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S U M M A R Y
We recently found the original Omori seismograms recorded at Hongo, Tokyo, of the 1922
Atacama, Chile, earthquake (MS = 8.3) in the historical seismogram archive of the Earthquake
Research Institute (ERI) of the University of Tokyo. These recordings enable a quantitative
investigation of long-period seismic radiation from the 1922 earthquake. We document and
provide interpretation of these seismograms together with a few other seismograms from Mizu-
sawa, Japan, Uppsala, Sweden, Strasbourg, France, Zi-ka-wei, China and De Bilt, Netherlands.
The 1922 event is of significant historical interest concerning the cause of tsunami, discovery
of G wave, and study of various seismic phase and first-motion data. Also, because of its spatial
proximity to the 1943, 1995 and 2015 great earthquakes in Chile, the 1922 event provides
useful information on similarity and variability of great earthquakes on a subduction-zone
boundary. The 1922 source region, having previously ruptured in 1796 and 1819, is con-
sidered to have significant seismic hazard. The focus of this paper is to document the 1922
seismograms so that they can be used for further seismological studies on global subduction
zones. Since the instrument constants of the Omori seismographs were only incompletely doc-
umented, we estimate them using the waveforms of the observed records, a calibration pulse
recorded on the seismogram and the waveforms of better calibrated Uppsala Wiechert seis-
mograms. Comparison of the Hongo Omori seismograms with those of the 1995 Antofagasta,
Chile, earthquake (Mw = 8.0) and the 2015 Illapel, Chile, earthquake (Mw = 8.3) suggests that
the 1922 event is similar to the 1995 and 2015 events in mechanism (i.e. on the plate boundary
megathrust) and rupture characteristics (i.e. not a tsunami earthquake) with Mw = 8.6 ± 0.25.
However, the initial fine scale rupture process varies significantly from event to event. The G1
and G2, and R1 and R2 of the 1922 event are comparable in amplitude, suggesting a bilateral
rupture, which is uncommon for large megathrust earthquakes.

Key words: Earthquake dynamics; Earthquake source observation; Surface waves and free
oscillations; Dynamics and mechanics of faulting; Subduction zone processes.

1 I N T RO D U C T I O N

The 11 November 1922 Atacama, Chile, earthquake [M = 8.3
(Gutenberg & Richter 1954), MS = 8.3 (Abe 1981), Mw = 8.3 ± 0.4
(ISC-GEM catalogue, Storchak et al. 2015); −28.911◦, −70.87◦,
depth 35 km (ISC-GEM)] is the second largest earthquake in Chile
in the 20th century, next to the Mw = 9.5 1960 Valdivia, Chile,
earthquake (Davison 1929; Willis 1929; Lomnitz 1970; Beck et al.

1998; Carvajal et al. 2017a; Ruiz & Madariaga 2018). It caused
extensive shaking and tsunami damage extending from Chañaral
(26◦S) to Coquimbo (30◦S), and tsunami damage occurred in Japan
(Willis 1929; Soloviev & Go 1975). GPS measurements indicate
that the plate boundary is accumulating slip deficit along the entire
1922 source region and there is potential for future large earth-
quakes in this region (e.g. Nishenko 1985; Métois et al. 2016,
Fig. 1). The 1922 earthquake is also a unique event in the history of
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646 H. Kanamori et al.

Figure 1. Timeline of large earthquakes along the Chilean coast. (Modified from fig. 2 of Métois et al. 2016.) Stars represent intraplate events, and lines
represent interplate rupture extent. Grey bars are areas of inferred low coupling from geodesy.

seismology in several respects: (1) Historical debates about the
origin of tsunami (faulting versus landslide) were made with this
earthquake (Gutenberg 1939). (2) Gutenberg (1924) (also Sieberg
& Gutenberg 1924) studied many seismograms of this earthquake
in great detail and noted distinct long-period horizontal component
surface waves with a propagation speed of about 4.4 km s–1 that were
later named G waves (Byerly 1926; Richter 1958). G waves played
an important role in the early determination of the upper mantle
structure and low-velocity layer (e.g. Satô 1958; Press 1959). (3)
By the time the 1922 event occurred, the basic structure of the
earth’s interior had been established (e.g. Oldham 1906; Gutenberg
1914), and the many seismic phases Gutenberg (1924) identified
on the seismograms of the 1922 event provided the basis for fur-
ther significant refinement. (4) The P wave first motion data from
the 1922 event demonstrated that the first motions had both com-
pression and dilatation (Byerly 1928). According to Agnew (2002),

Shida showed in 1917 (unpublished) a pattern of first motion divided
into quadrants. Shida’s paper was published in Shida (1929). Thus,
Byerly’s observation appeared to have confirmed Shida’s result and
also predated the widely known single-couple versus double-couple
debates (Byerly 1960). A detailed account of the history of studies
on the initial motion of an earthquake can be found in Kawasumi
(1937). (5) The recent 2015 Illapel, Chile, earthquake (Mw = 8.3),
the 1943 Illapel earthquake (MS = 7.9, Abe 1981) and the 1995
Antofagasta earthquake (Mw = 8.1) occurred adjacent to the 1922
rupture zone (Fig. 1) and these events together provide important
information on similarity and variability of subduction-zone great
earthquake sequences.

However, despite the large magnitude of the 1922 event, rela-
tively few seismograms have been available for quantitative inves-
tigation since Gutenberg (1924). Beck et al. (1998), investigated
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New constraints on the 1922 Chile earthquake 647

the P wave recorded on the De Bilt Galitzin seismogram and con-
cluded that the 1922 event was a megathrust event much larger and
more complex than the 1943 Illapel earthquake. Okal (1992) briefly
reported the results of spectral measurements from Uppsala seis-
mograms, and gave a mantle-wave magnitude of Mm = 8.56–8.61,
and noted that this value is more or less consistent with the size
of this event estimated from the aftershock area (Kanamori 1977)
and the tsunami (Abe 1979). Recently, we found the original Omori
seismograms of the 1922 earthquake in the historical seismogram
archive of the Earthquake Research Institute (ERI) of the University
of Tokyo. This record allows us to make a quantitative investigation
of long-period seismic radiation from the 1922 earthquake. Here
we document this observation and interpret it in light of modern
seismological practice.

