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Correlation of Lg Amplitude Ratios from Peaceful Nuclear Explosions

to Crustal Structure in Northern Eurasia

by Hongyan Li,* Igor B. Morozov, and Scott B. Smithson

Abstract Because the Lg phase is strongly affected by the variations of crustal
structure in some areas, understanding these factors is important for nuclear test
monitoring. This study examines the effects of regional tectonic structure on Lg
propagation by using the Peaceful Nuclear Explosion (PNE) profiles in Russia. The
logarithms of Lg/Sn and Lg/Pcoda PNE-amplitude ratios within the 0.5- to 3-Hz
frequency band are measured and correlated with the regional crustal structures. Both
ratios are found to decrease within the areas with thick, low-velocity sedimentary
cover and across tectonic boundaries with abrupt variations of crustal thickness. For
the offset derivatives of both the logarithmic ratios, a linear relationship to the slopes
of the Moho and the vertical travel times within the sedimentary cover is determined.
A strong negative slope is observed along both crustal thinning and crustal thickening
segments, and a positive slope follows the negative slope across a crustal thickening
segment. Therefore, crustal thinning appears to affect the Lg propagation stronger
than crustal thickening, which could be due to focusing Lg energy within the crustal
wave guide. The log-amplitude regression provided in this article could be useful for
predicting Lg behavior in areas where amplitude measurements are not available.

Introduction

Because the Lg phase is strongly affected by the varia-
tions of crustal structure in some areas, understanding these
factors is important for nuclear test monitoring. The Lg
phase is interpreted as consisting of multiple supercritical
S-wave reflections or a superposition of higher-mode surface
waves trapped within the crust (Knopoff et al., 1973; Cam-
pillo, 1987). For nuclear explosions, near-source scattering
of Rg into S is a primary contributor to the low-frequency
Lg (Gupta et al., 1992, 1997; He et al., 2005).

The Lg-phase amplitudes measured within selected fre-
quency bands are often used to describe Lg-propagation
characteristics in different tectonic areas. Rapine and Ni
(2003) compared the Lg amplitude and prephase noise to
measure the efficiency of Lg propagation. Several phase-
amplitude ratios: Pg/Lg (Phillips et al., 2001) or Lg/Pg
(Sandvol et al., 2001), and Lg/Pcoda (Rapine et al., 1997;
McNamara and Walter, 2001) were used to calibrate Lg-
phase propagation across different crustal structure. In most
studies (Rapine et al., 1997; Baumgardt, 2001; McNamara
and Walter, 2001; Phillips et al., 2001; Sandvol et al., 2001;
Rapine and Ni, 2003), the Lg-propagation characteristics
were derived from earthquake data. Because these data typi-
cally have relatively sparse coverage and the stations are
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rarely deployed in-line with the sources, such approaches pro-
vide general characterizations of the area, yet do not allow us
to study the detailed evolution of Lg-phase amplitude during
its propagation away from the source and across geological
and tectonic boundaries. In addition, an Lg generated from a
nuclear-bomb source is, of course, ideal for test calibration.

Fortunately for seismic calibration of propagation in
northern Eurasia and despite the paucity of its natural seis-
micity, extensive and unusually detailed recordings of short-
period Lg and other regional phases are available in this
region. From the 1970s and to late the 1980s, Russian sci-
entists acquired a network of dense, linear, 2000- to 4000-
km-long, three-component deep seismic sounding (DSS)
profiles using chemical and Peaceful Nuclear Explosions
(PNEs) with nearly coincident recording. Seven of these pro-
files including 19 PNEs were used in this study (Fig. 1).
These long-offset, dense, three-component seismic records
with known locations and propagation times allow measure-
ment of Lg-phase propagation parameters at 10- to 15-km
station spacing in one of the largest landmasses on Earth to
test the available models and relate these parameters to
crustal structure. Many of these segments of profiles are
reversed, which provides even more unique data to analyze.

By comparing the logarithms of amplitude ratios of
the Lg phase over Pn, Pg, Sn, Pcoda, and prephase noise
(Fig. 2) within different frequency bands, the present study
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Figure 1. Location of PNE profiles and tectonic boundaries in northern Eurasia.
Large stars are the PNE locations. Thick solid lines show major tectonic features (WSR,
West Siberian Rift; MD, Mezen Depression; TPB, Timan-Pechora Basin; Zonenshain
et al., 1990). The three major basins within the Siberian Craton are Tunguss Basin
(TB), Vilyui Depression (VD), and Low Angara Basin (LA).

uses log(ALg/ASn) and log(ALg/APcoda) to correlate the slopes
of the logarithm of amplitude ratios with the variations of
crustal structure and to determine the main factors affecting
Lg propagation. From the observations of the variations of
the slopes in different tectonic areas, a two-parameter linear
regression model is proposed to calibrate the variations of
Lg amplitude. The resulting two parameters that appear to
describe the observed correlations best are the Moho slope
and the vertical S-wave travel time within the sedimentary
basins. From the strongest anomalies in the slopes of the
log-amplitude ratios, the main tectonic areas affecting Lg
propagation in northern Eurasia were identified. These areas
are the Vilyui Depression, Ural Mountains, Yenisei Ridge
(the boundary between the West Siberian Basin and the
Siberian Craton), the boundary between the Kazakh massif
and the West Siberian Basin, the Mezen depression, the
West Siberian Rift, and the West Siberian Basin.

