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Abstract—Regional body-wave magnitude scalings are essen-

tial for quantification of small and moderate-size earthquakes that

are observed only up to regional distances. Crustally-guided shear

waves, Lg, develop stably at regional distances in continental crusts

and are minimally influenced by the source radiation patterns. Lg

body-wave magnitude scalings, mbðLgÞ; are widely used for

assessment of sizes of regional crustal events. The mbðLgÞ scaling

has rarely been tested in continental margins where Lg waves are

significantly attenuated due to abrupt lateral variation of crustal

structures. We test the applicability of mbðLgÞ scaling to the eastern

margin of the Eurasian plate around the Korean Peninsula and

Japanese islands. Both third-peak and root-mean-square (rms)

amplitudes of Lg vary significantly according to the crustal struc-

tures along raypaths, causing apparent underestimation of mbðLgÞ:
Implementation of raypath-dependent quality factors (Q) allows

accurate estimation of mbðLgÞ; retaining the transportability of

mbðLgÞ in the continental margin around Korea and Japan. The

calibration constants for an rms-amplitude-based mbðLgÞ scaling

are not determined to vary by region in the continental margin due

to complicated crustal structures. The calibration constants are

determined to be distance-dependent. Both the third-peak-ampli-

tude-based and rms-amplitude-based mbðLgÞ scalings yield

accurate magnitude estimates when raypath-dependent quality

factors are implemented.

1. Introduction

The Korean Peninsula and Japanese islands

compose the far-eastern margin of the Eurasian plate.

A paleo-rifted backarc region is located between the

Korean Peninsula and Japanese islands. This conti-

nental margin is encompassed by plate boundaries

with high seismicity by active plate convergency.

Offshore events occur frequently in oceanic regions

around the continental margins. The events are

recorded well at dense seismic networks in the

Korean Peninsula and Japanese islands. Accurate

determination of magnitudes of the regional events is

an important task in local seismic-monitoring

institutions.

It may be desirable to calculate the moment

magnitudes that reflect the energy radiated from

events. However, the moment magnitude scalings are

difficult to be applicable to small-size events. The Lg

wave is a crustally-guided shear wave, and is the

most dominant phase in regional seismograms for

crustal earthquakes. It is known that the Lg wave is

minimally influenced by the source radiation pattern,

allowing azimuth-independent stable measurement of

magnitudes (e.g., Shi et al., 2000; PHILLIPS and STEAD,

2008). Thus, Lg body-wave magnitude scalings,

mbðLgÞ; are widely used for assessing the sizes of

regional crustal events.

The Lg wavetrains, however, vary significantly

with crustal structures (e.g., KENNETT and FURUMURA,

2001; HONG et al., 2008). In particular, the Lg waves

are dissipated strongly in thin or undulated crusts due

to energy leakage into the mantle (e.g., KNOPOFF

et al., 1979; KENNETT, 1986; ZHANG and LAY, 1995).

The backarc region in the East Sea (Sea of Japan)

hinders effective transmission of Lg (HONG, 2010).

Thus, the magnitudes can be underestimated with

mbðLgÞ scalings in regions with laterally varying

crustal structures when the Lg attenuation is not

corrected properly.

The mbðLgÞ scaling has been limitedly applied to

regional events around the Korean Peninsula (HONG

et al., 2008; ZHAO et al., 2008). However, the appli-

cation conditions for mbðLgÞ scaling in the continental

margins were rarely investigated. Further, the poten-

tial underestimation with mbðLgÞ scaling for events

around continental margins is poorly known despite

various studies on the transportability of mbðLgÞ (e.g.,

PRIESTLEY and PATTON, 1997; PATTON, 2001).
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The mbðLgÞ is determined with third-peak

amplitudes of Lg waves in conventional scalings

(e.g., PATTON, 1988). However, it was reported that a

mbðLgÞ scaling based on root-mean-square (rms) Lg

amplitudes enables more stable determination of

magnitudes (PATTON, 1988; HANSEN et al., 1990;

RINGDAL et al., 1992; PRIESTLEY and PATTON, 1997).

This rms-amplitude-based mbðLgÞ scaling has not

been tested to determine whether it is applicable to

events around continental margins. Also, it is unclear

whether uniform calibration constants can be applied

for rms-amplitude-based mbðLgÞ scalings at different

regions.

In this study, we test the transportability of

mbðLgÞ scaling in the eastern margin of the Eurasian

plate around the the Korean Peninsula and Japanese

islands. We also investigate the rms-Lg-amplitude

variation with distance, and examine the calibration

constants for the rms-amplitude-based mbðLgÞ
scalings.

2. Data and Geology

The far-eastern Asian region around the Korean

Peninsula, the East Sea (Sea of Japan) and Japanese

islands composes the eastern margin of the Eurasian

plate (Fig. 1). This region has experienced a complex

tectonic history including collisions of massif blocks

and continental rifting and volcanic activities (e.g.,

CHOUGH et al., 2000). The East Sea is located

between the Korean Peninsula and the Japanese

islands. It is known that the East Sea was opened by a

continental rifting during the Oligocene to mid-

Miocene, separating the Japanese islands from the

Eurasian plate.
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Figure 1
Tectonic structures and focal mechanism of events during 1976–2008 around the Korean Peninsula and Japanese islands are presented. The

magnitudes of the events around the Japanese islands are greater than 6, while those around the Korean Peninsula are greater than 3. The

colors in focal mechanism solutions indicate the focal depths (blue: 0–35 km, green 35–100 km, yellow 100–400 km, red 400–700 km).

Shallow seismicity is dominant in the Korean Peninsula, while various depths of earthquakes are observed around the Japanese islands.

Shallow thrustal earthquakes frequently occur along the west coast of the Japanese islands
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The opening of the East Sea created three backarc

basins, the Japan, Yamato and Ulleung basins. The

growth of the East Sea was ended in the mid-Miocene

by the E–W directional compression of the Pacific

plate against the eastern margin of the Eurasian plate

(JOLIVET and HUCHON, 1989). The immature growth of

the East Sea caused incomplete development of

oceanic crusts in the East Sea. Thus, the crusts in the

East Sea display transitional structures from conti-

nental to oceanic crusts (KIM et al., 2003; SATO et al.,

2006). This paleo-rifting induced undulation in Moho

topography and abrupt lateral variation of crustal

structures in the East Sea.

