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On the Nature of the Teleseismic Pn Phase Observed on 

the Ultralong-Range Profile "Quartz," Russia 

by  Igor B. Morozov ,  Elena A. Morozova ,  Scott  B. Smithson,  and Leonid  N. Solodi lov 

Abstract The most prominent secondary phase observed in the records from the 
ultralong profile "Quartz"  crossing northern Eurasia is the high-frequency long- 
range (teleseismic) P~. This phase, propagating with the group velocity of about 8.1 
to 8.2 km/sec to over 3000 km distances, dominates the records within the frequency 
range above about 5 Hz. Within this teleseismic P,, we distinguish onsets of several 
branches having higher apparent velocities between 8.5 and 8.6 krn/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 (LVZ) below the depth of about 150 kin. 

Introduction 

The 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 (powerful nuclear 
explosions, PNEs) recorded by densely spaced (10 to 15 kin), 
three-component, short-period (1 to 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 through 1987, have been extensively 
studied by several groups, providing information about the 
mantle structure (Mechie et  al., 1993; Ryberg et .al . ,  1995, 
1996) and about the structure of the crust (Egorkin and Mik- 
haltsev, 1990; Schueller et aL, 1997) of the northern Eurasia 
(Fig. 1). 

PNE records from Quartz profile show a consistent se- 
quence of primary P-wave refractions in the first arrivals 
observed to the maximum offset of 3145 km (Fig. 2). Based 
on the analysis of the first arrivals, Mechie et  al. (1993) 
derived 1D velocity models for different PNEs, and Ryberg 
et  al. (1996) proposed a 2D model of the mantle velocity 
structure, using all three PNEs of the profile (Fig. 1). 

Due to high energy of the sources, PNE records are 
abundant in seismic phases as secondary arrivals (Fig. 2). 
Reflections from the 410- and 660-km discontinuities in the 
mantle and a number of crustal multiples are easily recog- 
nized (Fig. 2). Reversed PNE records reveal horizontal var- 
iations in the structure of the mantle within the length of the 

profile (Ryberg et  al., 1996; Morozova et  al., 1997). This 
article concentrates on the phase that is not obvious in un- 
filtered gathers but becomes dominant after high-pass filter- 
ing of the records above approximately 5 Hz (Figs. 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 teleseis- 
mic) Pn phases, and corresponding Sn phases propagating 
within the uppermost mantle to 2000- to 3000-kin distances 
were observed by many authors (e.g., Molnar and Oliver, 
1969; Heustis et  al., 1973; Walker 1977). These phases ef- 
ficiently 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 wave-guide mech- 
anism, 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 transmis- 
sion 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 within the crust and upper mantle (Richards and 
Menke, 1983; Menke and Chert, 1984) together with rever- 
berations in the water column (Sereno and Orcutt, 1985, 
1987). 

Ryberg et  al. (1995), who first observed this band of 
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Figure 1. Map of the former USSR showing major DSS profiles using nuclear ex- 
plosions. 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 article. 

incoherent high-frequency energy in Quartz records, pro- 
posed a model that relates this phase to a special propagation 
mechanism through a strongly scattering wave guide located 
immediately below the Moho. Using simulations with the 
reflectivity method (Fuchs and Miiller, 1971), Tittgemeyer 
et al. (1996) demonstrated that a high-frequency phase with 
an apparent velocity of about 8.1 km/sec can propagate by 
means of multiple scattering through an 80-kin-thick sto- 
chastic sequence of thin layers below the Moho. 

Although presenting a possible propagation mechanism, 
this "multiply scattering wave guide" 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 to 
1700 km; (2) the separation of its onset into at least three 
branches with apparent velocities of about 8.5 to 8.6 km/sec 
between the offsets of 1300 and 2400 kin; and (3) the pres- 

ence of a high-frequency and high-velocity event at the off- 
sets exceeding 2700 kin, and 7 to 10 sec before the main 
teleseismic P, (Fig. 4). Also, the scattering-wave-guide 
model does not explain the relation of the teleseismic P, to 
other low-frequency phases and, in particular, the coinci- 
dence of the onset of this phase with the "internal multiple" 
m indicated earlier by Mechie et al. (1993) within the offset 
range 1000 to 1700 km (Fig. 2). Finally, the unfiltered re- 
cords from PNE 123 show that the teleseismic Pn between 
the offsets of 900 and 1700 km is remarkably strong and 
coherent (Fig. 3), and therefore, it definitely cannot be due 
to a stochastic scattering mechanism. 