Geological and Tectonic Setting

A variety of contrasting geological structures are pres-
ent in the vast geographical expanse of northern Eurasia
(Fig. 1), and thus the seismic profiles crossing the different
tectonic provinces provide a good database to calibrate the
effects of crustal structure on regional phase propagation.
The seven PNE profiles of this study (QUARTZ, RUBY-1,

RUBY-2, CRATON, KIMBERLITE, RIFT, and METE-
ORITE) mainly traverse (listed from west to east, Fig. 1):
the East European Craton, Timan fold belt and Timan-
Pechora Basin, Uralian fold belt, West Siberian Basin, West
Siberian Rift (Pur-Gurden Basin), Altay-Sayan-Baikal
folded region, Siberian Craton, and Baikal Rift Zone.

The crustal thickness of the East European Craton is
36–48 km, and the surrounding areas have generally thinner
crust than its inner part (Volkov, 1984; Pavlenkova, 1996).
The northern part of the East European Craton includes the
stable Baltic Shield, which lacks significant sedimentary
cover (Gaal and Gorbatschev, 1987). Between the eastern
margin of the Baltic Shield and the Timan belt, the basement
is disrupted by narrow and deep (in excess of 3 km) graben-
like troughs called aulacogens or failed rifts (Zonenshain
et al., 1990).

The Timan-Pechora platform (Fig. 1) is mainly com-
posed of the Timan-Pechora fold belt and Timan-Pechora
Basin. The crustal thickness in this area is 36–40 km (Pav-
lenkova, 1996), and the sedimentary cover in the southern
plain averages 3–7 km (Zonenshain et al., 1990) with average
velocity of �4.2 km/sec (Beloussov et al., 1992a, b).

The Uralian fold belt (Fig. 1) represents a linear colli-
sional fold belt formed at the end of the Paleozoic and the
very beginning of the Mesozoic (310–220 Ma) (Zonenshain
et al., 1990). The crustal thickness is about 40–53 km, with
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Figure 2. Seismic record of PNE Kimberlite-3, filtered within a frequency band
0.5–8 Hz. The regional phases (Pn, Pg, Sn, and Lg) are clear and are observed to far
offsets. Lg in the western branch is significantly weaker than in the eastern one. Within
the eastern branch, Lg becomes weak within the Vilyui Depression. The solid lines
show the time window of Pn, Pg, Pcoda, Sn, and Lg used for computing amplitude
ratios.

a �14-km crustal root (Carbonell et al., 1996; Pavlenkova,
1996; Morozova et al., 1999; Tryggvason et al., 2001).

The basement of the West Siberian Basin (Fig. 1) was
formed of Paleozoic fold structures of various ages and older
Precambrian blocks (Zonenshain et al., 1990) with subsi-
dence from Triassic to Neogene (Khain, 1994). The subsi-
dence was accompanied by extensive basaltic volcanism,
which was also confirmed by drilling (Saunders et al., 2005).
The basin is mainly covered by Mesozoic and Cenozoic sed-
iments (Aplonov, 1995) with velocities of 2.5–5 km/sec, av-
eraging �10 km in thickness in the north and �3 km in the
south (Aplonov, 1995; Ulmishek, 2003). The crustal thick-
ness decreases from the edges (�42 km) to the central part
of the platform (�34 km in the north along the West Siberian
Rift; Aplonov, 1995). The Kazakh massif is located south-
west of the West Siberian Basin and has a thick crust
(40–45 km) with high average velocities (6.6–6.8 km/sec),
comparable to those of the Baltic shield (Pavlenkova, 1996).
The sedimentary cover in the Kazakh massif is less than 2 km.