The Pacific and the Philippine Sea plates subduct

beneath the Eurasian and the Okhotsk plates, devel-

oping long trenches (Japan and Nankai troughs) along

the east coast of the Japanese islands (Fig. 1). Vari-

ous shallow to deep-focus earthquakes occur in the

subduction zones. In particular, shallow offshore

earthquakes occur frequently around the west coast of

the Japanese islands due to shortening of the East Sea

by tectonic compression from plate subduction.

These shallow events are potential generators of

destructive tsunamis in the East Sea, which may

cause damage to both the Korean Peninsula and the

Japanese islands.

We analyzed regional shallow earthquakes during

2000–2010 that occurred around the Korean Penin-

sula and Japanese islands (Tables 1, 2). Seismic

waveform data with epicentral distances less than

1,500 km were collected from stations in the Korean

Peninsula and Japanese islands (Fig. 2). We selected

events with focal depths less than 38 km to retrieve

fully-developed Lg wavetrains. The total number of

events analyzed in this study was 120, and the mag-

nitudes were between 2.7 and 7.9.

Typical examples of regional seismograms

observed in this region are presented in Fig. 3. The

regional seismograms are composed of crustal and

mantle-lid phases. The Lg waves are crustally-guided

shear waves that are developed by multiple reflec-

tions in the crust. The regional seismograms display

discriminative waveforms that vary significantly with

raypaths. The seismograms from continental raypaths

display major regional phases clearly (Fig. 3). On the

other hand, the seismograms from raypaths across the

East Sea show weak Lg waves due to abrupt lateral

variation of crustal structures (HONG, 2010). We also

find that the Lg waves from raypaths across the East

Sea display longer wavetrains than those from pure

continental raypaths (HONG et al., 2008).

The study region was divided into two sub-

regions: region A for the Japanese islands, and region

B for the Korean Peninsula (Fig. 2). The reference

magnitudes and event information were collected

from the Japan Meteorological Agency (JMA) for the

events in region A (Table 1), and from the Korea

Meteorological Agency (KMA) and the Korea Insti-

tute of Geoscience and Mineral Resources (KIGAM)

for those in region B (Table 2). Magnitude estimates

MJMA and Mw were collected from JMA, and ML

from KMA and KIGAM. Additional event informa-

tion was collected from the International

Seismological Centre (ISC).

3. Theory and Process

The conventional regional body-wave magnitudes

were measured from waveform records on the short-

period seismometers of the World-Wide Standardized

Seismograph Network (SP-WWSSN) (NUTTLI, 1986).

The SP-WWSSN records were obtained by con-

volving the ground motions with the SP-WWSSN

instrument response. The Lg amplitudes were mea-

sured from the SP-WWSSN records in time windows

bounded by group velocities of 3.6 and 3.2 km/s

(PRIESTLEY and PATTON, 1997). We examined each Lg

waveform manually, and excluded the waveform

records contaminated by noise. The Lg wavetrains

with signal-to-noise ratios greater than 2 were

analyzed.

The mbðLgÞ based on Lg amplitudes on SP-

WWSSN was calculated by (NUTTLI, 1986; PATTON

and SCHLITTENHARDT, 2005)

mbðLgÞ ¼ 5:0þ log
Að10Þ

C

� �
; ð1Þ

where A(10) is the hypothetical Lg amplitude in the

unit of lm at a distance of 10 km, and C is a region-

independent calibration constant that is given by 110

lm for a 1 Hz Lg wave (NUTTLI, 1986).

The hypothetical Lg amplitude at a distance of

10 km, A(10), can be calculated by
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Að10Þ ¼ AðdÞ �
ffiffiffiffiffi
d

10

3

r
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sinðd=111:1Þ
sinð10=111:1Þ

s

� exp cðd � 10Þ½ �; ð2Þ

where d is the epicentral distance in km, AðdÞ is the

third (3rd) largest zero-to-peak Lg amplitude on the

vertical component. Parameter c is a frequency-

dependent attenuation coefficient:

cðf Þ ¼ pf

vQ
; ð3Þ

where f is the frequency, v is the group velocity, and

Q is the quality factor. Regional Lg is dominant at

frequencies around 1 Hz (NUTTLI, 1973; HONG et al.,

2008). Thus, quality factors for 1 Hz Lg waves (i.e.,

Q0) were implemented as reference quality factors in

this study.

We considered both constant Q and raypath-

dependent Q to examine the influence of crustal

structures on mbðLgÞ estimates. The raypath-depen-

dent Q;Qadapt; can be calculated by

1

Qadapt

¼ 1

l

Z
path

1

Q
dl; ð4Þ

where l is the epicentral distance between source and

receiver. The raypath-dependent quality factors were

Table 1

Source parameters of events around the Japanese islands (region A in Fig. 2)

Date (yyyy/mm/dd) Time (hh:mm:ss) Lat (�N) Lon (�E) Dep (km) MW MJMA mb(Lg) (3rd) mb(Lg) (Nuttli) mb(Lg) (Patton)