As it often happens in seismology, another interpreta- 
tion of these observations exists. In this article, we re-ex- 
amine the nature of the teleseismic Pn in Quartz records. 
After analyzing travel-fime, amplitude, and spectral char- 
acteristics of a number of secondary phases, and after per- 
forming a simple simulation of scattering within the crust, 
we arrived at a model of teleseismic P, propagation that is 
different from the stochastic model by Ryberg et al. (1995) 
and Tittgemeyer et al. (1996), but it is related to the more 
deterministic WG models proposed earlier (Menke and Rich- 
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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 kln/sec. Primary refractions (Pn, P41o, P66o), Pg, reflection from 
the 410-kin discontinuity (P410P), Moho multiple from 90 km depth (P9oMP, labeled 
as "m" by Mechie et al., 1993), and the first whispering-gallery (WG) mode discussed 
in this article are indicated. The 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). 

NW 

ards, 1980), Figure 5 summarizes the main idea of our in- 
terpretation. Instead of speaking of the "high-frequency" 
teleseismic Pn, we recognize it as the first "broadband" ar- 
rival at offsets exceeding 1000 kin, in comparison to which 
the deeper refracted and reflected waves are relatively de- 
void of high-frequency energy. This observed penetration, 
depth-dependent frequency selectivity is associated with the 
increase of seismic attenuation with depth. 

Teleseismic Pn in Quartz Records 

Analyzing the nature of the incoherent high-frequency 
teleseismic Pn phase in Quartz records, we explain three ma- 
jor 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-fre- 
quency deep refractions; and 

3. its incoherence and the long incoherent coda. 

Starting our analysis with the first characteristic, and 

after travel-time forward modeling of the major phases con- 
tributing to the observed wave field, 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 P,, 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 use the records of the 
southern Quartz PNE (shot point 323 in Fig. 1) having the 
largest signal-to-noise ratio within the high-frequency part 
of recorded bandwidth (Fig. 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 (Fig. 6). In the high-frequency filtered gath- 
ers (Fig. 4), we see that the teleseismic Pn increases its ap- 
parent velocity toward smaller offsets, between 1000 and 
1500 kin, where it is close to the Moho multiple from the 
depth of about 90 km (Fig. 6). The continuation of this phase 
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Figure 3. A segment of the vertical-component 
record section from the northern PNE 123 between the 
offsets 500 and 2000 km SE of the source point (Fig. 
3). (Top) unfiltered records; (bottom) the same records 
after high-pass filtering above 5 Hz, Reduction veloc- 
ity is 8 km/sec. Note the strong and coherent whis- 
pering-gallery phase (WG) propagating above the 
level of approximately 150 kin and dominating the 
high-frequency records. This phase is also strong and 
coherent in the unfiltered records between the offsets 
of 900 and 1600 kin. Also note the strong reflection 
from the top of the asthenospheric LVZ beginning at 
about 200 km depth. This reflection is practically ab- 
sent from the high-frequency gather, indicating the 
increase of attenuation between the depths of 150 and 
200 kin. 

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

Travel-Time Analysis 

To examine the travel-time pattern of seismic phases 
found in the records, we employ 2D raytracing in a spheri- 
cally symmetric 1D model. Although raytracing 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 pro- 
viding an insight into mutual relations between different 
types of seismic waves. Using raytracing, 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 rela- 
tive amplitudes of the waves by comparing ray densities at 
receiver points or by calculating wave-front curvatures (Cer- 
veny et al., 1984). 