2 O M O R I S E I S M O G R A M S R E C O R D E D
AT H O N G O, T O K YO, JA PA N

The seismograms used here actually were published in Matuzawa
(1929, p. 215), Imamura (1937, p. 293) and Satô (1978, p. 283), but
the instrument response parameters of these records were not given
in these publications. Fortunately, we could find the original Omori
long-period smoked paper seismograms recorded at Hongo, Tokyo,
Japan (35.717◦, 139.767◦) along with some instrumental details in
the ERI historical seismogram archive.

Fig. 2(a) shows the seismograms of the 1922 earthquake, probably
hand-traced from the original Omori seismograms, and published in
Matuzawa (1929). It clearly shows long-period Love (G1 and G2)
and Rayleigh (R1 and R2) waves. For historical interest, we quote a
few sentences from Matuzawa (1929) and Imamura (1937). ‘From
the theoretical point of view, Rayleigh wave can be propagated
along a surface of a certain medium. In addition to this, waves
of Love’s type can also be propagated if the medium is stratified
under the boundary surface. Whether or no such waves are really
existent is a problem which can easily be solved by seismometry.
And yet some physicists are often skeptical of the real existence
of surface waves, perhaps from difficulty of accurate identification
of waves. On the other hand, even among seismologists, there is
a diversity of opinion on the separate existence of two kinds of
surface waves, that is the Love’s type and Rayleigh’s type owing
to the lack of typical examples free from ambiguity. Therefore,
some typical seismograms will be reproduced here.’ (Matuzawa
1929). ‘In teleseismic observations these waves (surface waves)
appear after the S waves. The first kind, especially, owing to their
long-period, are called L waves. The second kind, owing to their
amplitude being maximum, are called M waves . . . That these
phases are surface waves is evident from the fact that the time-
distance curves are straight lines; and that the L is a Love wave
and M a Rayleigh wave is, as pointed out by Matuzawa, strongly
suggested by the azimuth of their vibrations and other features.’
(Imamura 1937). It is remarkable that the nature of long-period Love
(G) and Rayleigh waves had been already very accurately described
in these publications in the early days of seismology. Figs 2(b) and
(c) show the G1 and Rayleigh (R1) waves, respectively, recorded on
the original Omori smoked-paper seismogram.

The nominal instrument constants of the Omori seismographs
that recorded these waves are listed in the data sheets archived at
ERI as follows.

NS component: Period Ts = 60 s, Gain (Static Magnification)
V = 20, paper speed 2.8 cm min–1.

EW component: Period Ts = 60 s, Gain (Static Magnification)
V = 15, paper speed 2.8 cm min–1.

It is most instructive to compare the 1922 Omori seismo-
grams with the seismograms of the 1995 Antofagasta, Chile, earth-
quake (GCMT: −24.17◦, −70.74◦, depth 28.7 km, Mw = 8.0) and
the 2015 Illapel, Chile, earthquake (GCMT: −21.13◦, −72.09◦,
depth = 17.4 km, Mw = 8.3) recorded at stations close to Hongo,
Tokyo. The 1995 Antofagasta earthquake (e.g. Ruegg et al. 1996;
Delouis et al. 1997; Carlo et al. 1999; Pritchard et al. 2002; Ye
et al. 2016) and the 2015 Illapel earthquake (e.g. Heidarzadeh et al.
2016; Li et al. 2016, 2018; Melgar et al. 2016; An et al. 2017;
Ye et al. 2017; Liu et al. 2018) are both typical thrust earthquakes
and located just to the north and south of the rupture zone of the
1922 earthquake, respectively (Fig. 1). Fig. 3 compares the 1922
seismograms with those of the 2015 Illapel earthquake observed
at F-net station Tsukuba (TSK, 36.214◦, 140.090◦) and the 1995
Antofagasta earthquake observed at F-net station Tateyama (TYM,
34.975◦, 139.845◦). The record at TSK is not available for the 1995
event. F-net is a broadband seismographic network operated by
the National Research Institute for Earth Science and Disaster Re-
silience (NIED, Japan). The distance �, azimuth φ and back azimuth
φB are listed in Table 1. We remove the instrument response from
the 1995 and 2015 observed seismograms to obtain displacement
records and convolve them with the Omori seismograph response
(Pendulum period Ts = 40 s, damping constant h = 0.6, and the
static magnification V = 20 for the NS component, and Ts = 40 s,
h = 0.6 and V = 15 for the EW component). We call these seismo-
grams simulated Omori seismograms. In the next section, we will
discuss the particular choice of the pendulum period and damping
constant used for Fig. 3.

The first long-period pulse at about 2700 s on the EW component
is probably the SS phase. Unfortunately, this pulse on the 1922
seismogram is at the edge of the original smoked paper record, and
the period is not reliable. On Fig. 3, the 1995 seismogram, especially
the EW component, is strikingly different from either the 1922 or
the 2015 seismogram. The 1995 seismogram exhibits strong high
frequency coda in the P-wave group and surface wave train. For this
event, Ihmle & Madariaga (1996) noticed strong monochromatic
coda waves just after the main P-wave arrival, and interpreted them
as a result of vertically travelling compressional waves in the ocean
near the trench. Other investigators (e.g. Wiens 1989; Okamoto
1993) found similar waves for other events and interpreted them as
multiply reflected compressional waves in the ocean. An intuitive
interpretation is that the events with strong coda have relatively
large slip up-dip at shallow depths below the seafloor near the
trench, thereby generating larger tsunami than deeper events with
similar magnitude. The seismograms of the 1922 and 2015 events
are similar without particularly strong coda over this frequency
band. Thus, even if these three events occurred on the adjacent
segments of the plate boundary, they display significant differences
in slip behavior at shallow depths. This variability may even occur
between events in the same segment.

Aside from the short-period coda, the seismograms of the 1995
and the 2015 events are similar, except for the G2 wavetrain, which
is almost missing for the 2015 event but is very large on the 1995
seismogram. This could be due to differences in directivity caused
by the northward rupture propagation of the 2015 event (e.g. Hei-
darzadeh et al. 2016; Li et al. 2016; Tilmann et al. 2016) and the
southward rupture propagation of the 1995 event (e.g. Delouis et al.
1997). However, since the azimuth of TSK and TYM from the strike
of these events is 54.8◦ to 78.2◦ (see Table 1), the directivity effect
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648 H. Kanamori et al.