2000/06/06 21:16:41.4 36.8 135.5 2.3 5.8 5.8 5.89 5.88 5.88

2000/07/01 07:01:55.6 34.2 139.2 8.9 6.2 6.1 5.86 5.85 5.86

2000/07/08 18:57:45.1 34.2 139.2 10.0 5.9 6.1 5.57 5.58 5.58

2000/07/15 01:30:31.3 34.3 139.2 13.1 6.0 5.9 5.87 5.87 5.87

2000/07/30 12:25:45.5 33.9 139.4 8.4 6.4 6.2 6.14 6.15 6.14

2000/10/03 04:13:28.6 40.2 143.1 19.3 6.0 5.8 6.23 6.23 6.23

2000/10/06 04:30:17.5 35.4 133.2 0.6 6.6 7.1 6.74 6.74 6.75

2002/02/12 13:44:37.9 36.6 141.0 0.0 5.5 5.5 6.04 6.02 6.02

2002/07/23 20:05:30.9 37.3 142.2 24.8 5.5 5.8 6.24 6.22 6.23

2003/09/25 19:50:07.3 41.7 143.9 33.0 7.9 7.8 7.36 7.41 7.40

2003/09/25 21:07:59.8 41.7 143.6 31.8 7.3 7.0 7.07 7.08 7.08

2003/10/31 01:06:30.6 37.9 142.6 23.0 6.7 6.8 6.62 6.61 6.62

2003/11/01 13:10:07.9 37.8 143.1 10.2 5.7 6.2 5.95 5.96 5.97

2004/06/25 21:42:20.2 40.0 138.6 10.8 4.8 5.0 4.93 4.92 4.93

2004/09/05 10:07:07.2 33.1 136.7 18.7 7.2 6.9 6.64 6.64 6.64

2004/09/05 14:57:28.3 33.2 137.1 1.2 7.5 7.4 6.73 6.74 6.75

2004/09/06 23:29:34.9 33.2 137.3 16.6 6.5 6.4 6.33 6.32 6.32

2004/09/08 14:58:26.0 33.2 137.2 30.4 6.1 6.2 5.81 5.81 5.81

2004/10/23 09:34:05.7 37.3 138.9 23.0 6.3 6.3 6.10 6.11 6.11

2004/10/24 21:04:57.2 37.4 138.8 18.3 5.6 5.6 5.44 5.46 5.46

2004/10/27 01:40:49.7 37.3 139.0 19.9 5.8 6.0 5.80 5.80 5.80

2005/01/19 06:11:32.2 34.0 141.5 12.7 6.5 6.8 6.08 6.08 6.08

2005/01/21 12:45:30.9 34.1 141.6 12.5 5.5 5.8 5.55 5.55 5.56

2005/08/24 10:15:28.2 38.6 143.0 10.0 5.9 6.3 6.03 6.03 6.04

2005/08/30 18:10:45.5 38.5 143.2 21.1 6.0 6.2 6.05 6.04 6.04

2005/10/19 11:44:42.8 36.4 140.8 32.0 6.3 6.3 6.24 6.22 6.22

2005/12/02 13:13:09.5 38.1 142.1 29.0 6.5 6.4 6.40 6.41 6.41

2006/03/27 02:50:26.4 32.7 132.0 22.2 5.5 5.5 5.81 5.80 5.80

2006/10/10 23:58:04.0 37.2 142.7 9.0 5.6 6.0 5.84 5.84 5.84

2007/02/17 00:02:56.0 41.8 143.6 31.0 6.0 6.2 6.30 6.31 6.28

2007/03/25 00:41:57.8 37.3 136.6 8.0 6.7 7.1 6.50 6.50 6.50

2007/04/15 03:19:30.4 34.8 136.2 15.7 5.0 5.3 5.48 5.46 5.46

2007/04/26 00:02:58.0 33.9 133.5 38.0 5.0 5.3 5.46 5.48 5.48

The reported magnitudes (MW, MJMA) of the Japan Meteorological Administration (JMA) are presented. The Lg body-wave magnitude

estimates (mb(Lg, 3rd), mb(Lg, Nuttli), mb(Lg, Patton)) are presented
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Table 2

Source parameters of events around the Korean Peninsula (region B in Fig. 2)

Date

(yyyy/mm/dd)

Time

(hh:mm:ss)

Lat (�N) Lon (�E) Dep (km) ML (KIGAM) ML (KMA) mb(Lg)

(3rd)

mb(Lg)

(Nuttli)

mb(Lg)

(Patton)