The western part of the Siberian Craton, in general, is
covered by a 5- to 6-km-thick sedimentary cover containing
from 100–150- to 1400-m-thick flood basalts of the Meso-
zoic Siberian Traps (Czamanske et al., 1998; Pavlenkova et
al., 2002). Within the Tunguss and Low Angara Basins, the

sedimentary cover is up to 10 km (Egorkin et al., 1987;
Pavlenkova, 1996; Pavlenkova et al., 2002). The Tunguss
Basin is filled with a high-velocity (4.5–6.0 km/sec) Devo-
nian sedimentary cover with a relatively flat Moho (�50 km)
in the north (Egorkin et al., 1987; Pavlenkova, 1996), but a
Moho uplift (�3 km) in the south (Pavlenkova, 1996;
GEON, personal communication). The Low Angara Basin
is filled with both Paleozoic and Mesozoic sedimentary
cover with somewhat lower velocities (3.5–6 km/sec), and
the basement subsidence is compensated by a �3- to 4-km
Moho uplift (Pavlenkova, 1996). The Vilyui Depression is
filled with 10–14 km of loose and low-velocity Mesozoic
rocks (2.5–4.5 km/sec), and the basement surface has steep
dips with an up to 13-km antiroot in the Moho (Egorkin et
al., 1987; Pavlenkova, 1996). The crustal thickness is 40–
45 km on the average (Pavlenkova, 1996) increasing to
50 km below the Tunguss Basin and decreasing to �35 km
below the Vilyui Depression (Egorkin et al., 1987; Pavlen-
kova, 1996; Pavlenkova et al., 2002).

The Altay Mountains and Sayan-Baikal fold belt
(Fig. 1) are composed of several different units assembled
by accretion of island arcs, in general, in the Late Precam-
brian and Paleozoic (Volkov, 1984; Khain, 1985). Under the
Altai Mountains, the crust could be thicker than 50 km and
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even reach 60 km (Pavlenkova, 1996; Morozova et al., 1999;
Dehandschutter, 2001). The crustal thickness beneath the
Sayan-Baikal fold belt ranges from 36 to 55 km while re-
maining between 40 and 45 km in most parts of the area
(Beloussov et al., 1992a, b).

The West Siberian Rift (Pur-Gurden Basin; Fig. 1) is
located on the northwest edge of the Siberian platform, a
failed ocean of rift origin developed in the Triassic during
the initial breakup of Pangea. Since the cessation of exten-
sion, the West Siberian Rift was filled by up to 13-km-thick
sediments (Cipar et al., 1993; Aplonov, 1995).

The Baikal Rift zone (BRZ; Fig. 1) is seismically active,
still rifting, and represents one of the deepest rifts on Earth
(Golmshtok et al., 2000). The Late Cenozoic sediments are
usually 2.5–3 km thick and even reach up to 7 km in thick-
ness within the rift basins (Logatchev and Zorin, 1992;
Hutchinson et al., 1992). The heat flow in the Baikal Rift is
60–75 mW/m2, which is much lower than in other continen-
tal rifts (usually �100 mW/m2). The thickness of the crust
beneath the Baikal Rift Zone was inferred to be 35–45 km
(Dehandschutter, 2001). Below the Moho, a layer of low
mantle velocities (7.7–7.8 km/sec, 0.3–0.5 km/sec lower
than in the adjoining areas) was identified, pinching out to-
ward the Siberian Craton (Beloussov et al., 1992a, b; Zorin
et al., 2003), which could be related to the relatively high-
heat flow.

Data Analysis

Data Selection

Because of the limited data length of some traces in the
PNE records, a constant window length was used to measure
the amplitude of all the phases for amplitude ratios (Lg/Pn,
Lg/Pg, Lg/Sn, and Lg/Pcoda). The phases were identified by
correlating the record sections (Fig. 2), and their onset times
were picked interactively. The Lg and Sn phases could usu-
ally be distinguished beyond offsets of �300 km (Fig. 2),
and therefore, the amplitude ratios were computed at offsets
exceeding that distance. The observed durations of the Pn,
Pg, and Sn wave trains were typically 10 to 20 sec, whereas
the duration of Lg was longer, usually �20 sec (Fig. 2).
Therefore, the phase-window length was chosen to equal
10 sec for the Pn, Sn, and Pg waves and 20 sec for the Lg.
The window of the P-wave coda, referred to as Pcoda, was
taken to be 10 sec immediately preceding the Sn-wave onset
times. For the Pn-wave window, if the interval between its
onset and the Pg was less than 10 sec, the window was
truncated at the picked onset of the Pg phase. For the Sn-
wave window, if the interval between its onset and the Lg
was less than 10 sec, the window was truncated at the picked
onset of the Lg phase. The time windows were checked for
spikes, data dropouts, and clipped amplitudes, and the
amplitude ratios were computed with only the good traces.

As an example of a PNE seismic section, Figure 2 shows
a record from PNE Kimberlite-3 detonated within the west-

ern part of the Siberian Craton. All the regional phases (Pn,
Pg, Sn, and Lg) are strong in the regional offset range. The
Pn and Sn are strong at far offsets (�1000 km) in both di-
rections. The western branch of Lg, which travels into the
West Siberian Basin, is significantly weaker than the eastern
one, traveling within the Siberian Craton. The Lg becomes
very weak at �1100 km offsets from the shot point, where
it enters the Vilyui Depression. Similarly to the Lg, the Pg
is visible to ��700 km to the west and �1000 km to the
east, where it appears to become quickly attenuated within
the Vilyui Depression.