Figure 2. Omori seismograms of the 1922, Atacama, Chile, earthquake recorded at Hongo, Tokyo. (a) Hand-traced seismograms (Matuzawa 1929). The phases
SS, G1, G2, R1 and R2 are indicated. The horizontal arrows attached to the phase names indicate the range of group arrival times corresponding to G waves
(4.2–4.6 km s–1) and Rayleigh waves (3.5–4.1 km s–1). (b) G1 phase and (c) R1 phase recorded on the original smoked paper record, respectively.

Figure 3. Comparison of the Hongo Omori seismogram of the 1922 Atacama, Chile, earthquake (top) with the simulated Omori seismograms computed from
the displacement record of the 2015 Illapel, Chile, earthquake at TSK (middle, Mw = 8.3), and the 1995 Antofagasta, Chile, earthquake at TYM (bottom,
Mw = 8.0). Left-hand panel: NS component (Ts = 40 s, h = 0.6, V = 20). Right-hand panel: EW component (Ts = 40 s, h = 0.6, V = 15).

Table 1. Event-station data. epicentre (latitude, longitude), station (latitute, longitude), distance, azimuth and backazimuth.

Event-station Lat e (◦) Long e (◦) Lat s (◦) Long s (◦) � (◦) φ (◦) φB(◦) Strike (◦)-φ (◦)

1922-Hongo −28.91 −70.87 35.717 139.767 153.3 292.6 84.0 —
1995-TYM −24.17 −70.74 34.975 139.845 151.4 299.2 76.2 54.8
2015-TSK −31.13 −72.09 36.214 140.090 152.82 288.81 87.87 78.2

may not be very large, and this amplitude disparity can be partly
due to the complex propagation effects (focusing, scattering and
attenuation) along the path from Chile to Japan. The 1922 event has
intermediate amplitude ratio of G2 to G1 relative to the 2015 and
1995 events.

To facilitate further comparison between the 1922, 2015 and
1995 events, we band-pass filter the records shown in Fig. 3 with a
passband of 0.002–0.01 Hz, and the results are shown in Fig. 4(a).
In this low-frequency passband, the 1922 waveforms are a factor
of 2.5–5 larger than the 2015 and 1995 signals, respectively, with
the 2015 event being about twice as large as the 1995 event. The
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New constraints on the 1922 Chile earthquake 649

Figure 4. Comparison of the Hongo Omori seismograms of the 1922, 2015 and 1995 Chile earthquakes. (a) Bandpass (0.002–0.01 Hz) filtered records of
the seismograms shown in Fig. 3. (b) Bandpass (0.001–0.005 Hz) filtered records of the NS component seismograms. (c) Bandpass (0.002–0.008 Hz) filtered
records of the EW component seismograms.

peak-to-peak amplitudes of G1, G2, R1 and R2 are summarized
in Table 2. Although the ratio G1/R1 varies considerably among
the three events, the difference between the 1922 and the 2015 is
smaller than that between the 1995 and 2015 megathrust events
(see the red box in Fig. 4a). Given the possible variation of the
path effects and the limited quality of the Omori seismograms, the
overall similarity of the waveforms suggests that the 1922 event
is a similar megathrust event, as suggested by Ruiz & Madariaga
(2018).

Compared with Fig. 3, Fig. 4(a) shows G2 and R2 more clearly on
the 1922, 2015 and 1995 seismograms. The geometrical focusing
and scattering effects are diminished on the longer period passband,
and the differences in G2/G1 and R2/R1 amplitude ratios between
the three events are probably mainly controlled by the difference in
rupture directivity. Fig. 4(b) shows the NS component seismograms
at an even lower frequency band, 0.001–0.005 Hz. At this low-
frequency band, the directivity effect almost disappears, yet we can
still see the difference between the 1995 and 2015 events. Then, the
comparable amplitude of G1 and G2 for the 1922 event despite the
longer rupture length suggests that the 1922 event was most likely a
bilateral rupture. A similar observation can be made for R1 and R2,
as shown in Fig. 4(c). The R2/R1 amplitude ratio of the 1922 event
is intermediate of the 2015 and the 1995 events. This is consistent

with the location of the epicentre (e.g. −28.5◦, −70.0◦ (Gutenberg &
Richter 1954); −28.911◦, −70.87◦ (ISC-GEM catalogue, Storchak
et al. 2015)) relative to the estimated rupture extent (Fig. 1). A
bilateral rupture is uncommon for large megathrust events.

If our calibration of the Omori instruments is correct (see the
next section), the amplitudes of G1 and R1 shown in Fig. 4(a) and
Table 2 indicate that the 1922 event is significantly larger than the
2015 or 1995 event. If we assume that the source durations of these
events are approximately the same, we can estimate the Mw of the
1922 event as listed in Table 3 from the amplitude ratios of G1, R1,
G2 and R2 between the different events shown in Table 2. If we use
the amplitude ratios of G1, which we believe are the most reliable,
the amplitude ratio of 3.0 for the 1922 to the 2015 event translates
to a magnitude difference of 0.32, and the amplitude ratio of
8.5 for the 1922 to the 1995 event, to a magnitude difference of
0.62. This suggests an Mw = 8.62 for the 1922 event. The estimate
of Mw from G1, R1, G2 and R2 phases ranges from 8.29 to 8.84
(Table 3). Although the Hongo Omori seismograms are the best
long-period records we have found so far for the 1922 earthquake,
these estimates are from a single station with some assumptions on
the instrument constants, and considerable uncertainty is inevitable.
For example, since the gain of a mechanical seismograph is approx-
imately proportional to V T 2

s at periods longer than the pendulum
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650 H. Kanamori et al.

Table 2. Peak-to-peak amplitude of SS, G1, R1 and R2 (in cm) on the Hongo, TSK and TYM seismograms.

Event SS1 G11 G12 R12 G22 R22

1922 (MS = 8.3) 17.0 8.71 (3.0, 8.5)3 1.90 (2.6, 4.5)3 0.95 (1.7, 6.3)3 1.4 (6.4, 2.7)3 0.68 (4.0, 4.5)3

2015 (Mw = 8.3) 2.71 2.90 0.73 0.57 0.22 0.17
1995 (Mw = 8.0) 1.13 1.03 0.42 0.15 0.51 0.15

1Unfiltered.
2Band-pass filtered at 0.002–0.01 Hz.
3Two numbers in the parentheses are the amplitude ratios of the 1922–2015, and 1922–1995 events.

Table 3. Mw of the 1922 earthquake estimated from the Hongo Omori
seismograms.