2000/08/05 12:03:00.0 34.6 125.4 5.3 3.4 2.7 3.10 3.05 3.05

2000/08/21 10:43:38.0 38.9 125.8 10.0 3.6 3.4 3.57 3.62 3.61

2000/12/09 09:51:00.0 36.5 130.0 -1.0 3.9 3.7 4.45 4.44 4.44

2001/01/29 02:44:08.6 35.7 126.7 0.8 3.5 3.0 3.64 3.64 3.64

2001/04/03 21:14:43.0 34.0 131.8 0.2 4.0 – 4.13 4.19 4.19

2001/05/05 11:21:17.8 38.3 124.4 10.7 3.5 3.3 3.45 3.39 3.39

2001/07/23 08:29:14.6 36.5 128.0 13.6 3.6 3.5 3.46 3.48 3.48

2001/08/24 02:12:03.5 35.9 128.2 1.7 3.2 3.1 3.16 3.13 3.12

2001/11/21 01:49:11.6 36.7 128.3 0.5 3.6 3.5 3.84 3.86 3.86

2001/11/24 07:10:32.0 36.7 129.9 7.1 4.1 4.1 4.23 4.19 4.19

2002/01/07 08:10:00.2 35.3 128.9 5.0 2.8 3.1 2.82 2.89 2.89

2002/03/07 14:30:57.2 36.4 126.6 0.3 3.2 3.0 3.04 3.05 3.05

2002/03/17 00:26:41.1 38.2 124.5 33.0 3.8 3.9 4.13 4.14 4.14

2002/03/22 02:28:55.2 38.1 124.6 1.3 3.0 3.5 3.13 3.14 3.14

2002/04/16 22:52:38.6 40.7 128.7 10.0 3.4 3.9 4.87 4.96 4.95

2002/07/08 19:01:49.9 35.9 129.8 11.5 3.7 3.8 4.13 4.13 4.13

2002/07/16 21:50:30.7 38.0 125.2 0.8 3.4 3.3 3.38 3.37 3.37

2002/08/05 22:32:39.5 34.7 127.4 7.9 2.8 3.0 2.44 2.46 2.46

2002/09/17 09:08:11.8 36.5 124.0 2.3 3.6 – 3.86 3.86 3.87

2002/10/19 19:22:07.7 35.2 127.7 9.7 2.8 3.0 2.56 2.62 2.61

2002/12/09 22:42:49.8 38.9 127.3 0.7 4.1 3.8 4.15 4.13 4.13

2003/01/09 08:33:21.2 37.5 124.6 5.0 3.9 3.9 4.14 4.12 4.12

2003/03/01 14:33:28.5 35.8 129.4 10.4 3.2 3.0 3.31 3.18 3.18

2003/03/09 18:28:03.2 36.1 128.4 1.2 3.1 3.1 3.22 3.24 3.24

2003/03/22 20:38:40.4 35.0 124.4 10.0 5.1 4.9 5.41 5.42 5.42

2003/04/15 17:55:23.9 36.4 126.2 0.7 3.5 3.3 3.55 3.53 3.53

2003/07/05 03:18:29.9 37.4 125.3 5.0 3.1 3.0 3.19 3.16 3.16

2003/10/13 09:12:04.9 37.0 126.5 5.4 3.9 3.6 4.12 4.12 4.12

2004/01/05 16:49:42.9 38.7 125.1 1.0 3.4 3.2 3.53 3.53 3.53

2004/04/26 04:29:25.0 35.8 128.2 8.2 4.0 3.9 4.11 4.11 4.11

2004/05/05 03:22:27.8 32.4 125.9 0.0 3.0 3.1 3.50 3.47 3.47

2004/05/29 10:14:28.4 36.6 129.9 29.2 5.1 5.2 5.46 5.46 5.46

2004/06/01 11:22:17.7 37.2 130.1 10.2 3.7 3.5 3.85 3.78 3.78

2004/08/05 20:32:53.3 35.9 127.3 0.3 3.6 3.3 3.60 3.57 3.57

2005/02/20 13:18:38.8 35.4 126.2 14.1 3.5 3.4 3.60 3.57 3.57

2005/03/17 14:39:54.8 32.6 126.0 0.0 3.0 3.1 3.55 3.49 3.49

2005/03/20 01:53:41.1 33.8 130.2 9.0 6.5 7.0 6.36 6.36 6.36

2005/03/22 06:55:33.1 33.7 130.2 6.0 – 5.1 4.83 4.84 4.84

2005/03/24 14:38:42.7 33.7 130.2 13.5 – 4.1 3.97 3.98 3.98

2005/03/25 12:03:19.9 33.8 130.1 12.9 3.9 4.3 4.27 4.25 4.26

2005/04/19 21:11:27.0 33.6 130.3 18.8 4.7 5.7 5.36 5.37 5.36

2005/04/20 00:09:43.2 33.7 130.3 20.4 4.6 5.1 5.20 5.19 5.19

2005/04/21 03:37:32.9 34.9 125.4 13.8 3.1 3.0 3.29 3.30 3.31

2005/06/14 22:07:04.2 33.3 126.0 10.0 3.8 3.7 4.26 4.24 4.25

2005/06/14 22:37:50.8 33.3 126.1 0.0 2.9 3.0 3.22 3.18 3.18

2005/06/20 06:31:50.6 38.7 125.8 0.0 2.7 3.0 3.20 3.14 3.14

2005/06/29 14:18:03.8 34.4 129.2 5.5 3.7 4.0 4.14 4.14 4.14

2005/06/29 15:25:02.5 36.7 129.8 6.4 3.1 3.1 3.45 3.47 3.47

2005/07/29 18:01:37.4 34.2 127.5 8.0 3.0 3.1 3.20 3.20 3.21

2005/08/23 20:06:24.5 34.2 127.0 7.7 3.3 3.5 3.73 3.75 3.75

2005/10/09 23:51:08.3 37.8 125.0 4.5 3.6 3.4 3.93 3.89 3.89

2005/10/21 03:00:31.5 37.8 125.0 3.3 3.2 3.0 3.41 3.39 3.39

2005/11/15 00:10:50.6 37.2 128.8 1.8 3.3 3.0 3.52 3.51 3.51

2005/11/27 02:47:09.0 38.2 124.3 19.1 2.8 3.1 3.44 3.43 3.43
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calculated based on the Lg Q model of HONG (2010)

(Fig. 2). Examples of the calculated quality factors

along raypaths are presented in Fig. 3. Typical Lg Q

is observed from continental regions, while low Lg

Q is observed from oceanic paths. These observed

Lg Q features are consistent with other studies

(e.g., XIE et al., 2006).

It was reported that rms Lg amplitudes, Arms; are

more stable than third-peak Lg amplitudes, A3rd

(PATTON, 1988; HANSEN et al., 1990; RINGDAL et al.,

1992; PRIESTLEY and PATTON, 1997). It is expected that

mbðLgÞ scalings based on rms amplitudes yield very

stable magnitude estimates. However, the rms-

amplitude-based mbðLgÞ scalings need to implement

calibration constants that should be determined by

region to sustain the transportability of magnitude

scaling. In this study, we use notations mbðLg; 3rdÞ
and mbðLg; rmsÞ to distinguish between A3rd-based

estimates and Arms-based estimates.

From Eq. 1, the Lg body-wave magnitudes based

on rms amplitudes, mbðLg; rmsÞ; can be calculated

similarly (PATTON and SCHLITTENHARDT, 2005):

mbðLg; rmsÞ ¼ 5:0þ log
Armsð10Þ

Crms

� �
; ð5Þ

where Crms is a calibration constant for mbðLg; rmsÞ:
It is known that Lg wavetrains are highly influenced

by crustal structures (HONG et al., 2008; HONG,

2010). Thus, the amplitude ratios between Arms and

A3rd vary subsequently by region, which requires

Table 2 continued

Date

(yyyy/mm/dd)

Time

(hh:mm:ss)

Lat (�N) Lon (�E) Dep (km) ML (KIGAM) ML (KMA) mb(Lg)

(3rd)

mb(Lg)

(Nuttli)

mb(Lg)

(Patton)

