent velocities near 8.6 km/sec 
(Figure 6). 

Travel-time analysis 
To examine the travel-time pattern of seismic phases found in the records, we employ 2- 
D ray tracing in a spherically-symmetric 1-D model. Although ray tracing does not 
account for wave interference effects and cannot correctly predict amplitude variations 
in the presence of sharp velocity contrasts and shadow zones, it is still an excellent tool 
providing an insight into mutual relations between different types of seismic waves. 
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Using ray tracing, hypotheses about the origins of certain phases can be formulated and 
easily tested for correct kinematics. Shooting at controlled angular intervals, we in 
many cases can approximately estimate relative amplitudes of the waves by comparing 
ray densities at receiver points or by calculating wavefront curvatures (Cerveny et al., 
1984). 

To explain the principal relations of the observed seismic phases, 1-D model developed 
using the first breaks picked from the records of the same southern PNE is quite 
appropriate (Mechie et al., 1993; Figure 7). The velocity column associated with this 
PNE is characterized by a strong velocity gradient between 90 and 120 km, a narrow 
low-velocity zone (LVZ) between 140 and 155 km, and a prominent LVZ with a 
moderate velocity gradient between 195 and 380 km depth. The 410-Km discontinuity 
is placed at 420 km in this model. This velocity structure explains the first breaks very 
well, including the 400-km long shadow zone between the offsets from 1500 to 1900 km 
(Figure 2; see also Mechie et al. 1993). The quality of the first arrivals from all three 
"Quartz" PNEs, and especially from the southern PNE, is high, and allows a confident 
identification of described velocity gradients within the upper mantle. Although certain 
difficulties are encountered in the integration of this velocity column with that 
corresponding to the northern PNE (Mechie et al., 1993; Ryberg et al, 1996), these 
difficulties do not affect our interpretation of the upper-mantle-guided seismic phases. 

The results of our travel time modeling of the main phases propagating in this 1-D 
velocity structure that are summarized in Figure 8 and are compared to the high- 
frequency record section in Figure 9. As Figure 9 shows, the first WG mode 
corresponds to the observed teleseismic Pn throughout its entire observation length. The 
WG mode appears at offsets of about 400 - 500 km and has a significant amplitude in 
between the offsets of 1500 to 2000 km, representing the first strong arrival in this 
region. Toward smaller offsets, its travel-time curve can be continued as that of a 
multiple between a reflector at about 90 km depth and the Moho, as labeled in Figure 2. 
At larger offsets, this phase continues to the end of the offset range with an apparent 
group velocity of 8.2 km/sec (Figure 8). Note that the second WG mode appearing at 
the offsets of about 2200 km can be also identified in the records (compare Figure 4 to 
Figure 9). Due to the variations of the velocity gradient above 140 km depth (Figure 7), 
this WG mode exhibits a triplication near 1800-2000 km, with the fast branch having an 
apparent velocity of 8.7-8.8 km/sec (Figure 8). Both WG branches are barely visible in 
unfiltered records (Figure 2), but become discernible in the high-pass filtered records of 
Figure 9, after the low-frequency reverberations of the first arrivals have been 
attenuated. 

Based on the above observations—on the high amplitude of the WG phase observed 
from 1500 to 2000 km of offset in unfiltered records, on the travel-time match of this 
phase with the teleseismic P„ throughout the entire offset range, and on the observation 
of the triplication of the teleseismic Pn at about 2000 km—we conclude that the WG 
mode presents a good explanation of the kinematics of the observed teleseismic Pn 

23 



24 

phase. As we see in Figures 3 and 4, the travel-time curve of the long-range Pn does not 
approach that of the ordinary Pn with decreasing offsets, but follows the moveout of a 
multiple reflection from a depth of approximately 90 km. Therefore, the long-range Pn 

cannot originate immediately below the Moho, as it was suggested by Ryberg et al., 
(1995) and Tittgemeyer et al. (1996), but should effectively be produced by the velocity 
gradient between 90 and 120 km depth (Figure 7). 

A significant feature of the high-frequency wavefield is the presence of energy 
propagating earlier and faster then the teleseismic Pn at offsets exceeding 2700 km 
(Figure 4; it is also labeled in Figure 9. Note, however, that recording systems of a 
different type were used at the offsets above 2700 km, and thus the records may look 
more discontinuous across the White Sea). The calculated fast travel-time branch WG] 
has a correct travel-time placement and moveout, but terminates at offsets of about 2700 
km due to its plunging into the LVZ (Figure 8). This inconsistency of the model is 
apparently due to its simplified 1-D character and should be resolved in a future 2-D 
model that will include the information from refracted, reflected, and WG waves from 
all 3 PNEs. Most likely, the increased amplitude of the WG] mode at far offsets marks 
the termination and/or deepening of the asthenospheric LVZ toward the Baltic Shield. 

High frequency of the long-range P„: a constraint on the attenuation 
within the upper mantle 
A simple "first-order" explanation of the differences in frequency contents of the 
seismic phases shown in Figures 2 and 4 is readily obtained from an examination of the 
penetration depth diagram shown in Figure 8. The near-offset high-frequency refracted 
mantle wave seen up to nearly 1500 km offset is significantly attenuated beyond the 
distance of 1000 km (Figures 2 and 4), which corresponds to the penetration depth of 
about 150 km (Figure 8). Likewise, the high-frequency WG modes observed between 
the offsets of 800 km and 2800 km do not dive deeper then about 150 km into the 
mantle. On the contrary, the deeper and faster branch WG] is significantly attenuated 
between 2000 - 2700 km of offset (Figure 9). In addition, Figure 8 shows that all far- 
offset and low-frequency refractions penetrate at least to the depth of 270 km. All these 
observations suggest that the low-velocity structures below the level of 150 km may 
cause attenuation sufficient to explain the observed amplitude decay of the deeper 
phases at the frequencies near and above 5 Hz. Since the total propagation times of the 
deep phases are smaller than those of the waveguide modes, a significant increase in the 
attenuation should occur below the depth of about 150 km. 
Although the depth level at which the increase of the attenuation occurs is constrained 
by the above observations as close to 150 km, its accuracy is limited by the use of the 1- 
D velocity model (Figure 7) and by the ray-theoretical approximation employed. 
Therefore, we do not attempt to obtain a more precise estimate for the depth of the 
contrast, or to correlate our 1-D attenuation model with the detailed velocity column 
shown in Figure 7. Instead, we assume a simple two-layer attenuation structure, with 
the quality factors Q above the level of 150 km and QiVZbelow it, and look for a 
relation QLVZiQ) between them. 
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To constrain the amount of the attenuation increase, we calculate the relative energy 
dissipation factor between two selected frequencies during the propagation of a deep 
refracted wave: 

47'=10-lg = 10-lge-fe1+^J(/2-/1). (1) 
v Q       {im   J 

This equation describes the increase in the ratio of the low-frequency spectral density 
(frequency//) to the high-frequency spectral density (frequencyfä, in dB. In this 
equation, the times that the deep refracted wave travels above and below the depth of 
150 km are denoted as ts and y, respectively. Subtracting from the quantity defined in 
Equation (1) a similar ratio for WG arrival, we obtain an expression for the observed 
logarithmic relative contrast between the two spectral constituents of these phases: 

., i In        lit        lit      1/ -      r\ 
A,r_Ar^ =10.lgc.        ,i+ ,rf_      K l(/2-/,), 
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(2) 
where twg is the total travel time of WG mode, taken at the same offset. 
Note that the relative spectral densities calculated for the same type of phase in Equation 
(1) are independent of the receiver coupling variations, of the geometrical spreading 
factors, and of the Moho reflection coefficients (for WG phase), but depend on the 
source amplitude spectrum. The second relative spectral ratio given in Equation (2) 
does not depend on the source spectrum, and therefore it is suitable for attenuation 
estimates. 