A Model for the Logarithm of Amplitude Ratios

To describe the empirical distance dependence of the
Lg-phase amplitude at offsets x1 and x2 (ALg1 and ALg2,
respectively) within a given frequency band, we use the
geometrical spreading and attenuation relation:

�cLgx2 �g (x �x )Lg 2 1A � A e , (1)Lg2 Lg1� �x1

where cLg is geometrical spreading parameter of Lg and gLg

is the average attenuation factor of Lg between offsets x1 and
x2. Similarly, for the body-wave phases:

�cPhx2 �g (x �x )Ph 2 1A � A e , (2)Ph2 Ph1� �x1

where Ph represents the Pn or Sn phase, APh1 and APh2 are
the corresponding amplitudes at x1 and x2, respectively, cPh

is the geometrical spreading parameter, and gPh is the
attenuation factor between x1 and x2.

By taking the logarithm of the ratio of the amplitudes
in equations (1) and (2), we obtain:

A ALg2 Lg1log � log � (c � c )(log(x )Ph Lg 2� � � �A APh2 Ph1

� log(x )) � (g � g )(x � x ). (3)1 Ph Lg 2 1

Therefore, the difference of log(ALg /APh) between distances
x1 and x2 is the differences of geometrical spreading and
attenuation of the two phases between distances x1 and x2.

Although a controversy can be noted in their interpre-
tation (Ryberg et al., 1995; Morozov, 2001; Nielsen and
Thybo, 2003), codas of the “fast” PNE phase (regional to
teleseismic Pn) propagating through the upper mantle were
interpreted as scattering the wave field in the crust, espe-
cially the heterogeneous lower crust (Nielsen and Thybo,
2003). These coda waves sample large areas around the re-
ceivers, and they should be less affected by the variations of
the crustal structure than Pg and Lg phases (Morozov et al.,
2002). Therefore, the Lg/Pcoda amplitude ratios could be
expected to be a more stable parameter to measure the effects
of the variations of crustal structure on Lg propagation.
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For Pcoda immediately before the Sn-wave onset at
distances x1 and x2:

�c �x(t �t )/QPcoda 1 01 cA � A (t � t ) ePcoda1 P1 1 01

�cPcodax x1 1
� A � t � (4)P1 Pcoda ��V VS P

�x(x /V �t �x /V ) /Q1 S Pcoda 1 P ce ,

�cPcodax x2 2A � A � t �Pcoda2 P2 Pcoda� �V VS P (5)
�x(x /V �t �x /V ) /Q2 S Pcoda 2 P ce ,

where APcoda1 and APcoda2 are Pcoda amplitudes at distances
x1 and x2 before the Sn phase; AP1 and AP2 are Pn-phase am-
plitudes at distances x1 and x2; cPcoda is the geometrical spread-
ing parameter of Pcoda and gPcoda is the attenuation parameter
of Pcoda; x is the angular frequency; Vp and Vs are Pn- and
Sn-phase velocities, respectively; t1 and t01 are the start time
of Pcoda and Pn phase at distance x1, and t2 and t02 are the
start time of Pcoda and Pn phase at distance x2.

Because the time length of Pcoda (tPcoda, taken as 10 sec
in this study) is small compared with the start times of the
Sn phase at far offsets:

x x1 1
� t � ,PcodaV Vs s

and therefore,

�cPcodax x1 1 �g xPcoda 1A � A � e (6)Pcoda1 P1� �V VS P

�cPcodax x2 2 �g xPcoda 2A � A � e . (7)Pcoda2 P2� �V VS P

According to equation (2),

APcoda2
�c �cP Pcodax x x2 2 2�g (x �x ) �g xP 2 1 Pcoda 2� A e � e . (8)P1� � � �x V V1 S P

From equations (1), (6), and (8),

A ALg2 Lg1log � log �� � � �A APcoda2 Pcoda1

(c � c � c )(log(x ) � log(x )) (9)P Pcoda Lg 2 1

� (g � g � g )(x � x ).P Pcoda Lg 2 1

Therefore, the difference of log(ALg/APcoda) between dis-
tances x1 and x2 is the difference of geometrical spreading
of Pn and Pcoda with Lg and the difference in attenuation
of Pn and Pcoda with Lg between distances x1 and x2.

Selection of Calibration Parameters

In interpreting equations (3) and (9), our fundamental
assumption is that the geometrical spreading parameters (c)
and most likely gP, gS, and gCoda are relatively smoothly
varying with offsets (x), whereas crustal attenuation param-
eter gLg should be most sensitive to crustal heterogeneity.
Subtraction of the regional offset trend from the logarithms
of the amplitude ratios should thus remove the effects of
geometrical spreading and average attenuation, and the re-
sidual variations of the log-amplitude ratios should only be
mostly due to the attenuation along different crustal paths.