To explain the principal relations of the observed seis- 
mic phases, the 1D model developed using the first breaks 
picked from the records of the same southern PNE is quite 
appropriate (Mechie et al., 1993; Fig. 7). The velocity col- 
urnn associated with this PNE is characterized by a strong 
velocity gradient between 90 and 120 kin, a narrow low- 
velocity zone (LVZ) between 140 and 155 kin, and a promi- 
nent 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 kin (Fig. 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 de- 
scribed 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 1D velocity structure are sum- 
marized 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 off- 
sets of about 400 to 500 km and has a significant amplitude 
in between the offsets of 1500 and 2000 kin, 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 kndsec. (Fig. 8). Note that the second WG mode ap- 
pearing at the offsets of about 2200 km can be also identified 
in the records (compare Fig. 4 with Fig. 9). Due to the var- 
iations of the velocity gradient above 140 km depth (Fig. 7), 
this WG mode exhibits a triplication near 1800 to 2000 km, 
with the fast branch having an apparent velocity of 8.7 to 
8.8 km/sec (Fig. 8). Both WG branches are barely visible in 
unfiltered records (Fig. 2) but become discernible in the 
high-pass filtered records of Figure 9, after the low-fre- 
quency reverberations of the first an'ivals have been atten- 
uated. 

Based on the foregoing observations--on the high am- 
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plitude 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 tele- 
seismic Pn at about 2000 k in- -we conclude that the WG 
mode presents a good explanation of the kinematics of the 
observed teleseismic P, phase. As we see in Figures 3 and 
4, the travel-time curve of the long-range P,, does not ap- 
proach 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 P~ cannot 
originate immediately below the Moho, as was suggested by 
Ryberg et aL (1995) and Tittgemeyer et aI. (1996), but 
should effectively be produced by the velocity gradient be- 
tween 90 and 120 km depth (Fig. 7). 

A significant feature of the high-frequency wave field 
is the presence of energy propagating earlier and faster than 
the teleseismic Pn at offsets exceeding 2700 km (Fig. 4; it is 
also labeled in Fig. 9. Note, however, that recording systems 

of a different type were used at the offsets above 2700 kin, 
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 
(Fig. 8). This inconsistency of the model is apparently due 
to its simplified 1D character and should be resolved in a 
future 2D model that will include the information from re- 
fracted, reflected, and WG waves from all three PNEs. Most 
likely, the increased amplitude of the WG1 mode at far offsets 
marks the termination and/or deepening of the asthenos- 
pheric 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 pen- 
etration depth diagram shown in Figure 8. The near-offset 
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Figure 5. A summary of our interpretation of ob- 
served high-frequency phases in Quartz records. Not 
drawn to scale. (Top) Pn, refracted waves turning 
above the low-velocity zone (LVZ); P9OM P, multiple 
reflection from the 90-km boundary and from the 
Moho; WG, whispering-gallery modes (multiple re- 
fractions); P, far-offset deep refraction arriving de- 
pleted of high-frequency energy. Triplication of WG 
modes due to the velocity contrast within the 80- to 
120-km-depth range is indicated by double ray paths. 
As shown, all broadband phases (P~, P9OM P, and WG) 
do not penetrate into the LVZ, whereas the "low-fre- 
quency" phases arriving beyond the offset of 1000- 
kin travel within the LVZ for over 150 sec. (Bottom) 
Examples of major Moho multiples contributing to 
the coda pattern: MP~, P~ multiple; MP, multiple of the 
teleseismic turning wave ;  W G f s  , 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. 

high-frequency refracted mantle wave seen up to nearly 
1500 km offset is significantly attenuated beyond the dis- 
tance of 1000 km (Figs. 2 and 4), which corresponds to the 
penetration depth of about 150 km (Fig. 8). Likewise, the 
high-frequency WG modes observed between the offsets of 
800 and 2800 km do not dive deeper than about 150 l~n into 
the mantle. On the contrary, the deeper and faster branch 
WG~ is significantly attenuated between 2000 and 2700 km 
of offset (Fig. 9). In addition, Figure 8 shows that aU far- 
offset and low-frequency refractions penetrate at least to the 
depth of 270 kin. All these observations suggest that the low- 
velocity structures below the level of 150 km may cause 
attenuation sufficient to explain the observed amplitude de- 
cay 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 wave-guide modes, a significant 
increase in the attenuation should occur below the depth of 
about 150 ken. 