The relative spectral ratios (2) for two frequency bands 1.0-1.5 Hz and 4-6 Hz measured 
in the records between the offsets of 2000 and 2500 km are presented in Figure 10. As 
Figure 10 shows, the power spectral density in the first arrivals is by 10-12 dB lower 
then that in the teleseismic Pn. By using this value as the estimate of the spectral 
contrast, by picking characteristic travel times for these offsets from the plots in Figure 
8: /rf»200 sec, ts+td ~25Q sec, and tg « 260 sec, and by varying Q, we obtain from 
Equation (2) the relation for the quality factor QLVZ(Q) below the 150-km level shown 
in Figure 11. Although this estimate does not constrain the attenuation in the uppermost 
mantle, it demonstrates that a significant increase in attenuation below the 150 km level 
is necessary to explain the observed difference in the high-frequency content between 
the more shallow and deep refractions and reflections (Figure 11). Assuming that the 
attenuation above the LVZ corresponds to Q « 400-600 (Anderson and Given, 1982), 
we obtain from Equation (2) values QLVZ ~ 320-400 for the quality factor below the 
150-km level (Figure 11). Note that the contrast between the attenuation above and 
within the LVZ increases with increasing Q. 
Although the presence of the attenuation contrast at the top of the LVZ is confidently 
established through the observed contrast in the frequency contents of the signals 
(Figure 10), its simple estimate presented above can be improved in two ways: 1) the 
constraint shown in Figure 11 most likely underestimates the attenuation contrast, since 
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we have assumed that the zone of high attenuation extends to the depth of 410-km 
discontinuity, whereas this zone can be actually thinner; and 2) not only the relation 
öiFZ(0. but also the values ßz,KZ and gthemselves can be measured from the 
records, yielding an independent way of obtaining a high-resolution image of the upper 
mantle attenuation structure. We will address these issues in a forthcoming paper. 

The physical causes of the observed mantle attenuation might be scattering by mantle 
heterogeneities as well as inelastic energy dissipation. However, the clear onset of the 
high-frequency energy (Figure 4) suggests that the increase of attenuation below the 
level of 150 km occurs predominantly due tb the increase in the intrinsic (inelastic) 
attenuation. Indeed, elastic scattering tends to delay the arrival of high-frequency 
energy, while intrinsic absorption removes it from the wavefield (Richards and Menke, 
1983). The records show that the increase of the high-frequency energy is strongly 
correlated with the WG modes, and is not related to the scattering from the deeply 
refracted waves (Figure 9). Even if the scattering mantle heterogeneities were located 
above the depth of 150 km, as Ryberg et el. (1995) have suggested, they would produce 
some pattern of high-frequency scattered energy following the first arrivals which is not 
found in the records. 

Multiples and scattering 

The above travel-time simulations correctly indicate the position of the onset of the 
teleseismic Pn but do not account for the diffuse onset of this phase and for the presence 
of a long incoherent coda. These features can be explained by the scattering occurring 
within the crust and/or upper mantle. 

To allow the propagation of high-frequency energy to substantial distances, the 
scattering within the uppermost mantle should be weak. An alternative proposed and 
modeled by Tittgemeyer et al. (1996) is a layered structure exhibiting strong multiple 
scattering in the vertical direction and almost no scattering horizontally. Although 
possible, this alternative does not seem to be likely, since it would imply a very high 
aspect ratio of the heterogeneities. 

On the contrary, the crust represents a waveguide trapping postcritical Pg and Sg waves 
and propagating them to large distances. The Moho irregularities, surface and basement 
topography, and the variations in the crustal velocity along the profile (Schueller et al., 
1997) provide the heterogeneities that should be sufficient to generate the teleseismic Pn 

coda. Assuming that the scattering is moderate, we can use a low-order Born 
approximations to estimate its influence on the pattern of the recorded wavefield. 
In our modeling, we analyze only the kinematics of the scattering by shooting pairs of 
rays from scattering points in random directions, and by constructing a scattering pattern 
for each phase shown in Figure 5. The scatterers' depths and scattering angles are 
uniformly distributed, and thus the modeled offset-traveltime pairs build up a pattern of 
probable scattering paths from point scatterers. To produce a more physically realistic 
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picture of scattering including scattering amplitudes, a more rigorous modeling using a 
2-D mantle velocity/attenuation model is certainly required. 

The results of ray tracing in the same 1-D velocity model (Figure 7) with random 
scattering heterogeneities located within the crust are shown in Figure 12. In our 
simulation, we included the first multiples from the free surface and from the Moho 
boundary (Figure 5). Figure 12 shows that even first-order scattering within the crust 
complemented by multiples might account for the about-20-sec long codas of the WG 
modes. This scattering also creates long trains of Pg energy lasting for about 40-50 sec 
in our simulation (note, however, that from the amplitude considerations the dominant 
contribution to the coda should come from P-to-Sg scattering). Since up to 3-4 crustal 
multiples are observed in PNE records (Figure 2), we expect that the real scattering 
pattern involving 3-4 scattering and free-surface/Moho/basement reflection events 
would be much more complicated and extended in time. 

Coda 
The high-pass filtered records show a long coda following the teleseismic Pn arrival 
(Figure 4) apparently different from the amplitude pattern in the unfiltered records 
(Figure 2). However, as 3 shows, this difference is not so significant. In 3, we present 
averaged amplitude decay curves measured within the offset range of 2500 - 2600 km, 
using the standard RMS measure of the vertical component and a 3-component 
instantaneous vector measure (Morozov and Smithson, 1996). In both cases, the signal 
was filtered below or above 5 Hz and the amplitude was averaged within a 2-sec sliding 
time window. Similar to what has been observed by Kennett (1993), the vector measure 
provides significantly more stable amplitude estimates. 