Because of the variability of the Pn-wave amplitudes,
the scatter in the observed values of log(ALg/APn) is much
larger than that of log(ALg/ASn) and log(ALg/APcoda), which
are similar in magnitudes. Consequently, this article uses the
more stable log(ALg/ASn) and log(ALg/APcoda) to correlate the
variations of amplitude ratios with the crustal structure.

Comparison of the logarithms of amplitude ratios mea-
sured within different frequency bands (Fig. 3) shows that
both ratios decrease with frequency, indicating that the Lg-
phase energy is concentrated at lower frequencies than Sn
and Pcoda. Moreover, variations of the log-amplitude ratios
at low frequencies correlate with the variations of crustal
structure better than those at higher frequencies. At low fre-
quencies, both ratios decrease gently or increase with offset
within the Siberian Craton (except in the Vilyui Depression)
while they decrease quickly with the travel paths in the Vil-
yui Depression and the West Siberian Basin (Fig. 3). There-
fore, a 0.5- to 3-Hz frequency band was used in this study.

The amplitude ratios were computed by using single-
component and vector measures, and also using different
methods (root-mean-square [rms], median, and peak values)
to compare the stability of these measures. The ratios deter-
mined from the first two methods were close, whereas the
ratios of peak amplitudes showed large outliers and higher
scatter. Vector measures provide consistently more stable es-
timates, apparently due to partial compensation of the effects
of scattering (Kennett, 1993). In the following, we present the
amplitude ratios computed using the rms vector measure.

Because the Pn- and often Sn-wave phases are strong
in PNE records, their codas contribute to the amplitudes of
the later phases, resulting in amplitude buildup competing
with coda decay (Morozov et al., 2002). In this study, we
do not attempt to remove the effects of the preceding coda
contributions from the Lg. Instead, as is commonly done in
observational seismology, we simply associate the average
(rms) amplitude within the corresponding phase windows.
For example, the amplitude measured within the Lg-time
window as labeled as the Lg amplitude, ALg, and similarly
for other phases (Fig. 2).
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Figure 3. Logarithms of Lg/Sn and Lg/Pcoda vector amplitude ratios from PNE
Kimberlite-3 along KIMBERLITE profile (Fig. 1) within different frequency bands.
The variation range of the amplitude ratios decreases with the increase of frequencies.
Both ratios at low frequencies correlate better with the variations of crustal structure;
in general, keep constant or increase with offset in the Siberian Craton; and decrease
with offset in the West Siberian Basin and the Vilyui Depression.

Correlation of the Amplitude Ratios with
Crustal Structure

After removal for the average offset trends, both
log(ALg/ASn) and log(ALg/APcoda) exhibit local variations that
appear to correlate with local structures. Along the CRA-
TON profile (Fig. 4), the slopes of both ratios from the PNEs
are ��0.0017 � 0.0005 km�1 within the Ob-Tasovsk
Depression (profile distances, 0–1000 km). This area is
characterized by a thick (�8 km) and low-velocity
(VP 2.5–5 km/sec) sedimentary cover and a rugged Moho
(Fig. 4). The slopes of both ratios change to ��0.005 �
0.001 km�1 near km �1000–1200, where the crustal thick-
ness increases by �10 km from the West Siberian Basin to
the Yenisei Ridge. The slopes are small (�0 km�1) from
km 1300 to 2500, corresponding to the �8-km-thick, but
high-velocity (VP 4.5–6 km/sec) Tunguss Basin and the
Mirninsk-Aihalsk High with a thin sedimentary cover and
small Moho variation (�5 km). The slopes are highly neg-
ative (�0.0035 to �0.0045 km�1 from Craton-2 and Cra-
ton-3 from km 2700 to 3000, �0.005 to �0.007 km�1 from
Craton-4 from km 2700 to 2500) within the Vilyui Depres-
sion corresponding to an abrupt variation of crustal thickness
(�10 km) combined with a thick (up to 13 km) low-velocity
(VP �4 km/sec) sedimentary cover.

At profile distances from km 2300 to 2700, the slopes
of both ratios from Craton-2 differ from those of Craton-4

(Fig. 4). For PNE Craton-2, the slope is �0 until km
�2700 followed by a strong negative slope (�0.004 to
�0.0045 km�1) to background level near km �3000
(Fig. 4). For PNE Craton-4, the slope is ��0.005 to
�0.007 km�1 from km �2700 to 2500, followed by a
positive slope �0.0024 to 0.004 km�1 until km �2300.