Although the depth level at which the increase of the 
attenuation occurs is constrained by the above observations 
as close to 150 kin, its accuracy is limited by the use of the 
1D velocity model (Fig. 7) and by the ray-theoretical ap- 
proximation employed. Therefore, we do not attempt to ob- 
tain a more precise estimate for the depth of the contrast, or 
to correlate our 1D attenuation model with the detailed ve- 
locity column shown in Figure 7. Instead, we assume a sim- 
ple two-layer attenuation structure, with the quality factors 
Q above the level of 150 km and QLvz below it, and look 
for a relation QLvz(Q) between them. 

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 re- 
fracted wave: 

10. l g (  E(fl)] = [n2_~ Adeep x2 = \ ~ - ~ ]  10" l g e .  t~ 

) + Qbvz td (f2 -- fi).  (1) 

This equation describes the increase in the ratio of the low- 
frequency spectral density (frequency fl)  to the high-fre- 
quency spectral density (frequency f2), in dB. In this equa- 
tion, the times that the deep refracted wave travels above 
and below the depth of 150 kin are denoted as ts and t a, 
respectively. Subtracting from the quantity defined in equa- 
tion (1) a similar ratio for WG arrival, we obtain an expres- 
sion for the observed logarithmic relative contrast between 
the two spectral constituents of these phases: 

A~ ep Awa~eguide = 10 lge / rr~2~ 
- -  zal2 • . I s 

QLvz2n ~g2n ) + - - 2  ( f2  - f l ) ,  (2) 

where twg is the total travel time of the 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 spread- 
ing 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 to 1.5 Hz and 4 to 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 to 12 dB lower than that in the teleseismic 
P,. By using this value as the estimate of the spectral con- 
trast, by picking characteristic travel times for these offsets 
from the plots in Figure 8 (t o ~ 200 sec, t~, + t d ~ 250 sec, 
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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 whis- 
pering-gallery modes WG~ and WG2 that we as- 
sociate with the observed undulations of the 
teleseismic P.  onset between 1500 and 2700 
km (Fig. 4). Thick lines represent the reflec- 
tions from the top of the main LVZ (P195P), 
from the 410-kin discontinuity (P4wP), and 
Moho multiple from the depth of 90 km 
(PgoMP). Free-surface WG mode (dotted line, 
WGfs ) contributes to the coda of the teleseismic 
P~. Solid gray circles indicate triplication 
points of the primary WG modes. See discus- 
sion in the text. 
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Figure 7. One-dimension velocity model obtained 
by Mechie et aL (1993) using first arrivals from the 
southern PNE. We used this model for 2D raytracing 
in our analysis of the kinematics of the teleseismic 
Pn. Note a LVZ between 140 and 155 km depth and 
a prominent LVZ below 195 kin. 

and tg ~ 260 sec), and by varying Q, we obtain from equa- 
tion (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 be- 
low 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 (Fig. 11). As- 
suming that the attenuation above the LVZ corresponds to Q 

400 to 600 (Anderson and Given, 1982), we obtain from 

20 

10 
m 

0 

@ i 
o -20 

-30 

a ~ . . ~ ,  * * g + l *  . a %*  " * * ÷ .  

*m * * *  ° ~  \ j \  
Ttmdngwaw'~._ ~. % . .  WC~ 

...... 

• % 

-40 -~', 
Travel times 

-50 . . . . . . . . .  , . . . . . . . . .  , . . . . . . . . .  , "," 
1000 2000 3000 

Offset, km 

0 " ' " • , - - , . . . .  r - - , - - - i - • - 

lOO ¢"7. ."" ¢v*.=:7 " ' / . . x . ° ,  . "  • 
. . . . . . .  " - ; ;  " g ~ ' ~  . . . . . . . . . . . . . . .  " * ' - ' N  . . . . . . .  " - ' " - ' -  . . . . . . . . . . .  

200 *'. . . . . . .  .~ 

300 "....... 
... 

400 ~ . . . . .  