The amplitude decay plots in 3 show that the teleseismic Pn is represented by a peak 
similar in duration to the onset of the first arrivals, followed by a long (up to 200 sec) 
train of crustal reverberations. Note that the high-frequency component actually decays 
a \i\X\t faster than the low-frequency component, which is consistent with higher 
attenuation and scattering losses for shorter wavelengths. For both low-frequency and 
high-frequency components of the coda, the amplitude decay rate is close to time* (3), 
corresponding to the propagation of surface- or guided waves. As it was outlined in the 
previous section, by far the most likely waveguide for these waves is represented by the 
crust. Pn and WG waves approaching the crust at grazing angles of incidence are 
strongly coupled to the relief on the Moho, on the top of the basement, on the free 
surface, as well as to crustal heterogeneities, generating postcritical shear-wave energy 
which is favored for lateral propagation in the crust (Dainty and Schultz, 1995). Also, 
an examination of the low-frequency records in Figure 2 shows that the coda of the WG 
mode is structured, including a sequence of prominent Moho multiples and higher-order 
WG modes. 
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DISCUSSION 
Our interpretation of the teleseismic Pn phase observed in the records from Quartz 
PNEs differs significantly from the interpretation of the same phase by Ryberg et al. 
(1995) and leads to a dramatically different (although more conventional) upper mantle 
model. Therefore, a discussion of the differences of these models is necessary. We will 
focus this discussion on several principal aspects of the interpretation. 
Physics of wave propagation. The "scattering waveguide" proposed by Ryberg et al. 
(1995) still needs to prove its viability through a theoretical analysis or 2-/3-D finite- 
difference simulation. From a general wave propagation standpoint, scattering does not. 
seem to be able to provide a sufficient mechanism to ensure a predominantly horizontal 
propagation of seismic energy. 1-D simulations by Tittgemeyer et al. (1996) used as an 
evidence for a "totally new" phase describe a totally different physical situation of a 
stack of infinite thin layers that of course do form a waveguide. On the contrary, the 
well-established velocity gradient and the presence of the strong Moho and free-surface 
reflectors ensure an efficient propagation of the low-order WG modes. 

Travel-time characteristics. Our interpretation accounts for three observed features of 
the teleseismic Pn travel time character: 1) the increased moveout between the offsets of 
1000-1500 km; 2) the presence of two branches corresponding to different orders of WG 
modes; and 3) the presence of high-frequency energy 7-10 sec before the main branch 
at the offsets exceeding 2700 km (Figure 4). These details were not considered by 
Ryberg et al (1995) and were not explained by the "scattering waveguide" theory. 

Amplitude characteristics. Although a rigorous amplitude analysis of DSS data still 
presents a formidable problem, it can be seen that the observed amplitude pattern of the 
teleseismic Pn does not correspond to the model of a shallow "scattering waveguide". 
Indeed, since the waveguide propagates the energy horizontally from the near-shot 
region, the amplitude of the phase would be expected to decrease continuously with 
distance. In the records of Figure 4, however, we see that the teleseismic Pn appears 
essentially after the onset of the multiple PM9()P> which corresponds well to its 
interpretation as the WG mode. 

The sharpness of the teleseismic Pn onsets. The main point of the argument by Ryberg 
et al. (1995) against the WG interpretation is the absence of sharp onsets of the 
teleseismic Pn in the high-pass filtered records.   However, an examination of both 
unfiltered (Figure 2) and high-pass filtered records (Figure 4) shows that the teleseismic 
Pn is sharp where it approaches the first arrivals (between the offsets of 1000 and 1600 
km). In the records from PNE 123, a coherent first WG phase is seen even before its 
triplication point (Figure 3). The teleseismic Pn becomes not coherent in the secondary 
arrivals, after its enhancement by heavy filtering (Figure 4). Such behavior can be 
explained as due to various reasons: 1) the PNE source signature is far from a minimum- 
delay signal, and therefore the signal remaining after the removal of most of its (low- 
frequency) energy may have no sharp onset; 2) scattering within the crust makes the 
onsets of high-frequency phases complicated by long codas and diffuse (Figure 12); 3) 
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the high-frequency teleseismic P„ interferes with the background of energy following 
the strong first arrivals, which also contributes to the variability of its onset; 4) the top of 
the basement, not considered in our simulations, also presents a strong reflector creating 
numerous multiples and P/S conversions that cannot be resolved at the scale of this 
experiment; 5) with trace spacings exceeding 10 km, the data are strongly spatially 
aliased at 5 Hz, and therefore we cannot expect to observe significant spatial coherency. 
Due to these reasons, we find that the fine-scale shapes of the onsets of the teleseismic 
Pn do not carry any evidence against our WG model, and also they do not require 
multiple scattering within the mantle for their explanation. 

Coda. An over 20-sec long coda of the teleseismic Pn arrival forms the second basis of 
the argument by Ryberg et al. (1995) and Tittgemeyer et al. (1996) against its WG 
origin.  However, their analysis showing that the coda cannot be built up of WG 
branches was based on 1-D simulations using the reflectivity technique. On the 
contrary, our measurement of the coda amplitude decay rate carried out above suggests 
that the coda can be satisfactorily explained by crustal-guided waves (Lg, Rg) 
propagating within the crust, in a manner similar to the explanations of regional P-wave 
codas (see, e.g., Dainty and Schultz, 1995). 
Synthetic seismograms calculated using the reflectivity method (see Figure 7 in Mechie 
et al. (1993)) show strong first WG and clear first free-surface WG modes supporting 
our ray tracing analysis. Due to the limitations of the algorithm (truncation errors, 
numerical underflow, computation time), a robust computation of the amplitudes of the 
higher-order WG modes arriving between the offsets of 2000 and 3000 km still presents 
a difficulty. Also, these amplitudes should be sensitive to the horizontally 
heterogeneous structure of the upper mantle not accounted for in 1-D models employed 
by the reflectivity approach. Nevertheless, our conclusion about the increased 
attenuation within the LVZ will remain valid regardless of the amplitude modeling 
technique, since it is based on the basic observation obtained directly from the data—the 
seismic phases that arrive earlier are attenuated stronger. 

CONCLUSIONS 

Based on our analysis of the secondary phases observed in the records from the PNEs of 
the ultra-long DSS profile "Quartz", we propose an interpretation of a long-range 
(teleseismic) Pn phase as a whispering-gallery wave traveling within the uppermost 
mantle. This conclusion is supported by the 2-D travel-time forward modeling of all 
observed phases using a detailed 1-D velocity model derived earlier. The long 
incoherent coda of this phase is associated with the scattering and reverberations of 
seismic waves within the crust, including its basement and the sedimentary cover. To 
explain the difference in the frequency contents between the teleseismic Pn and other 
refracted and reflected phases recorded at offsets exceeding 2000 km, we infer an 
increase in attenuation within the prominent low-velocity structures beginning at the 
depth of about 150 km. No scattering within the uppermost mantle is required to 
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explain the observed characteristics of the wavefield, and absorption is the most likely 
mechanism of the attenuation increase. 
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Figure 1. Map of the former USSR showing major DSS profiles using 
nuclear explosions. "Quartz" is shown in bold line; circles 
indicate the locations of three nuclear explosions recorded by the 
profile. The data from the southern and northern PNEs (shot 
points 323 and 123) are used in this paper. 
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Figure 2. Vertical component record section from the southern PNE 323 
of profile "Quartz". This PNE is characterized by the highest 
amplitude of high-frequency signal. Reduction velocity is 8 
km/sec. Primary refractions (Pn> P410, P66Ö)> pg> reflection from 
the 410-km discontinuity (P410P), Moho multiple from 90 km 
depth (P90Mp> labeled as "m" by Mechie et al. (1993)), and the 
first whispering-gallery mode (WG) discussed in this paper are 
indicated. WG mode is followed by a multiple, which we 
associate with the free-surface WG mode (WGfs). At offsets 
below 1500 km, a series of Moho multiples can be seen (PP, PPP, 
PPPP). 
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Figure 3. A segment of the vertical component record section from the 
northern PNE 123 between the offsets 500 - 2000 km SE of the 
source point (Figure 3). Top: unfiltered records; bottom: the same 
records after high-pass filtering above 5 Hz. Reduction velocity is 
8 km/sec. Note the strong and coherent whispering-gallery phase 
(WG) propagating above the level of approximately 150 km and 
dominating the high-frequency records. This phase is also strong 
and coherent in the unfiltered records between the offsets of 900 
and 1600 km. Also note the strong reflection from the top of the 
asthenospheric LVZ beginning at about 200 km depth. This 
reflection is practically absent from the high-frequency gather, 
indicating the increase of attenuation between the depths of 150 
and 200 km. 
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Figure 4. 3-component instantaneous vector amplitude gather of high-pass 
filtered records from the southern PNE, obtained using the 
technique described by Morozov and Smithson (1996). Vector 
amplitude provides a more stable amplitude pattern facilitating the 
identification of the WG modes. Reduction velocity is 8 km/sec, 
corner frequency of the filter 5 Hz. This record is dominated by a 
band of energy propagating with an apparent velocity of about 8.1 
km/sec, corresponding to the teleseismic Pn phase. Despite an 
incoherent nature of its onset, two branches (before and after 2300 
km) can be distinguished. We associate this phase with two low- 
order whispering-gallery (WG) modes. Note high-frequency 
energy with faster apparent velocity arriving 7 - 10 sec earlier than 
this band at distances exceeding 2700 km. 
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Figure 5. A summary of our interpretation of observed high-frequency 
phases in "Quartz" records. Drawn not to scale. 