Phase used Mw from 2015 Mw from 1995

G1 (unfiltered) 8.62 8.62
G1 (filtered 0.002–0.01 Hz) 8.58 8.44
R1 (filtered 0.002–0.01 Hz) 8.45 8.53
G2 (filtered 0.002–0.01 Hz) 8.84 8.29
R2 (filtered 0.002–0.01 Hz) 8.70 8.44

period Ts, if we use Ts = 50 s instead of Ts = 40 s, then the gain
would be 56 per cent higher, leading to a difference of −0.13 in
estimated Mw. The uncertainty in the static magnification, V, may
also have to be included. Thus, although we believe that Ts = 40 s
and ε = 0.6 used for computation of the simulated records are
reasonable, considerable uncertainty is inevitable.

Furthermore, the assumption that the source durations of these
events are approximately the same may not be valid, especially
if Mw of the 1922 event is much larger than we thought. Thus,
the estimates of Mw listed in Table 3 should be considered only
tentative. Fortunately, well-calibrated Wiechert seismograms for the
1922 Atacama earthquake recorded at the Uppsala Observatory,
Sweden, can be used to determine the effective gain of the Hongo
Omori seismograms. We will discuss this later after we investigate
the Uppsala Wiechert records.

3 C A L I B R AT I O N

For quantitative investigations, instrumental calibration is critically
important, but it is in general very difficult for old seismograms, es-
pecially for Omori seismographs because of the absence of specific
damping device. We need to know three constants, the pendulum
period, Ts, damping constant, h, and the static magnification, V
(Richter 1958, p. 219). Without calibration signals on the record,
we cannot determine these constants accurately. Although we can
see a transient signal on the NS component that looks like a cali-
bration pulse, the details of the calibration method used could not
be found. Thus, we try to estimate the instrument constants using
the recorded G1 waveform as follows, but we also use the cali-
bration pulse and the Wiechert seismograms recorded at Uppsala,
Sweden, to make sure that our calibration is approximately correct.
We describe the details in the Appendix.

Since the static magnification is essentially determined by the
physical setup of the seismograph, it is generally stable. Thus, we
use the values listed on the ERI data sheets. However, the pendulum
period can change significantly due to a slight tilt of the instrument,
especially with very long period horizontal seismographs like the
ones used here. The damping of the Omori seismograph is due
to air and solid friction, but no standard method is available to
estimate the effective damping. Kanamori et al. (2010) compared
the waveforms of P, S, and surface waves between the observed and

simulated Omori seismograms of the 1907 Sumatra earthquake, and
decided that a damping constant h = 0.2 is appropriate for the waves
at about 10–20 s. Fig. 5a compares the G1 waveform of the 1922
seismogram with those simulated from the displacement record of
the 2015 event with various h. The computed G1 waveforms with
h = 0.1 and 0.2 have too much reverberation compared with the
observed G1 waveform. The ones with h = 0.6 and 0.8 match the
observed waveform better. Because of the limited quality of the
data, this comparison is only qualitative, but is good enough to
suggest that despite the absence of damping device, the effective
damping of the Omori seismograph is fairly large at long period.

Now, we compare the spectrum of the 1922 G1 waveform with

the 2015 G1 waveform in more detail. Let S(f), D(f), I(f), ˆ̇M0( f )
and T(f) be, respectively, the frequency spectrum of the seismogram,
displacement spectrum, the Omori instrument response, the moment
rate spectrum, and the transfer function from the source to station,
and the subscripts 22 and 15 indicate the 1922 and 2015 events.

Then, S22( f ) = I ( f )D22( f ) = I ( f )T ( f ) ˆ̇M0,22( f ) and D15( f ) =
T ( f ) ˆ̇M0,15( f ). Here we assume that the transfer function is common
to the 1922 and the 2015 events. Then,

|S22( f )/D15( f )| = |I (f )|| ˆ̇M0,22( f )/ ˆ̇M0,15( f )| (1)

If we further assume that | ˆ̇M0,22( f )/ ˆ̇M0,15( f )| ≈ M0,22/M0,15

(i.e. the source spectra of the 1922 and 2015 events are similar
over the frequency band of our interest, 0.005–0.03 Hz), we can
approximately estimate the pendulum period, Ts, and the damping
constant h by matching the shape of |S22( f )/D15( f )| and |I ( f )|.
The form of I (f) is constrained to be that of a mechanical instrument
with Ts and h. We do not use the absolute amplitude but only the
overall shape of the response curve.

If we assume, instead of | ˆ̇M0,22( f )/ ˆ̇M0,15( f )| ≈ M0,22/M0,15, that
the source spectrum follows the ω-squared spectrum with the corner
frequencies fc ,15 and fc ,22 for the 2015 and the 1922 event, eq. (1)
should be modified to

|S22( f )/D15( f )|/|C(f )| = |I (f )|| ˆ̇M0,22( f )/ ˆ̇M0,15( f )|, (2)

where

|C( f )| =
(

fc,22

fc,15

)2 1 + ( fc,15/ f )2

1 + ( fc,22/ f )2
(3)

can be regarded as a correction term for the left-hand side of eq.
(1).

Fig. 5(b) compares the spectral ratio computed from the 1922
Omori seismogram and the displacement record of the 2015 event
with |I (f )| computed for a mechanical seismograph with various
Ts and h. On Fig. 5(b), both uncorrected ratio (eq. 1) and the cor-
rected ratio (eq. 2) are shown for comparison. For computing the
correction term (3), we need to know the corner frequencies of the
2015 and the 1922 events. For computing the correction term, we
use fc ,15 = 0.0064 Hz and fc ,22 = 0.0037 Hz for the 2015 and 1922
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New constraints on the 1922 Chile earthquake 651

Figure 5. (a) Comparison of G1 phase of the 1922 event (top panel), with the simulated Omori seismograms computed from the 2015 event. The damping
constant h is varied from 0.1 to 0.8. (b) Spectral ratio of the 1922 Omori seismogram to the 2015 displacement record. Black: smoothed ratio. Red: Smoothed
ratio corrected for the difference in the corner frequency. The linear trend is indicated by a broken red line. (c) Response curves for four pendulum periods,
Ts, 60 s, 50 s, 40 s and 30 s. For each period, the response curves are computed for h = 0.1, 0.2, 0.4, 0.6 and 0.8 (from top to the bottom of each group). The
broken red line indicates the overall trend of the observed ratio.