Along RUBY-1 profile, across the Ural Mountains
(Fig. 5), the slope is �0.007 to �0.006 km�1 correspond-
ing to the up to 14 km crustal root (Carbonell et al., 1996;
Pavlenkova, 1996; Morozova et al., 1999; Tryggvason et al.,
2001), and a positive slope �0.003 km�1 is also observed
at farther offsets.

The amplitude ratios from both the Vilyui Depression
and the Ural Mountains show that the effect of the variation
of crustal thickness on the variation of amplitude ratios, that
is, the slope of the amplitude ratios, depends on the propa-
gation direction. The effect of crustal thickening is different
from that of crustal thinning.

Within the West Siberian Basin, the Moho depth is
�40 km with gentle variations, and the sedimentary cover
is up to 8 km with velocities of 2.5–5 km/sec. The slopes of
both amplitude ratios are determined as ��0.0017 km�1

(Fig. 4). Within the Tunguss Basin, the Moho depth is
�50 km with gentle variations, and the sedimentary cover
is up to 10 km with velocities of 4.5–6.0 km/sec. The slopes
of both amplitude ratios are quite flat (�0; Fig. 4). The com-
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Figure 4. (a) Crustal cross section along the Craton profile (Egorkin et al., 1987),
(b) log(ALg/ASn), and (c) log(ALg/APcoda) vector amplitude ratios from Craton-1, Craton-2,
Craton-3, and Craton-4. Three basins along the profile are the Ob-Tasovsk Depression,
Tunguss Depression, and Vilyui Depression. The slopes of both ratios are ��0.0018 km�1

in the Ob-Tasovsk Depression; ��0.005 km�1 across the Yenisei Ridge; �0 in the Tun-
guss Depression and the Mirninsk-Aihalsk High; and ��0.0045 km�1 in the Vilyui
Depression. (continued)
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Figure 4. Continued.

parison of the slopes across the West Siberian Basin and the
Tunguss Basin (Fig. 4) demonstrated that the slopes of both
ratios are not only related to the thickness of the sedimentary
cover, but also the velocity.

The slopes of both log(ALg/ASn) and log(ALg/APcoda) of
different segments along all the seven PNE profiles with the
corresponding Moho slope, the velocity (VP and VS) and
thickness of the sedimentary cover (Table 1) show that the
slopes of both ratios are close for all the segments along all the
seven profiles of this study. Larger slopes (��0.003 km�1)
are found within the Vilyui Depression, the Ural Mountains,
across the Yenisei Ridge, the boundary between the Kazakh
massif and the West Siberian Basin, and the Mezen Depres-
sion. All these locations correspond to abrupt crustal thinning

or thickening. Moderate slopes (�0.001 � �0.003 km�1)
correspond to thick low-velocity sedimentary cover and/or
moderate crustal variations in the West Siberian Basin, the
Angara-Lena Terrace, and the southern part of the Siberian
Craton. Low slopes (��0.001 km�1) correspond to cratons
with thin sedimentary cover (the Siberian Craton, the East
European Craton, and the Kazakh massif) or in sedimentary
basins with thin (the Timan-Pechora Basin) or thick but
high-velocity (the Tunguss Basin and the Low Angara Ba-
sin) sedimentary cover and small Moho variations. The shear
velocity of the sedimentary basins is determined by compar-
ing the P-wave velocity from the available velocity profiles
and the global Crustal Model CRUST 2.0 for VP, VS, density,
and thickness of all the crustal layers (Bassin et al., 2000).
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Figure 5. Log(ALg/ASn) (a) and log(ALg/APcoda) (b) vector amplitude ratios from
Ruby-1. The slope of both ratios is �0.006 to �0.007 km�1 across the Ural Mountains
followed by a �0.003 km�1 positive slope at further offsets. The slope is quite flat in
the Kazakh massif followed by a strong negative slope (�0.003 to �0.004 km�1)
across the boundary toward the West Siberian Basin and a smaller negative slope
(�0.0012 to �0.0013 km�1) in the West Siberian Basin.

Discussion

From the amplitude ratios of log(ALg/ASn) and log(ALg/
APcoda) within different frequency bands (Fig. 3), it is
apparent that the energy of the Lg phase is mainly concen-
trated at lower frequencies, similar to the observations by
Gupta et al. (1992). Moreover, the slope of both amplitude
ratios within the low-frequency bands correlates much more
clearly with the variations of crustal structure than does the
high-frequency band (4–8 Hz), because the Lg phase in
mainly concentrated at low frequencies. Along the seven
PNE profiles, the range of variation (Fig. 3), the general trend
(Fig. 3), and the slopes (Table 1) of both log(ALg/ASn) and
log(ALg/APcoda) are always close to each other, especially at
low frequencies. This article used both ratios within a low-
frequency band (0.5–3 Hz) to study Lg propagation to
improve data reliability.