Top: Pn—refracted waves turning above the low-velocity zone (LVZ); 
P9OMP— multiple reflection from the 90-km boundary and from 
the Moho; WG—whispering-gallery modes (multiple refractions); 
P—far-offset deep refraction arriving depleted of high frequency 
energy. Triplication of WG modes due to the velocity contrast 
within the 80 - 120 km depth range is indicated by double ray 
paths. As we show, all "broad-band" phases (Pn, PgOM?^ and 
WG) do not penetrate into the LVZ, whereas the "low-frequency" 
phases arriving beyond the offset of 1000 km travel within the 
LVZ for over 150 sec. 

Bottom: examples of major Moho multiples contributing to the coda 
pattern: MPn—Pn multiple; MP~ multiple of the teleseismic 
turning wave; WGß—free-surface WG mode. Other first-order 
multiples of these phases (not shown for clearness) can be 
constructed by including a ray bouncing within the crust into other 
branches of the corresponding rays. 
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Figure 6. A sketch of the travel time curves of the seismic phases 
identified in Figures 2 and 4. Solid lines represent primary 
refractions and WG modes. Dashed line shows the low-amplitude 
near-offset part of the WG travel-time curve. Note the onsets of 
different whispering-gallery modes WGj and WG2 that we 
associate with the observed undulations of the teleseismic Pn 

onset between 1500 and 2700 km (Figure 4). Thick lines 
represent the reflections from the top of the main LVZ (P195P), 
from the 410-km discontinuity (P4J ()P), and Moho multiple from 
the depth of 90 km (P90MP)- Free-surface WG mode (dotted line, 
WGfs) contributes to the coda of the teleseismic Pn. Solid gray 
circles indicate triplication points of the primary WG modes. See 
discussion in the text. 
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Figure 7. 1-D velocity model obtained by Mechie et al. (1993) using first 
arrivals from the southern PNE. We used this model for 2-D ray 
tracing in our analysis of the kinematics of the teleseismic Pn. 
Note a LVZ between 140-155 km depth and a prominent LVZ 
below 195 km. 
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Figure 8. Top: travel time curves of the major phases. Bottom: maximum 
penetration depths of refracted waves. Note that all "low- 
frequency" waves arriving before WG modes penetrate into the 
two LVZs (Figure 7). 
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Figure 9. The same travel-time points as in Figure 8 overlain over the 
high-pass filtered record shown in Figure 4. WG modes 
correspond to the onset of the high-frequency teleseismic Pn. 
Note the triplication point of the second WG mode, also seen as a 
cusp in the onset of the teleseismic Pn in Figure 4. The fast 
branch of WG mode is observed, but can be followed to farther 
distances than in the modeled travel-time curves (indicated by an 
arrow on the right side of the section). Travel-time curve of the 
reflection from the 410-km discontinuity is also shown. 
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Figure 10. Spectral ratio of the teleseismic Pn to the first arrivals defined 
in Equation (2), measured for 1 - 3 Hz and 4 - 6 Hz frequency 
intervals within the offset range between 2200 - 3000 km. Note 
that the high-frequency content of the teleseismic Pn phase 
exceeds the corresponding level in the first arrivals by about 4 - 20 
dB, with an average of 12 dB (dashed line). 
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Figure 11. Constraint on the attenuation contrast at the top of the LVZ 
obtained from the ratios of power spectra of deep refractions and 
of the teleseismic Pn using Equation (2). Q and QLVZ denote the 
quality factor above and below the depth of 150 km, respectively. 
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Figure 12. Travel-time plots obtained using ray tracing in the 1-D velocity 
model shown in Figure 7 with first-order random scatterers 
located within the crust. Note that already a single scattering 
within the crust is kinematically sufficient to account for observed 
codas of WG modes. 
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Figure 13. Amplitude decay curves of the high-frequency and low- 
frequency (filter corner frequency in both cases is 5 Hz) coda 
averaged within the offset range 2500 - 2600 km from PNE 323. 
Top: RMS amplitude of the vertical component; bottom: 3- 
component vector amplitude (Morozov and Smithson, 1996). In 
both cases, 8 km/sec time reduction was applied and the traces 
were stacked; after that, trace amplitude was calculated and 
averaged within a 2-sec sliding time window. Note that the vector 
measure provides considerably more stable amplitude 
measurements. First arrivals and two WG phases are indicated. 
Note that the high-frequency coda of WG mode is somewhat 
shorter then the coda at low frequencies. 
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Abstract 
Short-period, three-component recordings from peaceful nuclear explosions (PNE) of 
the profile QUARTZ, Russia are used to constrain the nature of the coda of PNE 
arrivals. In particular, we examine the unusually strong and extensive coda of the long- 
range Pn (interpreted as a whispering-gallery, WG) phase propagating to beyond 3000 
km. Energy-balance considerations in three dimensions show that such an extensive 
coda is inherent not only to WG but to all other P-wave phases and can be explained by 
crustal scattering. The long coda is a result of excitation of short-period scattered waves 
(Pg, Sg, Lg, Rg) within the crust by the waves incident from the mantle, or, conversely, 
by generation of mantle phases from crustal guided waves within the source region. The 
resulting estimates of coda Q range between 0=380 near 2 Hz and g=430 near 5 Hz and 
can be associated with crustal attenuation including the sediments. Our coda model also 
explains quantitatively the observed build-up of the arrival amplitude with time and the 
apparent lack of a pronounced coda of the body-wave arrivals from the mantle transition 
zone. These effects result from adding up the energy of the later arrivals arriving during 
the codas of earlier arrivals. We "deconvolve" the overlapping coda patterns and show 
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that the true relative energies of the arrivals are significantly lower than the apparent 
energies measured from the raw records. A whispering-gallery interpretation of the 
long-range Pn and crustal scattering accounts for the entire range of observations of 
kinematic, spectral, and amplitude pattern of the PNE wavefield and allows the 
derivation of constraints on attenuation. 