Figure 6. (a) The Omori seismogram (SN component) of the 1922 Atacama, Chile, earthquake recorded at Mizusawa (MIZ). Red arrows indicate subtle kinks
of the trace possibly caused by solid friction. (b) Digitized trace of (a) low-pass filtered at 0.03 Hz. The peak-to-peak (PP) amplitude is about 1.5 cm. (c)
Simulated Omori seismograms computed from the 2015 event. The natural period is 37 s and the damping constant h is varied from 0.2 to 0.8. (d) Similar to
(c) but the natural period is set at 20 s.
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652 H. Kanamori et al.

Figure 7. (a) Wiechert seismograms (NS and EW component) of the 1922 Atacama, Chile, earthquake recorded at Uppsala (UPP), Sweden. (b) Comparison
of the Wiechert seismograms of the 1922 earthquake recorded at Strasbourg (STR) and UPP. Note the absence of a wave train with 30–45 s period on the STR
record.

events, respectively. Although we do not know the corner frequency
for the 1922 event, the point here is to show that the correction term
is not important for our present purpose. All the curves are matched
at a frequency of 0.01 Hz, and we only compare the general trend,
given by the broken red line over a frequency band from 0.005 to
0.03 Hz. The response curves for Ts = 60 and 50 s cannot match the
overall trend of |I ( f )|. The response curves for the cases (Ts = 40 s,
h = 0.6) and (Ts = 30 s, h = 0.6 and 0.8) can match better the overall
trend of |I ( f )|. The inevitable uncertainty in the response translates
to the uncertainty in the moment estimate.

We use Ts = 40 s, h = 0.6 and V = 20 for the NS component of
the Omori seismogram. Since we do not have a distinct phase like
G1 on the EW component, we cannot perform this analysis for the
EW component, and we use Ts = 40 s, h = 0.6 and V = 15 for the
EW component. The simulated seismograms shown in Figs 3 and 4
are computed with these response parameters.

4 M I Z U S AWA O M O R I S E I S M O G R A M S

The 1922 event was also recorded with Omori Seismographs at
Mizusawa (MIZ, 39.130◦, 141.130◦) Japan. A long-period G wave
was clearly recorded on the NS component seismogram (Figs 6a
and b). The nominal instrument constants are as follows (Interna-
tional Latitude Observatory at Mizusawa, Seismological Observa-
tions 1984, pp. 379).

Omori Seismograph NS component: Ts = 37 s, V = 20,
Mass = 17.6 kg, paper speed 25.4 mm min–1

We perform a similar analysis to that applied to the Hongo seis-
mogram. We use the broad-band record of the 2015 Illapel earth-
quake recorded at an F-net station Kesen-numa (KSN, 38.976◦,
141.530◦, 260 m). No broadband records are available for the 1995
Antofagasta earthquake from this station.

Figs 6(a), (b) and (c) compare the observed waveform with the
simulated seismograms computed with Ts = 37 s and damping
constant h from 0.2 to 0.8. Unfortunately, a close examination of
Fig. 6(a) reveals some distortion of the waveform with a few minor
kinks which could be due to solid friction. As a result, the observed
waveform is slightly longer period than any of the simulated wave-
forms. Because of this difficulty, we cannot estimate Ts. Considering

the possibility that Ts was a little shorter than nominal value listed in
the station bulletin, Fig. 6(d) compares the observed waveform with
the simulated waveforms computed with Ts = 20 s with varying h.
For both Ts = 37 s and Ts = 20 s cases, the simulated waveforms
with h = 0.6 and 0.8 match the observed waveform better. The
amplitude ratios of observed/simulated are 0.48, 0.58, 1.7 and 1.9
for (Ts = 37 s, h = 0.6), (Ts = 37 s, h = 0.8), (Ts = 20 s, h = 0.6)
and (Ts = 20 s, h = 0.8), respectively. Given Mw = 8.3 for the 2015
Illapel earthquake, these ratios suggest an Mw = 8.1 to 8.5 for the
1922 event, but because of the somewhat distorted waveform of the
Mizusawa Omori seismogram (Fig. 6), this estimate is less reliable
than that estimated from G1 of the Hongo Omori seismogram.

5 U P P S A L A ( U P P ) A N D S T R A S B O U RG
( S T R ) W I E C H E RT S E I S M O G R A M S

Motivated by Okal’s (1992) spectral results we investigate the Up-
psala Wiechert seismograms of the 1922 event kindly made avail-
able to us by the Uppsala Observatory (59.858◦, 17.623◦), Sweden,
(www.snsn.se/network, doi: 10.18159/SNSN).

Fig. 7(a) shows the NS and EW components of the UPP Wiechert
seismograms which include the main part of G1 and R1, respec-
tively. Because the Wiechert seismographs are much shorter period
than the Omori seismographs, we do not see clear long-period G1
and R1 on these records. However, because of the instrument damp-
ing, the response of the Wiechert seismographs is better defined. In
particular, the response of the Wiechert seismographs at UPP were
kept constant (e.g. Kulhanek & Wahlstrøm 1996). Here we use the
constants given by Charlier & Van Gils (1953): NS Ts = 9.5 s,
ε = 3.5, V = 183; EW Ts = 8.7 s. ε = 3.5, V = 186. We digitized
these records after correcting for the curvature and slant (Cedek
1987). As shown in Fig. 7(a), the slant of the EW record is very
large and may inevitably introduce long-period noise.

We use essentially the same method as that used for the analysis
of the Hongo Omori records. We simulated Wiechert seismograms
at UPP for the 2015 Illapel, Chile, earthquake using the broadband
records from Uppsala (Böðvarsson & Lund 2003). For the 1995
Antofagasta, Chile, earthquake, since the records at UPP are not
available, we use the broadband records from the station KONO.
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New constraints on the 1922 Chile earthquake 653

Figure 8. Comparison of the UPP Wiechert seismograms of the 1922, 2015 and 1995 Chile earthquakes. Red vertical lines indicate the group arrival time of
G1 with U = 4.4 km s–1, and blue vertical lines indicate the group arrival time of R1 with U = 3.8 km s–1. (a) Left-hand panel: unfiltered records of the NS
component. Right-hand panel: bandpass-filtered (0.002–0.01 Hz) records. (b) Similar to (a) for the EW component.