2006/01/19 03:35:35.5 37.2 128.8 3.1 3.5 3.2 3.90 3.89 3.89

2006/02/13 18:31:48.6 38.9 126.0 10.0 3.2 3.0 3.34 3.39 3.39

2006/04/03 09:14:05.8 38.7 126.0 0.0 3.5 3.3 3.49 3.53 3.53

2006/04/19 00:49:34.3 37.1 129.9 7.6 2.8 3.0 3.35 3.36 3.36

2006/04/28 14:47:55.3 37.1 129.9 12.3 2.9 3.0 3.35 3.36 3.36

2006/04/29 02:01:13.1 37.1 129.9 7.8 3.2 3.5 3.82 3.82 3.82

2006/05/13 10:14:31.5 34.1 129.2 24.9 3.5 – 4.06 4.07 4.07

2006/09/29 14:07:55.5 34.2 125.0 18.9 3.2 3.4 3.52 3.50 3.50

2007/01/20 11:56:53.6 37.7 128.6 13.1 4.9 4.8 5.24 5.22 5.22

2007/09/16 16:16:33.8 36.5 129.6 2.1 3.2 3.0 3.49 3.48 3.48

2007/12/31 21:33:31.1 40.4 127.1 12.5 3.3 3.0 4.30 4.33 4.33

2008/01/16 10:58:01.6 35.6 125.3 12.7 3.9 3.9 4.31 4.29 4.29

2008/02/29 06:53:01.0 38.8 126.2 10.0 2.7 3.2 3.63 3.65 3.64

2008/05/31 12:59:32.6 33.5 125.7 19.8 4.3 4.2 4.70 4.69 4.69

2008/07/23 10:29:57.8 34.5 128.1 14.5 3.2 3.2 3.18 3.16 3.16

2008/09/03 15:44:29.3 35.1 125.0 8.5 2.9 3.0 2.98 2.96 2.96

2008/10/29 00:26:15.5 36.3 127.3 5.7 3.6 3.4 4.10 4.10 4.10

2008/11/11 12:20:54.7 38.5 125.7 13.5 3.4 3.0 3.46 3.46 3.46

2008/11/11 12:30:03.7 38.5 125.7 11.2 3.3 3.0 3.42 3.42 3.42

2008/12/19 08:53:41.9 36.5 129.6 8.4 3.7 3.5 3.91 3.92 3.92

2009/02/15 13:41:58.0 35.7 125.8 18.2 3.2 3.0 2.81 2.98 2.98

2009/03/02 05:20:27.2 37.0 124.7 4.5 3.7 3.4 3.83 3.82 3.82

2009/04/02 11:27:59.1 37.6 125.9 14.6 3.2 3.0 3.22 3.18 3.18

2009/04/29 03:15:42.6 33.4 127.4 7.5 2.7 3.2 2.90 2.90 2.90

2009/05/01 22:58:28.0 36.6 128.7 11.4 3.9 4.0 4.34 4.33 4.33

2009/06/28 13:07:47.6 35.8 128.3 15.3 3.1 3.0 3.10 3.16 3.16

2009/07/14 19:04:49.5 35.1 125.0 6.4 3.5 3.1 3.66 3.69 3.69

2009/08/21 14:02:21.6 38.9 125.8 12.2 3.6 3.8 3.64 3.59 3.60

2010/02/09 09:08:13.7 37.4 126.8 9.5 3.3 3.0 3.39 3.38 3.37

2010/02/16 09:53:31.8 35.6 130.0 18.7 3.6 3.2 3.72 3.73 3.74

2010/02/22 14:29:30.4 33.3 127.2 4.1 3.0 3.0 3.06 3.10 3.10

2010/03/09 03:50:14.1 36.4 125.7 18.0 3.3 3.2 3.27 3.29 3.29

The reported magnitudes of two local institutes (ML(KIGAM), ML(KMA)) are presented. The Lg body-wave magnitude estimates

(mb(Lg, 3rd), mb(Lg, Nuttli), mb(Lg, Patton)) are presented
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determination of the calibration constant Crms by

region.

The hypothetical Lg-rms-amplitude at a distance

of 10 km, Armsð10Þ; was calculated by PATTON and

SCHLITTENHARDT (2005)

Armsð10Þ ¼ ArmsðdÞ �
d

10

� �
� exp cðd � 10Þ½ �;

for d� 1;200 km;

¼ ArmsðdÞ �
sinðd=111:1Þ
sinð10=111:1Þ

� �

� exp cðd � 10Þ½ �; for d [ 1;200 km;

ð6Þ

where d is the epicentral distance. Since most

waveform data were collected at near regional dis-

tances in this study, we determined Armsð10Þ with the

equation for d� 1;200 km in Eq. 6.

To test the validity and stability of rms-amplitude-

based mbðLgÞ scalings, we calculated the hypothetical

Lg rms amplitudes at a distance of 10 km (Armsð10Þ)
from both Eqs. 2 and 6. We denote the hypothetical

Lg rms-amplitude based on Eq. 6 as Arms;Pattonð10Þ;
and that based on Eq. 2 as Arms;Nuttlið10Þ in this study.

Similarly, the calibration constant for Arms;Pattonð10Þ is

denoted as Crms;Patton; and that for Arms;Nuttlið10Þ as

Crms;Nuttli: The Lg body-wave magnitudes based on

Crms;Patton are referred to asmbðLg; PattonÞ; and those

based on Crms;Nuttli as mbðLg;NuttliÞ:

4. Determination of Calibration Constants for rms

Amplitudes

In principle, the mbðLgÞ scalings based on rms

amplitudes should be equivalent to those based on

third-peak amplitudes. It is known that a linear rela-

tionship holds between peak and rms amplitudes

(e.g., PRIESTLEY and PATTON, 1997). However, Lg

waveforms change significantly by crustal structures

Figure 2
Locations of events (circles) and stations (triangles) on the Lg quality factor (Q0) model (HONG, 2010). Low Q0 is observed in the region

around the East Sea, while high Q0 is found in regions around the Korean Peninsula and Japanese islands. The study region is divided into two

sub-regions for comparison: region A for the Japanese islands and region B for the Korean Peninsula
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Figure 3
Examples of observed regional seismograms for three crustal events around the Korean Peninsula and the Japanese islands: a the 25

September 2003 M7.9 earthquake off the east coast of Hokkaido, b the 29 May 2004 M5.2 earthquake off the east coast of the Korean

Peninsula, and c the 25 March 2007 M6.7 earthquake off the west coast of the Noto Peninsula (central Japan). The great-circle paths are

presented with solid lines. The Lg quality factors (Q0) along the raypaths are denoted in the parentheses. The raypaths across the East Sea have

low quality factors. The Lg wavetrains are marked with solid underlines on the seismograms. The epicentral distances are denoted on the

seismograms. The Lg waves are highly attenuated along raypaths across the East Sea, but are visible in most raypaths
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(Fig. 3). Thus, a single linear relationship is not

applicable to regions with complex crustal structures.

We determined the calibration constants for rms-

amplitude-based mbðLgÞ scalings by regions.

The calibration constants Crms;Nuttli and Crms;Patton

should be determined so that the magnitude estimates

mbðLg;NuttliÞ and mbðLg; PattonÞ are equal to

mbðLg; 3rdÞ: Thus, from Eqs. 1 and 5, we derived a

relationship between the calibration constants:

Crms;j ¼
Arms;jð10Þ
A3rdð10Þ � C3rd; ðj ¼ Patton;NuttliÞ;

ð7Þ

where C3rd is the calibration constant for third-peak-

amplitude-based magnitude scaling that is given by

110 lm for 1 Hz Lg waves (NUTTLI, 1986).

The amplitude ratios Arms;jð10Þ=A3rdð10Þ can be

presented as function of distance from Eqs. 2 and 6.

We calculated the calibration constants Crms;Nuttli and

Crms;Patton from Eq. 7 for two regions around the

Japanese islands and the Korean Peninsula (Fig. 4).

The calculated Crms;Nuttli and Crms;Patton displayed

linear variations with distance. The representative

variations of Crms;Nuttli and Crms;Patton were determined

with linear regressions.