introduction 
Seismic studies, including deep refraction and reflection experiments using large 
chemical and nuclear explosions, have demonstrated strong heterogeneity of the 
uppermost mantle. Mantle heterogeneity is manifested in velocity contrasts and 
pronounced stratification of the lithosphere imaged by PIS wave conversions (e.g., 
Bostock, 1998), in mantle reflectivity (e.g., Pavlenkova, 1996; Morozova et al, 1999), 
and in variations of seismic attenuation (e.g., Der et al, 1986; Morozov et al, 1998a, 
1998b). Mantle velocity gradients and reflecting boundaries form a relatively shallow 
(between 100 - 150 km depth) waveguide favoring propagation of seismic energy to 
teleseismic distances of up to 3000 km (Figure 2; Mechie et al, 1993; Ryberg et al, 
1995; Morozov et al, 1998a). Such phases, known as long-range (teleseismic) Pn, were 
also identified in long-range profiles using large conventional explosions (Enderle et al., 
1997; Henstock et al., 1998) and acquired critical significance for some interpretations 
of the fine-scale structure of the uppermost mantle (e.g., Enderle et al., 1997). Since 
these waves are confined within the uppermost 100 - 120 km of the mantle, amplitude 
and coda character carry important information about the structure of this region. 

Two recent interpretations of the long-range Pn sharply diverge in their interpretations 
of the observations and in conclusions about the uppermost mantle structure. Based on 
one-dimensional (1-D) modeling of coda properties using the method by Fuchs and 
Müller (1971), Tittgemeyer et al. (1996), and Ryberg and Wenzel (1999) proposed a 
special, "high-frequency waveguide" propagation mechanism of the long-range Pn. 
These authors suggested a small-scale, random sub-Moho layering with high, 5% RMS 
velocity fluctuations and average layer thickness of 2 km within a zone extending 75 km 
below the Moho (Ryberg and Wenzel, 1999). Although faced with significant 
difficulties in petrologic interpretation of this model (e.g., Ryberg and Wenzel, 1999, p. 
10,660), such strongly scattering uppermost mantle was viewed as a global phenomenon 
(Enderle et al, 1997). 

In contrast to the above model, Morozov et al. (1998a) argued that the observations of 
the long-range Pn could be better explained by multiple sub-Moho refractions 
(whispering-gallery modes) within the uppermost mantle. According to this 
interpretation, no unusual wave propagation mechanism was required in order to explain 
the nature of this phase and no strong scattering within the uppermost mantle is required. 
At larger ranges, similar strong PP phases followed by extensive codas were identified 
in NORSAR recordings of nuclear explosions in Western Russia (Baumgardt, 1985). 
The enhanced high-frequency content of these phases relatively to the waves diving into 
the mantle transition zone was explained by increased attenuation below a depth of 
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about 150 km (Morozov et al, 1998a, b). Morozov et al. (1998a) and Morozov 
(submitted) argued that the "scattering waveguide" model was primarily based on a 
misinterpretation of the apparently high-frequency character of the long-range Pn by 
Ryberg et al. (1995) and by the inadequate, 1-D models of its coda employed by 
Tittgemeyer et al. (1996) and Ryberg and Wenzel (1999). 

Although kinematic behavior and spectral content of the long-range Pn does not present 
any difficulty for the whispering-gallery model (Morozov et al, 1998a), the high 
amplitude of this phase and particularly its extensive coda (Figure 2) still need to be 
understood. Recent studies of the decay rate of this coda resulted in surprisingly high 
values of coda Q between 1000 - 2000 (Ryberg and Wenzel, 1999) or even 2000 - 5000 
(Ryberg et al, 1995). Such high Q values can hardly be associated with crustal 
attenuation, and as a result, extremely strong yet horizontally coherent scattering within 
the mantle was suggested (Ryberg et al, 1995). 

Although numerical modeling of three-dimensional (3-D) scattering effects of short- 
period PNE wavefields still presents insurmountable difficulties, scattering is still 
inherently a multi-dimensional process, and only accounting for 3-D wave propagation 
can explain the observed coda decay rate. Fortunately, the observed coda amplitude 
pattern allows an explanation from simple physical considerations of energy balance; 
such an explanation is the focus of the present study. 

For our interpretation of the long-range Pn amplitude, we extract amplitude decay 
curves within 200 sec of a range of seismic records from PNE QUARTZ-4 (often 
referred to as PNE 323) where the separation of the phases provides the best illustration 
of the QUARTZ PNE energy pattern (Figures Figure 1 and 3, modified from Morozov 
et al, 1998a). The energy in the PNE wavefield at this distance appears to build up for 
20 - 30 s after the first arrivals, followed by an extensive coda that can be observed for 
100 - 150 s (Figure 3). Both the high amplitudes of the WG phases and the coda are 
surprising and do not fit into conventional views. Specifically, we will seek answers to 
two intriguing problems of the recorded distribution of PNE energy (Figure 3): 

1) What is the nature and decay character of the observed codas of PNE arrivals? 
Why is the coda of the free-surface multiple PP (WGfi in our notation) much 
stronger than the coda of P41 QP reflections of nearly the same amplitude? 
2) Why are the amplitudes of the WG phases so high compared to the reflections 
from the transition zone, whereas 1-D modeling shows much lower amplitudes 
(synthetic models were presented by Mechie et al (1993) and Morozova et al, 
(1999)). 

These are precisely the questions put forward in support of the "scattering waveguide" 
interpretation by Ryberg and others; however, we emphasize that there is very little of a 
specific, "high-frequency" accent in these questions. Instead, these problems are more 
clearly posed by the low-frequency, high-amplitude pattern in Figure 3. Note that the 
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"scattering waveguide" model by Ryberg et al. (1995) is based solely on the high- 
frequency coda of WG whereas the low-frequency coda is stronger and longer, 
indicating that the scattering phenomenon is broadband and cannot be attributed to a 
tuned, high-frequency scattering within the uppermost mantle. Also, unlike the above 
authors, we consider the crust, as the most structurally and compositionally complex part 
of the Earth, also the most likely source of seismic scattering. 

As we show below, 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 
fundamental 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 creating the stepwise increase in 
energy seen in 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. 

Coda decay rate of the long-range PNE arrivals 
Figure 3 shows that the two WG multiples forming the long-range Pn are clearly distinct 
in the character of their codas. The first, Moho multiple labeled WG in Figure 3 is 
followed by a coda that dominates the high-frequency record (Figure 2). However, in 
the low-frequency band, the strongest phase is the free-surface Pn multiple (WGß) 
followed by its coda. The higher amplitude of the WGß event is consistent with higher 
reflectivity of the free surface compared to the Moho. Also, the longer and low- 
frequency coda of WGß suggests a predominance of surface waves that propagate 
efficiently at lower frequencies and are progressively more attenuated as the frequency 
increases. 