500 ~ . . . .  ~ -  

600 ] ~ -.... 
~ o  

] o 

7oo] Maximum " " " .- .. 
800 ] ~ penetration depths "" 

t 

0 1000 2000 3000 
Offset, km 

Figure 8. (Top) Travel-time curves of the major 
phases. (Bottom) Maximum penetration depths of re- 
fracted waves. Note that all "low-frequency" waves 
arriving before WG modes penetrate into the two 
LVZs (Fig. 7). 

equation (2) values QLvz ~-~ 320 to 400 for the quality factor 
below the 150-kin level (Fig. 11). Note that the contrast 
between the attenuation above and within the LVZ increases 
with increasing Q. 
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Figure 10. Spectral ratio of the teleseismic P. to 
the first arrivals defined in equation (2), measured for 
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line). 
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Figure l l.  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 fac- 
tor above and below the depth of 150 km, respec- 
tively. 
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Although the presence of the attenuation contrast at the 
top of the LVZ is confidently established through the ob- 
served contrast in the frequency contents of the signals (Fig. 
10), its simple estimate presented earlier can be improved in 
two ways: (1) The constraint shown in Figure 11 most likely 
underestimates the attenuation contrast, since we have as- 
sumed that the zone of high attenuation extends to the depth 
of 410-kin discontinuity, whereas this zone can actually be 
thinner. (2) Not only the relation QLvz(Q) but also the values 
QLvz and Q themselves 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 article. 

The physical causes of the observed mantle attenuation 
might be scattering by mantle heterogeneities as well as in- 
elastic energy dissipation. However, the clear onset of the 
high-frequency energy (Fig. 4) suggests that the increase of 
attenuation below the level of 150 km occurs predominantly 
due to 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 wave field (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 (Fig. 9). Even 
if the scattering mantle heterogeneities were located above 
the depth of 150 kin, as Ryberg et al. (1995) have suggested, 
they would produce some pattern of high-frequency scat- 
tered energy following the first arrivals that is not found in 
the records. 

Multiples and Scattering 

The above travel-time simulations correctly indicate the 
position of the onset of the teleseismic P~ 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 mod- 
eled by Tittgemeyer et al. (1996) is a layered structure ex- 
hibiting 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 wave guide trap- 
ping postcritical P~ and Sg waves and propagating them to 
large distances. The Moho irregularities, surface and base- 
ment topography, and the variations in the crustal velocity 
along the profile (Schueller et al., 1997) provide the heter- 
ogeneities that should be sufficient to generate the teleseis- 
mic P, coda. Assuming that the scattering is moderate, we 
can use low-order Born approximations to estimate its influ- 
ence on the pattern of the recorded wave field. 

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-travel-time pairs build up a pattern of prob- 
able scattering paths from point scatterers. To produce a 
more physically realistic picture of scattering including scat- 
tering amplitudes, a more rigorous modeling using a 2D 
mantle velocity/attenuation model is certainly required. 

The results of raytracing in the same 1D velocity model 
(Fig. 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 (Fig. 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 to 50 sec in our simulation (note, how- 
ever, that from the amplitude considerations, the dominant 
contribution to the coda should come from P-to-Se scatter- 
ing). Since up to 3 to 4 crustal multiples are observed in PNE 
records (Fig. 2), we expect that the real scattering pattern 
involving 3 to 4 scattering and free-surface/Moho/basement 
reflection events would be much more complicated and ex- 
tended in time. 

Coda 

The high-pass filtered records show a long coda follow- 
ing the teleseismic P~ arrival (Fig. 4) apparently different 
from the amplitude pattern in the unfiltered records (Fig. 2). 
However, as Figure 13 shows, this difference is not so sig- 
nificant. In Figure 13, we present averaged amplitude decay 
curves measured within the offset range of 2500 to 2600 kin, 
using the standard rms measure of the vertical component 
and a three-component instantaneous vector measure (Mo- 
rozov and Smithson, 1996). In both cases, the signal was 
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Figure 12. Travel-time plots obtained using ray- 
tracing in the 1D 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 ob- 
served codas of WG modes. 
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Figure 13. Amplitude decay curves of the 
high-frequency and low-frequency (filter cor- 
ner frequency in both cases is 5 Hz) coda av- 
eraged within the offset range 2500 to 2600 km 
from PNE 323. (Top) rms amplitude of the ver- 
tical component; (bottom) three-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 aver- 
aged within a 2-sec sliding time window. Note 
that the vector measure provides considerably 
more stable amplitude measurements. First ar- 
rivals and two WG phases are indicated. Note 
that the high-frequency coda of WG mode is 
somewhat shorter than the coda at low fre- 
quencies. 

filtered below or above 5 Hz, and the amplitude was aver- 
aged 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 Figure 13 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-fre- 
quency component actually decays a little f a s t e r  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 t ime-] /2  (Fig. 
13), corresponding to the propagation of  surface or guided 
waves. As outlined in the previous section, by far the most 
likely wave guide for these waves is represented by the crust. 
P, 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 that 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. 