We analyzed the seismic waveform data with

distances greater than 150 km, in which Lg waves

develop stably. Outliers deviated from the mean

values by 42% or greater were removed in the linear

regressions (Fig. 4). For determination of the cali-

bration constants for the Japanese islands, data from

2,749 of 2,961 waveform records were analyzed.

Also, we analyzed data from 2,415 of 3,217 wave-

form records for determination of calibration

constants for the Korean Peninsula.

The calibration constants Crms;Nuttli and Crms;Patton

for the Japanese islands were determined to be

(Fig. 4a)

Crms;Nuttli ¼ 53:53� 0:0074d;

Crms;Patton ¼ 89:90þ 0:0075d;
ð8Þ

where d is the epicentral distance in kilometers. From

Eq. 8, the Crms;Patton was determined to be 91.0 for

d = 150 km, 95.5 for d = 750 km, and 101.2 for

d = 1,500 km. On the other hand, Crms;Nuttli was

determined to be 52.4 for d = 150 km, 48.0 for

d = 750 km, and 42.4 for d = 1,500 km.

Similarly, the calibration constants Crms;Nuttli and

Crms;Patton for the Korean Peninsula were determined

to be (Fig. 4b)

Crms;Nuttli ¼ 53:62� 0:0215d;

Crms;Patton ¼ 80:48þ 0:0057d:
ð9Þ

Here, Crms;Patton was determined to be 81.3 for

d = 150 km and 84.8 for d = 750 km. On the other

hand, Crms;Nuttli was determined to be 50.4 for

d = 150 km and 37.5 for d = 750 km. The levels of

Crms;Nuttli and Crms;Patton for the Korean Peninsula

were observed to be slightly lower than those for the

Japanese islands. This observation suggests that the

Lg rms amplitudes develop weakly around the Kor-

ean Peninsula relative to those around the Japanese

islands.
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Figure 4
Variation of the calibration constants for root-mean-square (rms)

Lg amplitudes (Crms,Nuttli, Crms,Patton): a region around the Japanese

islands and b region around the Korean Peninsula. The Lg

amplitudes at distances greater than 150 km are analyzed for the

determination of calibration constants. Outliers deviated from the

mean value by 0.42 times the mean value were excluded in the

analysis. The representative calibration constant functions were

determined using linear regressions
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From Eqs. 8 and 9, the calibration constants

Crms;Nuttli and Crms;Patton were determined to be weakly

distance-dependent in both the Korean Peninsula and

Japanese islands. The distance-dependent variations

of Crms;Nuttli and Crms;Patton may be caused due to

discrepancies between actual and theoretical Lg

geometrical-spreading effects (e.g., YANG, 2002).

Note that this observation is not consistent with

PATTON and SCHLITTENHARDT (2005), who proposed to

implement a distance-independent calibration con-

stant ðCrms;PattonÞ of 90 lm for central Europe.

Considering the high variations of Lg wavetrains in

continental margins, it appears to be desirable to

implement distance-dependent calibration coeffi-

cients for correct estimation of magnitudes from rms

amplitudes.

5. Application to Events around the Japanese Islands

We applied three Lg body-wave magnitude sca-

lings ðmbðLg; 3rdÞ;mbðLg;NuttliÞ;mbðLg; PattonÞÞ) to

shallow events around the Japanese islands. The

magnitudes were determined with not only the aver-

age (constant) quality factor but also with raypath-

dependent quality factors. The average quality factor

of 1 Hz Lg waves (Q0) in the regions around the

Korean Peninsula and Japanese islands was deter-

mined to be 498 (HONG, 2010). The Lg body-wave

magnitude estimates based on the average Q0 are

presented in Fig. 5.

The magnitude estimates were compared with the

reported magnitudes ðMW ;MJMAÞ) of the Japan

Meteorological Agency (JMA) (Table 1). We

observe systematic differences among the magnitude

estimates. The magnitude estimates based on rms

amplitudes (mbðLg;NuttliÞ;mbðLg; PattonÞ) are

determined to be slightly larger than those based on

third-peak amplitudes ðmbðLg; 3rdÞÞ). In addition,

mbðLg;NuttliÞ were determined to be larger than

mbðLg; PattonÞ: This feature may be caused due to

development of longer Lg wavetrains in regions with

transitional crustal structures.

The magnitude differences between the magnitude

estimates ðmbðLg;3rdÞ�mbðLg;NuttliÞ;mbðLg; 3rdÞ�
mbðLg;PattonÞ;mbðLg;NuttliÞ�mbðLg; PattonÞÞ were

determined to be between -0.2 and 0.2 magnitude unit

(a)

(b)

(c)

Figure 5
a Lg body-wave magnitude estimates based on third-peak amplitudes

(mb(Lg, 3rd)) for events around the Japanese islands with imple-

mentation of a constant (average) quality factor, b differences

between magnitude estimates of mb(Lg, 3rd) and mb(Lg, Nut-

tli), and c differences ðDMÞ between three magnitude estimates

(mb(Lg, 3rd), mb(Lg, Nuttli), mb(Lg, Patton)) as function of mb(Lg,

3rd). Three different magnitude estimates were determined similarly,

resulting in magnitude differences distributed in a range between

-0.2 and 0.2 magnitude units. The rms-amplitude-based magnitude

estimates were determined to be slightly larger than the third-peak-

amplitude-based magnitude estimates (i.e., mb(Lg, Nuttli) [
mb(Lg, Patton)mb(Lg, 3rd))
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(Fig. 5c). We found that the Lg body-wave magni-

tude estimates based on the average (constant) Q0

were determined to be lower than the reference

magnitudes by *0.7 (Figs. 6, 7). The magnitude

differences with respect to the reference magnitudes

suggest that the Lg body-wave magnitudes can be

underestimated when an average quality factor is

applied. This feature may be caused due to higher

attenuation of Lg in oceanic regions where crustal

structures change abruptly.

We now consider raypath-dependent Q based on a

regional Lg Q model (HONG, 2010). The Lg body-wave

magnitude estimates based on the raypath-dependent

Q are presented in Fig. 8. The magnitude estimates

ðmbðLg; 3rdÞ;mbðLg;NuttliÞ;mbðLg; PattonÞÞ were

determined to be similar each other (Fig. 8b, c), which

is different from the features observed in the magni-

tude estimates based on the average (constant) quality

factor. We find that the magnitude estimates based on

raypath-dependent quality factors were determined to

be larger than those based on an average quality factor.