Table 4. Event-station data. epicentre (latitude, longitude), station (latitute, longitude), distance, azimuth and backazimuth.

Event-Station Lat e (◦) Long e (◦) Lat s (◦) Long s (◦) � (◦) φ (◦) φB(◦)

1922-UPP −28.91 −70.87 59.858 17.623 113.80 33.47 253.32
1995-KONO −24.17 −70.74 59.649 9.598 104.85 31.14 249,41
2015-UPP −31.13 −72.09 59.858 17.623 116.39 34.29 252.32
1922-STR −28.91 −70.87 48.584 7.766 104.28 42.32 242.66

Figs 8(a) and (b) compare the 1922, 2015 and 1995 events. Table 4
lists the relevant event-station data. The traces on the left figures are
unfiltered records, and those on the right figures are the band-pass
filtered (from 0.002 to 0.01 Hz) records. Although the unfiltered
traces show that the 1922 event is considerably larger than the 2015
and the 1995 event, no distinct phases can be identified. However,
on the filtered traces, G1 on the NS component, and R1 on the EW

component can be clearly seen at approximately the correct group
arrival times (red and blue vertical lines indicate the group arrival
times for 4.4 and 3.8 km s–1, respectively). However, the peak-to-
peak (PP) amplitudes on the bandpass filtered records are less than
a few mm, probably close to the resolution limit. In particular, the
R1 on the EW component is noisy and may not be reliable. Another
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654 H. Kanamori et al.

Table 5. Peak-to-peak amplitude (in mm) of G1 (on NS), and R1 (on EW)
at UPP.

Event G1 (NS)1 R1(EW)1

1922 (MS = 8.3) 5.54 (1.9, 2.9)2 2.19 (1.4, 4.6)2

2015 (Mw = 8.3) 2.88 1.61
1995 (Mw = 8.0) 1.89 0.474

1Bandpass filtered at 0.002–0.01 Hz.
2Two numbers in the parentheses are the amplitude ratios of the 1922–2015,
and 1922–1995 events.

question is the effect of solid friction at long period (e.g. 100 s)
which may diminish the amplitude.

The most conspicuous features of the unfiltered records of both
G1 and R1 (Figs 7a and b) are the large amplitude short-period (30–
45 s) waves of the 1922 record which are absent for the other 2 events
(Figs 8a and b). On the bandpass filtered records, the waveforms
are similar, and the amplitude ratio can be a more reliable measure
of the difference in the moment. Table 5 summarizes the amplitude
ratios of G1 and R1. These ratios are slightly smaller than those
obtained from the Hongo Omori records (Table 2), but given the
uncertainties in the response and noise, the result is by and large
consistent with that from the Hongo records.

The large amplitude wave train with periods from 30 to 45 s on the
UPP records of the 1922 event is probably due to focusing effects
and is not due to source effects. For comparison, on Fig. 7(b), we
show a Wiechert seismogram of the 1922 event recorded at Stras-
bourg (STR, � = 104.281◦; φ = 42.321◦). Even if the distance and
azimuth differences between UPP and STR are only 9.6◦ and 10◦,
respectively, we do not see this large wave train on the STR record.
For further comparison, Fig. 9(a) shows the spectrum of the NS
component of the 1922 Omori seismogram at Hongo, the spectrum
of the simulated Omori seismogram for the 2015 event at TSK, and
the 1922/2015 spectral ratio. Fig. 9(b) shows similar spectra and
the ratio for the UPP Wiechert records. A prominent peak at about
45 s for the UPP record is evident, but no such peak is visible for
the Hongo Omori record. Thus, in general, we should not use the
waves at period shorter than 50 s for moment estimation. Judging
from the response of the Omori seismograph and the Wiechert seis-
mograph, we believe that the amplitude measurements are reliable
at the period of about 100 s, and 100–150 s on the Wiechert and
Omori seismograms, respectively.

So far we have compared the amplitudes on the time-domain;
here we combine the spectral measurements of the most reliable
records, the Hongo G1 and UPP G1. Fig. 9 shows that, if our cali-
bration is correct, the 1922/2015 Hongo Omori spectral ratio varies
from 2.2 to 2.5 over a period of 100–150 s, and the 1922/2015
UPP Wiechert spectral ratio is about 1.9 at a period of about 100s.
Fig. 10 shows these ratios together with the omega-squared moment-
rate spectrum of Mw = 8.6, 8.75 and 8.9 events normalized by that
of an Mw = 8.3 event. In this computation the corner frequency is
given by fc = 1/(π tc) where tc = 2.6x10−5 M1/3

0 (M0 in Nm, Duputel
et al. 2013). We intend to make two points with this comparison.
First, since the calibration of the UPP Wiechert seismogram is re-
liable at 100 s, the good agreement between the spectral ratios
from Hongo and UPP suggests that the calibration we made for
the Omori seismogram with somewhat incomplete information and
some assumptions is approximately correct. Secondly, as we sug-
gested from the time-domain amplitude ratios, the 1922 event is
significantly larger than the 2015 event (Mw = 8.3), but is not much
larger than Mw = 8.7 because the observed ratios fall in between
the curves for Mw = 8.6 and Mw = 8.75.

6 Z i - k a - w e i W I E C H E RT S E I S M O G R A M

Another useful record of the 1922 event is R1 phase recorded
on a Wiechert seismogram at Zi-ka-wei (ZIK, 31.200◦, 121.433◦),
China, shown in Fig. 11. The instrument constants for the period
from 6/22/1922 to 1/2/1923 are given in the station bulletin as EW
Ts = 10.0 s, ε = 3.5, V = 151, and the recording paper speed
is 15 mm min–1. It is rare to see long-period waves on Wiechert
seismograms with a relatively short pendulum period, 10 s.

Fig. 11(a) shows a long-period wave train (Red) on the EW com-
ponent of the Zi-ka-wei seismogram. Fig. 11(b) shows the trace dig-
itized from the original trace and a simulated Wiechert seismogram
computed from the 2015 Illapel earthquake seismogram recorded at
station Sheshan (SSE, 31.095◦, 121.191◦, 40 m). Fig. 11(c) shows
the same records after a bandpass filter (0.002–0.01 Hz) has been
applied. The vertical blue lines indicate the group arrival times for
3.8 km s–1 for R1 and R2. On the unfiltered record (Fig. 11b) the
similarity between the 1922 and 2015 records is poor. However, we
can see some correspondence between the observed and simulated
records, though the waveforms are somewhat different. However,
since we seldom see long-period waves on 10 s Wiechert seismo-
grams, we are not sure how good the Wiechert seismograph with
a 10 s pendulum with a smoked paper drum is for recording very
long-period waves. The overall amplitude of the observed record
is approximately twice that of the simulated record (Table 6), but
because of the mismatch of the waveform between the observed
and simulated seismograms, we cannot make a definitive conclu-
sion except that the 1922 event is probably considerably larger than
the 2015 event.