Previous measurements of coda decay rate by Ryberg et al. (1995) and Ryberg and 
Wenzel (1999) resulted in two conflicting estimates both of which suggested very high 
Q values over 1000 - 2000. However, values of Q might be overestimated from the use 
of a coda power decay rate (Aki and Chouet, 1975): 

-col/ 

P(t)oz t~(e  /Q, (1) 

where t is the time after the arrival, «ois the frequency. In expression (1), the factor 

t    with <£> 1 describes the geometric spreading of the waves forming the coda, and the 
quality factor Q corresponds to the attenuation. Ryberg and Wenzel (1999) used a 
preset value of £= 2 assuming body-wave nature of the coda waves and a point source. 
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However, as pointed out by Morozov et al. (1998a) and Morozov (submitted), the 
energy of the coda of the long-range PNE phases is better described by a relation (1) 
with £"» 1.0 for the higher-frequency coda and £« 0.9 for the lower-frequency coda, 
with g=oo. This ambiguity in the determination of the attenuation factor Q using 
equation (1) illustrates the importance of a correct model of geometrical spreading. The 
tendency of the geometric spreading parameter ^ to values lower than 1 when g=oo 
shows that formula (1) may not be applicable to the coda decay rate of the long-range 
PNE arrivals. 

Assuming predominantly crustal origin of the coda waves, coda amplitudes of PNE 
arrivals in Figure 3 can be explained readily once we 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 (1). 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 Lg (Campillo, 1987), tend to the lower limit of this velocity range. 
High velocity of the moving source of scattered waves leads to a distributed source of 
coda energy. 

In order to derive a phenomenological model of PNE coda excitation, we assume for 
simplicity that the coda of a PNE arrival consists predominantly of ig; however, the 
argument should hold for other types of waves trapped within the crust. A commonly 
used Lg amplitude decay relation (e.g., Campillo, 1987; McNamara et al., 1996) 
converted to power units is: 

P(f,D) = ^R(fWy^0\ (2) 

where D is the hypocentral distance, R and S are receiver and source terms describing 
site effects at the recording and excitation points, respectively,/is the median frequency 
of the observed wave, v is the group velocity for Lg, y is the exponent of the geometric 
spreading within the medium, and Q is the quality factor of Lg propagation within the 
crust. Since the duration of Ig increases with distance, y\s, larger than the value of 0.5 
used for regional surface waves (Frankel et al, 1990), and a value of ^0.83 is generally 
accepted for Lg amplitude measurements in the time domain (Campillo, 1987, 1990; 
McNamara, 1996). 
The expression (2) gives Lg power at distance D from the excitation point. By 
multiplying this expression by a time windowing function ("wavelet power") W(t-ta, D) 
we transform it into a phenomenological time distribution of recorded Lg power at time 

'p(,,D)=W{)-l"D)KSi^, (3) 
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where t is the recording time, ta is the Lg generation time (onset of the mantle arrival at 
the scatterer), and we have ignored the frequency dependence for simplicity. The 
function W(t-t0, D) describes the broadening of the Lg wavetrain of an original duration 
rat larger distances, and can be approximated as: 

D D 
W{t-tQ,D) = 1 for — <t-t0 < — + TD2y-\ 

v  . v (4) 
0 otherwise. 

Relation (4) ensures energy balance in equation (3) without attenuation. 
By integrating the recorded Lg power at recording point r and at time / over all source 
(scattering point) locations, we obtain an expression for the recorded coda power: 

(     lr I     "| 
W t-l-^-,D 

P(r,t)=RJd\    V  D;      
JS(rsy A (5) 

where r$ is the surface integration point, va is the apparent velocity of the arrival 

generating the coda, D — r — rs |, and S(rs) is the scattering power proportional to the 

incident wave power (Figure 4). Note that at a given time t, the recorded coda is built 
up of the waves scattered from within a ring around the, recording point (Figure 4); the 
area of this ring increases with time due to its increasing radius and width. 
In a simple approximation corresponding to our averaged measurement of coda decay 
(Figure 3), we assume in relation (5) |r,s|/va « D/v, and S(rs) «const, corresponding to 
a nearly simultaneous generation of scattered energy within the crust and on the Moho. 
The integration area in Figure 4 then becomes circular, and the geometric spreading and 
the time window factors cancel. Therefore, instead of relation (1), the coda of a PNE 
arrival is better described by a simple exponential expression (with a^lnf): 

P(t)xP(t) = e /Q. (6) 
A similar equation for coda energy was also derived by Dainty (1985). 
The logarithmic amplitude plot (Figure 5) shows that the dependence (6) fits the 
observed coda amplitudes throughout 100 - 150 s of the coda. These linear trends of 
lnP(t) are consistent with log-RMS coda shapes of Semipalatinsk nuclear explosions 
presented by Baumgardt (1985). From these trends, we estimate the quality factor as 
0=320 near 2 Hz and g=430 around 5 Hz (Figure 5). 

Although we did not attempt to carry out a rigorous study of frequency-dependent 
attenuation, the two values above suggest a dependence of Q « 270f°3. This moderate 
increase of Q with frequency agrees with values obtained for stable tectonic areas, such 
as the central US (Nuttli, 1982), the Canadian Shield (Hasegawa, 1985), or central 
France (Campillo, 1987). The resulting coda Q estimates are consistent with the values 
characteristic for the crust and support our association of the coda with Lg (Singh and 
Herrmann, 1983; Dainty, 1990). The comparatively low values of Q ~ 270 at 1 Hz 
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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). 
However, this suggestion needs to be verified by a more detailed analysis. 

Decomposition ofPNE energy 
The second problem posed in the Introduction, that of apparently much stronger coda of 
WGfi compared to that of P410P (Figure 3) is resolved by the observation that the 
whispering-gallery phases arrive on top of the extensive codas of the preceding arrivals, 
resulting in buildup of the recorded energy. Thus the observed, overlapping amplitude 
pattern in Figure 3 must be "deconvolved" in order to extract the actual onset and coda 
amplitudes of the separate arrivals. 