The magnitude estimates based on raypath-

dependent quality factors were found to be close to

the reference magnitudes, especially for inland events

(Figs. 9, 10). This observation suggests that the

implementation of raypath-dependent quality factors

allows correct estimation of magnitudes. However,

some differences were observed between the magni-

tude estimates and reference magnitudes for large

offshore events with magnitudes of M [ 7 in sub-

duction zones (Fig. 9), which may be due to inherent

saturation of body-wave magnitudes for large events

(LAY and WALLACE, 1995).

6. Application to Events around the Korean

Peninsula

Korean local institutes (KIGAM, KMA) report

event magnitudes in local magnitude scales (ML). The

local magnitude scalings are applicable to events in

local to near regional distances (EBEL, 1982; KANAMORI

et al., 1993; KIM, 1998). It was reported that ML

estimates are nearly equivalent to mb estimates

(e.g., HERRMANN and NUTTLI, 1982; KIM, 1998). How-

ever, the ML scalings were applied with assumption

that the crustal structures and raypath effects are

(a)

(b)

(c)

Figure 6
Differences between the reference magnitudes and mb(Lg, 3rd)

estimates based on a constant (average) Q for events around the

Japanese islands: a differences to MW, b differences to MJMA, and c

comparisons between MW - MJMA and MW - mb(Lg, 3rd). Two

reference magnitudes (MJMA, MW) are similar. The mb(Lg, 3rd)

estimates based on an average Q are observed to be much lower

than the reference magnitudes
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homogeneous. However, the crustal structures change

abruptly around the Korean Peninsula, causing sig-

nificant attenuation of seismic waves (HONG et al.,

2008; HONG and KANG, 2009; HONG, 2010). The com-

plex crustal structures around continental margins

hinder application of ML scalings to near-regional

events.

The Lg body-wave magnitudes of events around the

Korean Peninsula were estimated with implementation

of an average (constant) quality factor (Table 2;

Fig. 11). The magnitude estimates (mbðLg; 3rdÞ;mb

ðLg;NuttliÞ;mbðLg; PattonÞ) were determined to be

close (Fig. 11b). The magnitude differences (DM)

between the magnitude estimates ranged between -0.1

and 0.1 magnitude unit (Fig. 11c).

The Lg body-wave magnitude estimates are

compared with the reported ML of local institutes

(Fig. 12). We found that the Lg body-wave magni-

tude estimates are close to the ML values for most

inland events. However, the Lg body-wave magni-

tude estimates for offshore and North Korean events

were determined to be slightly larger than the ML

(c)

(b)

(a)

Figure 8
a Lg body-wave magnitude estimates based on third-peak ampli-

tudes (mb(Lg, 3rd)) for events around the Japanese islands with

implementation of raypath-dependent Q, b differences between

magnitude estimates of mb(Lg, 3rd) and mb(Lg, Nuttli), and c

differences ðDMÞ between magnitude estimates(mb(Lg, 3rd),

mb(Lg, Nuttli), mb(Lg, Patton)) as function of mb(Lg, 3rd). Three

different magnitude estimates are determined to be similar to each

other. The magnitude differences were found to be much reduced

compared to those with an average Q in Fig. 5
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Figure 7
Comparisons among magnitude estimates (mb(Lg, 3rd), mb(Lg,

Nuttli), mb(Lg, Patton)) based on a constant (average) Q for events

around the Japanese islands. The magnitude estimates are presented

as function of reference MW. The magnitude estimates

(mb(Lg, 3rd), mb(Lg, Nuttli), mb(Lg, Patton)) were determined to

be similar each other. The magnitude estimates were determined to

be lower than the reference MW by *0.74 magnitude unit on

average

652 T.-K. Hong Pure Appl. Geophys.



values by 0.13 magnitude unit, on average (Fig. 13).

This may be because crustal structures are not

homogeneous over large distances and ML scalings

underestimate the event sizes.

We now apply raypath-dependent Q for estima-

tion of the Lg body-wave magnitudes of Korean

events. The magnitude estimates (mbðLg; 3rdÞ;
mbðLg;NuttliÞ;mbðLg; PattonÞ) are determined to be

similar (Fig. 14). The magnitude estimates based on

the raypath-dependent Q were observed to be close to

those based on the average (constant) Q for most

inland events (Fig. 15). However, we observed

increases in magnitude estimates for offshore events

when we applied raypath-dependent Q (cf., Fig. 12).

This is because the Lg attenuation in the offshore

regions is much stronger than the Lg attenuation in

the inland regions.

We found that the overall Lg body-wave magni-

tude estimates based on raypath-dependent Q are

larger than the ML values by *0.2 magnitude unit

(Fig. 16). This magnitude analysis suggests that the

magnitudes of offshore events around the Korean

Peninsula can be underestimated in the ML scalings.

(a)

(b)

(c)

Figure 9
Differences between the mb(Lg, 3rd) estimates based on raypath-

dependent Q and reference magnitudes for events around the

Japanese islands: a differences to MW, b differences to MJMA, and c

comparisons between MW - MJMA and MW - mb(Lg, 3rd). Two

reference magnitudes (MJMA, MW) were observed to be similar

each other. The mb(Lg, 3rd) estimates based on raypath-dependent

Q were determined close to the reference magnitudes. The events

off the east coast of the Japanese islands show relatively large

magnitude differences
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Figure 10
Comparisons among magnitude estimates

(mb(Lg, 3rd), mb(Lg, Nuttli), mb(Lg, Patton)) based on raypath-

dependent Q for events around the Japanese islands. The magnitude

estimates are presented as function of reported MW. The magnitude

estimates (mb(Lg, 3rd), mb(Lg, Nuttli), mb(Lg, Patton)) were deter-

mined to be similar to the reference MW. The average magnitude

difference was -0.01 magnitude unit
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(a)

(b)

(c)

Figure 12
Differences between the reference magnitudes and mb(Lg, 3rd)

estimates based on a constant (average) Q for events around the

Korean Peninsula: a differences to ML(KIGAM), b differences to

ML(KMA), and c comparisons between pairs of ML(KIGAM)-

ML(KMA) and ML(KIGAM)-mb(Lg, 3rd). ML(KMA) is close to

ML(KIGAM). The mb(Lg, 3rd) estimates based on an average Q are

slightly larger than ML(KIGAM) values

(a)

(b)

(c)

Figure 11
a mb(Lg, 3rd) estimates of events around the Korean Peninsula with

implementation of a constant (average) Q, b differences between

magnitude estimates of mb(Lg, 3rd) and mb(Lg, Nuttli), and c

differences ðDMÞ between various magnitude estimates as function

of mb(Lg, 3rd). Three different magnitude estimates were deter-

mined to be similar, making the magnitude differences distributed

in a range between -0.1 and 0.1 magnitude unit
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Thus, it is desirable to use regional body-wave

magnitude scalings in the regions with complex

crustal structures instead of local-magnitude scalings.