In this study, a constant time window is used for Lg, Sn,
and Pcoda due to limited data length of some traces. By cal-
culating the logarithm of Lg-amplitude ratios of
constant amplitude window (20 sec) over velocity window
(3.6–3.0 km/sec), the slope of the ratios varies from 0 to
0.0003 km�1, hardly related to the variations of crustal
structure. Therefore, the selection of time window does not
affect the slope of the logarithms of amplitude ratios.

According to the slopes of log(ALg/ASn) and log(ALg/

APcoda) from all the 19 PNE seismic records along the seven
profiles in northern Eurasia (Table 1), the slopes of both am-
plitude ratios in different tectonic areas are summarized in
Figure 6. The large slopes (� �0.003 km�1) are located in
the Vilyui Depression, across the Ural Mountains and the
boundary between the West Siberian Basin and the Siberian
Craton, corresponding to the abrupt variations of crustal
thickness. The flat slopes are determined in the East Euro-
pean Craton, the Kazakh massif, and the Siberian Craton
with thin sedimentary cover and gentle variations of Moho
depth. The slope is ��0.001 to �0.002 km�1 in the West
Siberian Basin with thick, low-velocity sedimentary cover
and gently varying Moho.

The slopes of both log(ALg/ASn) and log(ALg/APcoda) de-
crease with the increase of Moho dip (dHM/dx) and the in-
crease of the travel time (HS/VSS, the thickness of the sedi-
mentary cover HS divided by the shear velocity VSS, Bassin
et al., 2000) through the sedimentary cover (Fig. 7). Accord-
ing to Zhang et al. (1994) and Fan and Lay (1998a, b), the
variation of the Moho depth and the thickness of the sedi-
mentary basin are two main factors that affect Lg propaga-
tion. The linear relationship of the slopes of both amplitude
ratios with the Moho slope and the vertical travel time
through the sedimentary cover (Fig. 7) demonstrated that the
Moho slope is the main factor that affects Lg propagation in
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Figure 6. Sketch of tectonic boundaries in northern Eurasia. Labels indicate the
residual slopes of the log-amplitude ratios in different tectonic areas observed from the
seven PNE profiles, in units of 0.001 km�1. WSR, West Siberian Rift; TB, Tunguss
Basin; LA, Low Angara Depression; VD, Vilyui Depression; MD, Mezen Depression.

Figure 7. The linear relationship (solid lines) of the slopes of log(Lg/Sn) and
log(Lg/Pcoda) (Y) with dHM/dx (x1, a) and with HS/VSS (x2, b). The slopes of
log(Lg/Sn) (O) are close to those of log(Lg/Pcoda) (D) and the error bars are also shown.
The standard error (dashed lines) and the slope error of (a) are much smaller than (b).
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northern Eurasia. The effect of thick sedimentary rocks on
Lg propagation depends on the velocity.

One linear relationship is simultaneously determined for
the slopes of both amplitude ratios, as a function of the
corresponding dHM/dx and HS/VSS. The selection of these
parameters is dictated by a conjecture that the two most sig-
nificant crustal parameters should be the corresponding
Moho depth gradient (responsible for local focusing/
defocusing of Lg waves) and the average S-wave travel time
through a sedimentary cover (primarily responsible for
attenuation).

Considering only the areas of crustal thinning (Table 1),
the best-fit regression for the slopes of log-amplitude ratios
becomes:

d log(A /A ) dHLg Ph M�4 �2� 5 • 10 � 8.0 • 10 •
dx dx

HS�4� 6 • 10 , (10)
VSS

and in the areas of crustal thickening:

d log(A /A ) dHLg Ph M�4 �2� 5 • 10 � 7.5 • 10 •
dx dx

HS�4� 6 • 10 . (11)
VSS

Because the regression coefficients for the crustal thinning
and thickening are close, a common linear regression was
also determined:

d log(A /A ) d(H )Lg Ph M�4 �2� 5 • 10 � 7.7 • 10 • � �dx d(x)
HS�4� 6 • 10 . (12)
VSS

with an estimated error of 6.8 •10�4.
Across the Vilyui Depression (Fig. 4), the Yenisei

Ridge (Fig. 4), and the Ural Mountains (Fig. 5), a strong
negative slope is observed across both abrupt crustal thin-
ning and crustal thickening segments. However, the negative
slope appears at farther offsets across the crustal thinning
ramp than the crustal thickening ramp. Moreover, the neg-
ative slope is followed by a positive slope along the crustal
thickening direction, i.e., the Lg energy partially recovers
after crustal thickening. Therefore, crustal thickening is ob-
served to affect Lg propagation, in general, less significantly
than crustal thinning. The effective slope of both ratios
across the Vilyui Depression in the crustal thickening direc-
tion is ��0.006 � 0.003 � �0.003 km�1; the effective
slope across the Ural Mountains is ��0.007 � 0.004 �
�0.003 km�1. These observations of the different effects
of crustal thinning and crustal thickening on Lg propagation
should be addressed in further study.