For a simple estimate of the actual arrival amplitudes, we model each of the events as a 
superposition of a primary arrival and of its coda (Figure 6). We assume that coda 
power follows the time dependence (6) 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 in Figure 3: 

where t° is the onset time, P° is the squared amplitude of the onset, ris the estimated 
duration of the primary phase (so that P°v measures its total energy), and X is the 
relative coda amplitude parameter. Since we assume that the mechanism of scattering is 
common for all arrivals, X is the same for P, P410P, WG, and WGfi. Thus the 
cumulative coda power at time / after the onset of WGfi is: 

Pco*. (0 = Pp (t - t°P )+ Pp*10p(t- 'WOP )+ PWG (* - CG )+ PwGJs (t - t°FGfi )+ ^ ■ 

(8) 
In expression (8), we include an additive term P\mtr describing the noise level of the 
instrument and of the recording site. We estimated this term from measurements of 
signal amplitude between 300 - 350 s after the onset of the long-range Pn (the coda 
practically dissipates after about 150 - 200 s - see Figure 3). 
Figure 3 shows that the P410P onset is sharper than those of the two WG modes. This 
comparative sharpness is expected since the WG modes enter the crust at larger angles, 
undergo additional reflections from the free surface and from the Moho, propagate 
within (most likely) a more complex lithospheric structure and thus should be more 
subject to perturbations. In our amplitude modeling, we reflect this sharpness by setting 
the duration of the P and P410P onsets equal to half of the duration of the WG and WGfi 
modes. Note that the values rand X enter relations (7) only through their product, and 
thus the accurate absolute values of r are not critical for coda modeling. We set *=2.5 
for the two WG modes and 2= 1.25 for P and P410P phases. 
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By varying the remaining parameters corresponding to the four amplitudes and Ä in 
relations (7) and (8) in order to match the observed amplitude variations, we obtained in 

the amplitude units of Figure 3: Ap^l.7, Ap4iop*4.\,AwGx2-1> ^WG/s^-V, A«0.22. 
During this inversion, we also found that a value of g=380 better describes the observed 
pattern of overlapping codas than the value of 0=320 estimated from the cumulative 
linear trend in Figure 5. 

Figure 7 shows that the simple model (7)-(8) 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 Figure 7 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 (Figure 3). Therefore, the high-frequency coda of the WG arrival in Figure 3 can 
be directly compared to our modeled WG coda in Figure 7. As expected, the low- 
frequency component of the WG phase is still stronger than the high-frequency part, 
reflecting the source spectrum dominated by the energy between 1- 2.5 Hz (Morozov et 
al., 1998b). 

Energy pattern ofPNE wavefield 
As the argument above shows, the energies of secondary phases including the long- 
range Pn appear stronger than they are in reality due to their enhancement by the codas 
of the earlier phases. This observation helps us answer the second question posed in the 
Introduction. However, even after our amplitude correction, the amplitudes of the WG 
modes, and in particular, their total energy (Figure 7, 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 Pn in this region are also 
indicated by the observations of a very strong PP phase (corresponding to the first phase 
in the WGfi group in our notation) from the Semipalatinsk nuclear explosions 
(Baumgardt, 1985, 1990). 

As a solution to this controversy, we consider two possible factors that could cause the 
increased energy of the WG modes and that cannot be accounted for in 1-D simulations. 
First, for a PNE near 700-m depth (Sultanov et al., 1999) the F-wave energy radiated at 
about 2-Hz frequency range (the dominant frequency of QUARTZ explosions; cf. 
Ryberg et al., 1995; Morozov et al., 1998b) is enhanced due to constructive interference 
with thepP reflection from the free surface (Fuchs, 1966; Greenfield, 1971). This 
interference would focus the energy in a downward direction increasing this energy by a 
factor of 10 - 13 compared to a source in an infinite medium (note that such interference 
might account for the 2-Hz peak frequency of the recorded energy). However, a point 
source is an oversimplified representation for a real explosion, and any irregularity of 
the source region or nonlinear effects would reduce such focusing (Greenfield, 1971). 
As a result, 1-D modeling tends to overestimate the downgoing energy at the expense of 
the modes propagating subhorizontally. For an explosion detonated within a 
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heterogeneous crust, we expect that a larger portion of energy would propagate in the 
form of the lithospheric-guided waves than predicted in 1-D simulations. 

Another explanation for 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 and personal communication). The 
unusually high amplitudes of the long-range Pn 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 practically along the path of the profile RUBIN 
(Baumgardt, 1985). On the contrary, our preliminary study (the Siberian PNE profiles 
have not been analyzed in full) suggests that the long-range Pn is much weaker and 
crustal attenuation is somewhat lower under the Siberian craton (Figure 8). 

Although the above argument is only qualitative, note that not only the WG arrivals but 
also their primary phases Pn, and PJSJ (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 (Figure 3). 

Discussion 
Since our coda decay model in equation (6) 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 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 Rg->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 Lg->P scattering, and another half was represented by P-^lg 
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. 

Although the density of PNE recordings (10 - 15 km spacing) does not allow application 
of array methods for a detailed identification of the constituents of the coda (e.g., 
Bannister et al., 1990; Hedlin et al., 1994), the length of recording and the extent of 
coverage (Figure 2) allow measurements of the coda decay rate. Our model (Figure 7) 
shows that crustal-guided waves explain not only its amplitude decay but also the 
apparent lack of a pronounced coda of the body-wave arrivals from the mantle transition 
zone. Due to the slow coda amplitude decay rate, the codas of the PNE arrivals can be 
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observed to 100 - 150 s, and therefore the codas of multiple P-wave arrivals overlap and 
boost the energy of the later arrivals including the long-range Pn. 

The coda 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 et al. 
(1999). The coda is neither unusually high-frequency nor long to require such an 
interpretation. 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, Rg) generated by the PNE 
are scattered on crustal heterogeneities producing secondary phases propagating through 
the mantle and feeding the observed coda (Dainty, 1985, 1990). 

Although our "instantaneous distributed coda source" model (6) above is only an 
approximation to the actual spreading coda source region, it is clearly more adequate 
than the point-source scheme (1) used by Ryberg et al. (1995) and Ryberg and Wenzel 
(1999). The relative velocities of the fast primary (Pn) to the slow scattered (Lg, Rg) 
phases lead to a distributed scattering mechanism and to the cancellation of the 
geometric factor in our coda decay relation (6). On the contrary, although the model by 
Ryberg et al. (1995) and Ryberg and Wenzel (1999) also implied distributed scattering 
(in their case, located within the mantle) these authors made no attempt to derive a 
proper coda relation for this scattering geometry. Instead, they resorted to a model of 
coincident coda source and receiver (Aki and Chouet, 1975) that is totally irrelevant in 
this case. 

While attributing all scattering to the crust and Moho boundary, our argument does not 
eliminate the possibility of mantle scattering. Some degree of scattering should 
certainly be present in the uppermost mantle, yet such scattering is not required by the 
observations of PNE coda. At the same time, mantle scattering cannot be as high as 
suggested in the model by Ryberg and Wenzel (1999) in which the 75-km thick sub- 
Moho mantle reflects about 8-10 times more seismic energy than the Moho (as 
estimated by Morozov, submitted). Such strong scattering would most certainly destroy 
any coherent seismic waves penetrating through the uppermost mantle. 

The above estimates of arrival amplitudes suggest that the dominance of the WG modes 
in the energy pattern of the PNE wavefield is to a certain degree apparent. Despite the 
high values of the observed amplitudes within the long-range Pn time window (Figure 
3), both of the WG modes actually carry only about 75% of the power delivered to the 
surface by the P410P reflection. Since the P4J0P reflection is more coherent and 
shorter in duration, its coda is somewhat lower in amplitude yet it carries about 65% of 
the energy of both WG codas and about the same as the WGß coda alone. 
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Being significantly lower than it appears, the energy of the WG modes is still high 
compared to the predictions of 1-D simulations. As we suggested above, 1-D modeling 
of a PNE as a point source in a homogeneous crust could underestimate the amount of 
energy propagating in seismic phases guided within the crust and lithosphere. However, 
considering the uniqueness of the observation of high-energy long-range P„ under the 
East European platform and the West Siberian Basin, our preferred explanation of such 
high amplitudes is their being caused by focusing in these regions. 