7. Discussion and Conclusions

Crustally-guided shear waves, Lg, are widely

analyzed for estimation of magnitudes of regional

crustal events because they develop stably in regional

distances with minimal influence by the source radi-

ation patterns. Earthquakes occur often in offshore

regions around continental margins, in which the Lg

waves attenuate strongly during propagation due to

complex crustal structures. The high variation of Lg

wavetrains by raypath causes large fluctuation of Lg

amplitudes, which may cause difficulty in accurate

estimation of magnitudes based on Lg waves.

The applicability of Lg body-wave magnitude

scalings to continental margins has rarely been

examined. In this study, we tested the applicability of

the Lg body-wave magnitude scalings in the eastern
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Figure 13
Comparison among magnitude estimates (mb(Lg, 3rd), mb(Lg, Nut-

tli), mb(Lg, Patton)) based on a constant (average) Q for events

around the Korean Peninsula. The reference magnitudes (ML(KI-

GAM)) are presented in the horizontal axis. The magnitude

estimates (mb(Lg, 3rd), mb(Lg, Nuttli), mb(Lg, Patton)) are deter-

mined similar each other. The magnitude estimates are determined

to be larger than the reference ML(KIGAM) by *0.13 magnitude

unit on average

(a)

(b)

(c)

Figure 14
a mb(Lg, 3rd) estimates of events around the Korean Peninsula with

implementation of raypath-dependent Q, b difference between

magnitude estimates of mb(Lg, 3rd) and mb(Lg, Nuttli), and c

differences ðDMÞ between three magnitude estimates as functions

of mb(Lg, 3rd). Three different magnitude estimates are determined

to be similar to each other

Vol. 169, (2012) mb(Lg) Scaling for a Continental Margin 655



continental margin of the Eurasian plate where

crustal structures change abruptly. We considered

raypath-dependent quality factors (Q) to recover the

Lg amplitude correctly. We compared the Lg body-

wave magnitude estimates based on raypath-depen-

dent quality factors, not only with those based on an

average (constant) quality factor, but also with the

magnitudes reported by local institutes. We found

that the magnitude estimation based on raypath-

dependent Q enables us to determine correct magni-

tudes with Lg waves.

We also examined the transportability of Lg body-

wave magnitude scaling based on rms amplitudes at

the continental margin. It was found that a distance-

dependent correction is required for Lg rms ampli-

tudes to be assessed for correct measurement of

magnitudes. In addition, it was found that the cali-

bration constant functions for rms amplitudes vary by

region. The Lg body-wave magnitude estimates based

on rms amplitudes (mbðLg;NuttliÞ;mbðLg; PattonÞ)
were determined to be similar to those based on third-

peak amplitudes (mbðLg; 3rdÞ). This observation

suggests that a linear relationship is held between rms
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Figure 16
Comparison among magnitude estimates (mb(Lg, 3rd), mb(Lg, Nut-

tli), mb(Lg, Patton)) based on raypath-dependent Q for events

around the Korean Peninsula. The reference magnitudes (ML(KI-

GAM)) are presented. The magnitude estimates (mb(Lg, 3rd),

mb(Lg, Nuttli), mb(Lg, Patton)) are determined to be similar to

each other. The magnitude estimates were determined to be higher

than the reference MW by 0.24 magnitude unit on average

(a)

(b)

(c)

Figure 15
Differences between the reference magnitudes and mb(Lg, 3rd)

estimates based on raypath-dependent Q for events around the

Korean Peninsula: a differences to ML(KIGAM), b differences to

ML(KMA), and c comparisons between ML(KIGAM)-ML(KMA)

and ML(KIGAM)-mb(Lg, 3rd). The reference magnitudes

(ML(KMA), ML(KIGAM)) are similar to each other. The mb(Lg,

3rd) estimates for earthquakes off the coasts of the Korean

Peninsula were determined to be larger than the reference

magnitudes, while those for inland events were estimated close

to the reference magnitudes
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and third-peak amplitudes. Thus, it appears that both

rms and third-peak amplitudes with proper correction

for attenuations along raypaths can be applicable for

assessment of event sizes.

For inland events, the Lg body-wave magnitude

estimates (mbðLg;3rdÞ;mbðLg;NuttliÞ;mbðLg;PattonÞ)
were determined to be close to the magnitudes

reported by local institutes. On the other hand, Lg

body-wave magnitude estimates were observed to be

larger than the reported ML values for offshore events

around the Korean Peninsula. This observation sug-

gests that the magnitudes of offshore events can be

underestimated under local-magnitude scalings due to

insufficient correction of attenuation. On the other

hand, the Lg body-wave magnitude scalings based on

raypath-dependent quality factors yielded accurate

magnitudes consistently for both inland and offshore

events. Thus, it was found that the Lg body-wave

magnitude scalings with implementation of raypath-

dependent Q can yield accurate magnitude estimates

for events in continental margins and backarc

regions. Also, both third-peak-amplitude-based and

rms-amplitude-based magnitude scalings allow stable

estimation of magnitudes.

Careful examination of Lg wavetrains, however,

is needed to determine correct magnitudes under the

Lg body-wave magnitude scalings because the Lg

waves can be weaker than the ambient noise due to

attenuation during long propagation in backarc

regions. The Lg body-wave magnitudes can be

overestimated when the noise-contaminated Lg

waves are analyzed. The Q-corrected amplitudes of

the noise-contaminated Lg waves were observed to be

outliers among data sets, and should be excluded in

the analysis. When the Lg body-wave magnitude

scalings are not applicable due to high attenuation, Pn

body-wave magnitude scalings may be alternatives,

because Pn waves are less affected by the crustal

structures than the Lg (e.g., EVERNDEN, 1967; VERGINO

and MENSING, 1990; PRIESTLEY and PATTON, 1997).
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