7 P - WAV E O B S E RVAT I O N AT D E B I LT

Beck et al. (1998) demonstrated that the P wave of the 1922 event on
the vertical component of a Galitzin seismogram at De Bilt (DBN) is
much larger and more complex than that of the 1943 event (fig. 4 of
Beck et al. 1998). Since the vertical component record on the DBN
seismogram is difficult to trace because of the large amplitude, we
compare the horizontal component records in Fig. 12. Qualitatively,
Fig. 12 is consistent with Beck et al.’s fig. 4. Fig. 12 also shows
the P wave of the 1995 and 2015 events. Since the distance range,
100◦ to 107◦, brackets the beginning of the core shadow zone, the
amplitude behavior can be complicated; thus we do not compare
the absolute amplitude, and compare only the overall character of
the P waveforms.

The comparison of the 1922 and the 1943 events is consistent
with Beck et al.’s observation. However, the duration of the 1995
event which is presumably much smaller than the 1922 event is
comparable to that of the 1922 event. Also, the P-wave train of
the 2015 event is of much shorter period and the duration is much
shorter than either the 1922 or 1943 event. For the 1995 and the
2015 events, the duration of the moment rate function has been es-
timated from long-period waves and body wave slip inversion. The
GCMT solutions list tc (centroid time minus hypocentre time) = 50
and 33.4 s for the 2015 and the 1995 event, respectively. In general,
2tc can be taken as the source duration (Duputel et al. 2013). As
shown on Fig. 12, the duration of the P wave train does not neces-
sarily indicate the source duration and the overall size of the events.
Nevertheless, the variability of the duration and complexity of the
P waveforms is interesting because it suggests that these events are
significantly different in the radiation of short-period energy.
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Figure 9. (a) Top panel: spectrum of the NS component of the 1922 Hongo Omori seismogram (unit: m s). Middle: The NS component Omori seismogram of
the 2015 event simulated from a broadband record at TSK (unit: m s). Bottom panel: the spectral ratio (top)/(middle). The red curve shows a smoothed ratio.
(b) Similar to (a) computed for the UPP Wiechert seismograms.

8 S U R FA C E - WAV E M A G N I T U D E

Although surface-wave magnitude, MS, is not widely used in mod-
ern earthquake seismology, it is a useful observed parameter for
comparing historical events with recent events. However, because
of the complex path effects, the azimuthal variation of MS is often
very large (larger than 1.5 MS unit), and it is important to consider
MS values spanning a wide azimuthal range rather than just con-
sidering the average value. Fortunately, Gutenberg documented his
MS measurements from many stations in his notepad (Goodstein
et al. 1980) used for Gutenberg & Richter (1954). Fig. 13 compares
Gutenberg’s MS values for the 1922 event with those for the 1995
and 2015 events we determine from the global data. We use the
vertical component records and the IASPEI formula (Vanek et al.
1962). Although the formula used by Gutenberg and the Vanek
et al.’s formula yield a slightly different numerical MS value, given
the ambiguities involved in the definition of the horizontal com-
ponent, the presence of Love waves, the period measurements, we
ignore it because the difference is probably smaller than the un-
certainty in the individual measurement (Geller & Kanamori 1977;
Lienkaemper 1984). The average and median values of MS are both

7.8 for the 2015 event, and 7.6 and 7.5 for the 1995 event. The MS

values for the 1922 event are consistently larger than either the 1995
or 2015 event. In general, for most large events with MS ≥ 8, Mw is
larger than MS (Fig. 14). Since MS = 8.3 (Abe 1981), the Mw of the
1922 event is most likely larger than 8.5, and Mw = 8.6 estimated
from the Hongo Omori seismogram is reasonable.

9 D I S C U S S I O N A N D C O N C LU S I O N

Interpretation of old seismograms, especially Omori seismograms
without damping, is difficult because of the uncertainties in the in-
strument constants, and possible instrumental defects. Among all
the records we used, the Hongo Omori seismograms are proba-
bly most reliable. From Table 3, the Mw estimates from G1 and
R1 phases from the Hongo Omori seismograms range from 8.29
to 8.84. This range is consistent with the value inferred from the
surface-wave magnitude MS = 8.3 (Fig. 13) and the MS versus Mw

relation shown in Fig. 14. With a small number of old seismograms
with uncertain instrumental characteristics, it is difficult to give an
accurate estimate of Mw, but we believe that a reasonable range is
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656 H. Kanamori et al.

Figure 10. The ratio of the omega-squared moment rate spectrum for Mw = 8.9 to 8.3, Mw = 8.75 to 8.3. and Mw = 8.6 to 8.3, and the observed spectral
amplitude ratio of the 1922 record to the simulated 2015 record at Hongo (red) and UPP (blue). The observed 1922/2015 spectral ratio at UPP is 1.9 at 100 s,
and that at Hongo is 2.2–2.5 over a period of 100–150 s.

Figure 11. (a) The Wiechert seismogram (EW component) of the 1922 Atacama earthquake recorded at Zi-ka-wei (ZIK). The trace highlighted by red is R1.
(b) Top panel: digitized trace of (a). Bottom panel: simulated Wiechert seismogram computed from the broadband seismogram of the 2015 Illapel earthquake
recorded at station Sheshan (SSE). Both records are low-pass filtered at 0.03 Hz. The peak-to-peak amplitude of R1 on the 1922 record is 1.2 cm. (c) The same
records as shown in (b), but bandpass filtered at 0.002−0.01 Hz.

Table 6. Peak-to-peak amplitude (in mm) of R1 and R2 at Zi-ka-wei.

Event R1 (EW)1 R2(EW)1

1922 (MS = 8.3) 5.67 (1.5)2 5.57 (2.2)2

2015 (Mw = 8.3) 3.87 2.51

1Bandpass filtered at 0.002–0.01 Hz.
2The number in the parentheses is the amplitude ratio of the 1922–2015
events.