To explain the difference of Lg-propagation character-

istics in opposite directions across the same structure, con-
sider two crustal models (Fig. 8; Regan and Harkrider, 1989;
Cao and Murihead, 1993). For crustal thickening, the Lg
energy, and therefore the ALg /ASn and ALg /APcoda amplitude
ratios, decreases within the crustal thickening segment,
which could be due to defocusing, and then increases after
the crustal thickening segment due to focusing. Therefore, a
negative slope followed by a positive slope is observed
across a crustal thickening segment. For crustal thinning, the
Lg energy drops quickly at farther offsets within a thin crust
because a larger number of reflections are involved in for-
mation of the Lg, as a result of which the energy could leak
into the mantle (Regan and Harkrider, 1989; Wu et al.,
2000a, b) or become backscattered into the opposite direc-
tion (Cao and Muirhead, 1993). Lg energy may increase
along the crustal thinning ramp, which could be due to fo-
cusing and the backscattered Lg energy (Regan and Hark-
rider, 1989; Cao and Muirhead, 1993). Therefore, a negative
slope is usually observed at farther offsets across a crustal
thinning segment. Modeling of Lg propagation across a
crustal antiroot and a crustal root (Wu et al., 2000a, b) sup-
ported that a crustal antiroot affects the Lg propagation
stronger than a crustal root (Fig. 8). In the latter case, al-
though the wavefronts are also complicated due to scattering
at the edges, more energy is trapped in the crust than the
case of crustal antiroot in which a large percentage of Lg
energy leaks into the mantle.

The effect of sedimentary basins can be associated with
both intrinsic and scattering attenuation. Without consider-
ing geometrical spreading, equation (1) can be described as

�g (x �x )Lg 2 1A � A eLg2 Lg1
�(g H /H �g H /H )(x �x )S S M C C M 2 1� A e , (13)Lg1

where gLg is the Lg attenuation coefficient through the whole
crust, HC and gC are the thickness and attenuation coefficient
of the crystalline crust, gS is the attenuation coefficient of
the sedimentary basin. Because gC is much smaller than gS,
equation (13) can be simplified as

g H /H (x �x ) �n� H (x �x )S S M 2 1 S S 2 1A � A e � A e . (14)Lg2 Lg1 Lg1

Because high (low) attenuation corresponds to low (high)
velocity, HS/VSS is used to describe the effect of sedimentary
basins on Lg propagation.

Conclusions

In northern Eurasia, the slopes of the logarithms of Lg/
Sn and Lg/Pcoda amplitude ratios at frequencies of 0.5–3 Hz
could be useful parameters to calibrate the effects of the
variations in the crustal structure on Lg propagation. Records
from seven ultralong profiles sourced by 19 PNEs were used
to correlate these slopes with the crustal structures. After
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Figure 8. Comparison of the effects of (a) crustal thickening and (b) crustal thinning
on Lg propagation based on a ray-summation model. Across a crustal thickening seg-
ment, the Lg amplitude is expected to drop abruptly at the crust-thickening ramp due
to defocusing, but the amplitude will partially recover after passing the segment. Across
a crustal thinning segment, the Lg amplitude increases at the upward Moho ramp due
to ray focusing but drops quickly at farther offsets in the thin crust because of Lg
energy leaking into the mantle or being backscattered (Regan and Harkrider, 1989).

removing the average offset trend measured for travel paths
within the Siberian Craton, the slope of both ratios is positive
or flat in cratonic areas with thin sedimentary cover and
small Moho variations. The slope is negative within sedi-
mentary basins and near tectonic boundaries with abrupt var-
iations of crustal thickness. A linear relation of the slopes of
both logarithms of amplitude ratios to the corresponding
Moho slope d(HM)/d(x) and the average vertical travel time
of Lg through the sedimentary cover (HS /VSS) was obtained:

d log(A /A ) dHLg Ph M�4� 5 • 10 � k • � �dx dx
HS�4� 6 • 10 ,
VSS

with an estimated error of 6.8 •10�4. Where the regression
parameter k � 8 •10�2 in the areas of crustal thinning and
k � 7.5 •10�2 for crustal thickening. Strong negative slopes
were identified across the Ural Mountains, the Vilyui
Depression, the Yenisei Ridge, the boundary between the
Kazakh massif and the West Siberian Basin, and within the
Mezen Depression. Although the propagation parameter k is
similar for crustal thinning and crustal thickening, a positive
slope follows the strong negative slope along the crustal
thickening direction, that is, the Lg energy partially recovers
at further offsets. Overall, from the PNE data, the abrupt
variation of crustal thickness, and in particular, crustal
thinning, is the most important factor affecting Lg-phase
propagation and Lg-based seismic discriminants.
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