The high amplitudes of multiple refractions (PP and WG) could be qualitatively 
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 (Figure Figure 1). 
Among these effects are the strong velocity gradient and reflecting boundaries in the 
uppermost mantle (Morozova et 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 Pn 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 Ig and Sn modes, with minor amounts of Pn energy and no 
detectable teleseismic P contribution. He interpreted this coda flattening as a result of 
Pn->Lg scattering under the Urals. This explanation, which appears to be the only 
reasonable model of the observed coda, also implies that the Pn is strong and carries 
enough energy to reverse the decay of the P-wave coda. 

The observed difference between the amplitude dependencies of the records at lower 
and higher frequencies (Figure 5) is very significant. Similarly to the deep P-wave 
phases, the WGfi arrival and its coda are low in their high-frequency content (Figure 5). 
Compared to WG, WGfi is similar but travels two additional passes through the crust, 
and thus the disappearance of WGfi in the high-pass filtered record should be related to 
crustal attenuation. Also, the increased Q at higher frequencies (Figure 5) and its 
regional variations (Figure 8) suggests that the low-frequency coda contains more 
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surface waves sampling the sedimentary, lower-g parts of the upper crust. Therefore, 
the difference between WG and WGfi 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 be 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. 

Conclusions 
The work presented above focused on the observed properties of the long-range PNE 
phases, and particularly, on the strong amplitude and long duration of the coda of the 
long-range Pn. Reconsidering the available observations of this phase in the records 
from the PNE profile QUARTZ, we arrived at both a consistent explanation of the 
character of this 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) Regardless of the accepted explanation for the nature of the long-range Pn, a 
long coda is not specific to this phase but it follows every PNE arrival at an offset 
range over 2000 km; 
2) The 100 - 150-s long codas of the long-range arrivals are due to the generation 
of these codas within the crust by PNE phases 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 long-range Pn time window; the amplitude pattern 
of the records was inverted for true amplitude relations between the arrivals. 

Based on a detailed analysis of the long-range Pn, we demonstrated that this phase 
consists of two groups of arrivals that are clearly distinct in their frequency, amplitude, 
coda, and travel-time patterns. On the weight of such combined evidence, these arrivals 
are explained as the Moho and free-surface multiples of the refractions and reflections 
within the uppermost-mantle (Pn, P//). 

As a result of our PNE coda model, we obtained estimates of coda pranging between 
g=380 near 2 Hz and Q=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 
(Figure 2). As our study shows, the amplitude pattern of the PNE records throughout 
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their full length can be explained quantitatively by body- and guided waves within the 
upper mantle and by (predominantly) crustal scattering. 
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Figures 

Figure 1. Map of the western part of the former USSR showing 
the profile QUARTZ. Triangles and stars indicate the locations of 
the chemical and nuclear explosions (PNEs) recorded by the 
profile, respectively, and PNE QUARTZ-4 is labeled. Major 
tectonic structures crossed by the profile are indicated. Dotted 
box near the Mezenskaya depression indicates the location of the 
receivers used in coda decay measurements in this study. 
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Figure 2. Vertical-component record from PNE QUARTZ-4 (Figure Figure 1; 
this explosion is also often referred as PNE 323). Inset shows a sketch of 
refracted, reflected arrivals and their multiples identified in this complex wave 
pattern. The long-range Pn phase (shaded in the inset) consists of a variety 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 ai, 1998a). Frequency content of this phase is close to that of 
the ordinary Pn (Morozov et ai, 1998a), and after a high-pass filtering 
removing the deeper mantle body waves, this phase dominates the record 
(Ryberg et al., 1995). Note the unusually high energy of the arrivals in the 
primary Pn branch supporting the interpretation of the long-range Pn as a series 
of Moho and free-surface multiples of Pn and Pj^(WG and WGß). Also note 
that the long-range Pn phase is strong and is followed by a coda extending 
beyond the ends of records shown here (Figure 3). 
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Figure 3. Amplitude of the high-frequency and low-frequency (filter corner 
frequency is 5 Hz in both cases) records within the offset range 2500 - 2600 km 
from PNE QUARTZ-4 (modified from Morozov et al, 1998a). Time reduction 
is 8 km/s, and 7 three-component instantaneous trace amplitude records were 
averaged within a 2-s sliding time window and within the offset range 
(Morozov and Smithson, 1996) was used. First arrivals, a reflection from the 
410-km discontinuity, and two whispering-gallery phases {WG and WGfi) are 
indicated. Note the difference of the codas following the free-surface multiple 
refraction WGfi at low frequencies and the Moho multiple WG at high 
frequencies. 
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Primary arrival 
from the PNE 

t = const 

Figure 4. Plan view showing surface area (shaded) of the crust contributing to 
the coda of the long-range Pn at 50 s after the onset of this phase at the 
receiver. The PNE is located at 2500 km from the receiver, and the curvature 
of the incident wavefronts is ignored for simplicity. In this approximation, the 
scattering area is bounded by two ellipses t = const. Note that an increasing- 
with-time source area compensates for the geometric spreading of coda energy. 
For infinite velocity of the primary phase, the scattering area becomes circular, 
leading to cancellation of geometric spreading in the simplified equation (6). 
This plot illustrates the notation in integral (5). 
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Figure 5. The same amplitudes as in Figure 3 plotted in logarithmic scale. 
Straight lines correspond to the relation (6) with 0=320 for the low-frequency 
curve (at approximately 2 Hz) and g=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. 
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Figure 6. A model of intensity variation with time for a PNE event (see 
equations (7)). The energy of the primary event is approximated by a parabolic 
function and is characterized by its peak power pO and duration t. The coda is 
parameterized by its coupling to the primary event A and by its decay rate cdQ 
defined in relation (6). 
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Figure 7. Top: Coda amplitude decay model for frequencies below 5 Hz 
(Figure 3). Thick line is the low-frequency amplitude from Figure 3, thin line 
shows the modeled amplitude decay described by relation (8). Note that crustal 
scattering and a simple approximation of coda power (1) explain the observed 
coda build-up by the subsequent P, P410P, WG, and WGfi arrivals. Bottom: 
Amplitudes and codas of the four separate arrivals forming the total coda 
energy (8). Note that this decomposed section is dominated by the reflection 
P410P- Also compare the amplitude of WG in this plot to the high-frequency 
WG coda in Figure 3 and note that WG is stronger at lower frequencies, as 
expected. 
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Figure 8. Records from PNE CRATON-1 in the West Siberian basin averaged 
and plotted in the same way as QUARTZ-4 records in Figure 3. Due to lower 
frequency content of these records, the frequency band separation is performed 
at 3 Hz instead of 5 Hz in Figure 3. Note that even without correcting for coda 
build-up, the WGfi is weaker than P410P and also much weaker than in the 
records from QUARTZ-4 (Figure 3). Also note the longer codas and increased 
high-frequency content of WGfi (compared to WG), in contrast to Figure 3. 
These differences suggest regional variations in WG propagation characteristics 
and lower crustal attenuation within the Siberian craton. 
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