Discuss ion  

Our interpretation of  the teleseismic P, 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 con- 
ventional) upper mantle model. Therefore, a discussion of  
the differences of  these models is necessary. We focus this 
discussion on several principal aspects of  the interpretation. 

Physics  o f  Wave  Propagation.  The "scattering wave 
guide" proposed by Ryberg et al. (1995) still needs to prove 
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its viability through a theoretical analysis or 2D/3D 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. One-dimension simulations 
by Tittgemeyer et al. (1996) used as an evidence for a "to- 
tally new" phase describe a totally different physical situa- 
tion of a stack of infinite thin layers that of course do form 
a wave guide. On the contrary, the well-established velocity 
gradient and the presence of the strong Moho and free-sur- 
face 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 and 1500 kin, (2) the presence of two branches cor- 
responding to different orders of WG modes, and (3) the 
presence of high-frequency energy 7 to 10 sec before the 
main branch at the offsets exceeding 2700 krn (Fig. 4). These 
details were not considered by Ryberg et al. (1995) and were 
not explained by the scattering wave-guide 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 tele- 
seismic P,, does not correspond to the model of a shallow 
scattering wave guide. Indeed, since the wave guide propa- 
gates the energy horizontally from the near-shot region, the 
amplitude of the phase would be expected to decrease con- 
tinuously with distance. In the records of Figure 4, however, 
we see that the teleseismic Pn appears essentially after the 
onset of the P9oMP, which corresponds well to its interpre- 
tation as the WG mode. 

The Sharpness of the Teleseismic P~ Onsets. The main 
point of the argument by Ryberg et al. (1995) against the 
WG interpretation is the absence of sharp onsets of the tele- 
seismic Pn in the high-pass filtered records. However, an 
examination of both unfiltered (Fig. 2) and high-pass filtered 
records (Fig. 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 (Fig. 3). 
The teleseismic Pn becomes incoherent in the secondary ar- 
rivals, after its enhancement by heavy filtering (Fig. 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 re- 
moval of most of its (low-frequency) energy may have 
no sharp onset. 

2. Scattering within the crust makes the onsets of high-fre- 
quency phases complicated by long codas and diffuse 
(Fig. 12). 

3. 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 simula- 
tions, 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 kin, the data are 
strongly spatially aliased at 5 Hz, and therefore, we can- 
not 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 P, ar- 
rival forms the second basis of the argument by Ryberg et 
al. (1995) and Tittgemeyer et al. (1996) against its WG or- 
igin. However, their analysis showing that the coda cannot 
be built up of WG branches was based on 1D simulations 
using the reflectivity technique. On the contrary, our mea- 
surement 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 Fig. 7 in Mechie et al., 1993) show strong first 
WG and clear first free-surface WG modes supporting our 
raytracing analysis. Due to the limitations of the algorithm 
(truncation errors, numerical underflow, and 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 struc- 
ture of the upper mantle not accounted for in 1D models 
employed by the reflectivity approach. Nevertheless, our 
conclusion about the increased attenuation within the LVZ 
will remain valid regardless of the amplitude modeling tech- 
nique, 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 ultralong DSS profile 
Quartz, we propose an interpretation of a long-range (tele- 
seismic) P, phase as a whispering-gallery wave traveling 
within the uppermost mantle. This conclusion is supported 
by the 2D travel-time forward modeling of all observed 
phases using a detailed 1D velocity model derived earlier. 
The long incoherent coda of this phase is associated with the 
scattering and reverberations of seismic waves within the 
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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 re- 
corded 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 explain the observed 
characteristics of the wave field, and absorption is the most 
likely mechanism of the attenuation increase. 
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