8.6 ± 0.25. The tsunami associated with the 1922 Atacama earth-
quake was large and Abe (1979) gave a tsunami magnitude Mt = 8.7.
Since Mt is adjusted to be comparable to Mw on average, the approx-
imate agreement between Mt and Mw for the 1922 event indicates
that it was most likely a typical megathrust earthquake rather than
an unusual tsunami earthquake. Carvajal et al. (2017a) estimated
Mw = 8.5–8.6 based on comparison of tsunami amplitudes in Japan
calibrated for recent South American events. Okal (1992) obtained
Mm = 8.56–8.61. Mw = 8.6 ± 0.25 is also compatible with the es-
timate of rupture length being 300–450 km from Kelleher (1972),
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New constraints on the 1922 Chile earthquake 657

Figure 12. Comparison of P wave of the 1922 (Atacama), the 1943 (Illapel), the 1995 (Antofagasta) and the 2015 (Illapel) earthquakes. The 1922 and the
1943 earthquakes were recorded with the Galitzin seismograph at De Bilt, and the 1995 and the 2015 events were recorded at Black Forest (BFO). The 1995
and the 2015 seismograms are simulated from the broadband seismograms.

Figure 13. Surface-wave magnitude, MS, of the 1922 Atacama, the 1995 Antofagasta and the 2015 Illapell earthquakes. MS for the 1995 and the 2015 events
are computed from the vertical component records using the IASPEI formula. MS values for the 1922 event are from Gutenberg’s notepad.

who used S-P data from La Paz to constrain the aftershock distribu-
tion, along with the observations of coastal uplift, shaking damage
and tsunami run-up from Willis (1929). Reports of delayed arrival
of the tsunami relative to the shaking by 2 hr in Coquimbo and 1
hr at Chañaral (Soloviev & Go 1975) tend to support the shorter

length, at least for slip offshore. Kanamori (1977) inferred Mw 8.5
from Kelleher’s (1972) rupture area.

Our preferred estimate of Mw for the 1922 Atacama event is
larger than the Mw of the 2015 Illapel and the 1995 Antofagasta
earthquakes, which is consistent with the larger rupture dimension
of the 1922 event estimated by Gutenberg (1924) and Kelleher
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658 H. Kanamori et al.

Figure 14. Comparison of MS and Mw of Mw ≥ 8 megathrust earthquakes. MS values are from the NEIC catalogue and Mw values are from the GCMT
catalogue except for the 2004 Sumatra earthquake. Mw = 9.2 used for the Sumatra earthquake is the average of commonly used values. The estimated Mw for
the 1922 event is shown by an open circle with the estimated uncertainty. The MS value for the 1922 event is from Abe (1981).

(1972). However, the P waves from the 1922, 1943 (Illapel), 1995
and 2015 events suggest that the slip zones are spatially complex,
and depending on how the rupture is initiated, the overall rupture be-
havior may vary from one sequence to another. Such variability has
been seen for the rupture sequences along the Ecuador-Colombia
subduction-zone (e.g. Kanamori & McNally 1982) and the Nankai
subduction zone in Japan (e.g. Imamura 1928; Ando 1975).

Recent GPS results indicate that the 1922 rupture zone is ac-
cumulating slip deficit with some along-strike patchiness (Métois
et al. 2016). Several large-slip patches may have failed in 1922
based on the P wave analysis of Beck et al. (1998). The northern
region of the 1922 rupture zone from 26◦ S to 27◦ S has experi-
enced relatively frequent large ruptures in 1796 (M ∼7.5), 1819 (M
∼8.5), 1859 (M ∼7.5), 1918 (M ∼7–7.5), 1922 and 1983 (Mw 7.6),
while the southern region from 27◦ S to 29.5◦ S appears to have
ruptured only in 1819 and 1922 (Comte et al. 2002; Lomnitz 2004;
Ruiz & Madariaga 2018, Fig. 1). Modeling of the rupture extent of
the 1730 event to the south, along Valparaı́so, indicates that there
may be no overlap with the 1922 rupture (Carvajal et al. 2017b).
Beck et al. (1998) infer that the 1796/1819 and 1918/1922 event
pairs are the primary plate boundary ruptures, with the inter-event
time suggesting substantial strain accumulation of the 1922 zone
is likely, particularly in the region south of the 1983 rupture. The
confirmation of the large Mw for the 1922 event provided here rein-
forces the high seismic hazard of the Atacama segment of the plate
boundary.ACKNOWLEDGEMENTS
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A P P E N D I X : C A L I B R AT I O N O F T H E
H O N G O O M O R I S E I S M O G R A P H

The calibration data of the Hongo Omori seismograph that we used
are briefly given in ‘Miscellaneous Notes’, now archived at the
National Museum of Nature and Science, Tsukuba, Japan. The date
given to this material is May, 1920 but it includes the information
before and after this date. This document has more than 100 pages

of hand-written notes mainly in Japanese; some may be by Professor
Fusakichi Omori.

Following is the summary for the period prior to November 1923.

Period 1903.3.2–1917.6.13
EW component V = 15, Ts = 61–63.7 s
NS component V = 20, Ts = 29.93–60.0 s
Period 1917.6.13–1922.10.6 no reports
1922.10.6
EW component V = 10
NS component V = 20
Period 1922.10.6–1923.11.19 (after the 1923 Kanto earthquake)

no reports

Thus, unfortunately, the response at the time of the 1922 event
was not well documented.

On the NS component record of the date of the 1922 event, we can
see a waveform which looks like a calibration pulse, shown in Fig.
A1. Although no details could be found, the waveform looks like the
one for Wiechert seismogram shown by Gutenberg (1923) and in
the Observatory Manual of the Central Meteorological Agency pub-
lished in 1936. The calibration pulse of the Wiechert seismograph
(Fig. A2) is the response of the seismograph when a small mass p
(left-hand panel, Fig. A2) is placed off-centre on the seismograph
weight, and is removed a few minutes later. Thus, the transient re-
sponse in the beginning and at the end correspond to the response
to a step function in force with the polarity reversed.

Comparison of Figs A1 and A2 suggests that Fig. A1 shows
the response of the Omori seismograph to a step function in force.
However, we can see several problems: (1) The transient response
in the beginning and at the end are different. (2) the damping seems
to be stronger at the end. Since the signal in the beginning seems to
be overdriven and non-linear, we investigate the transient signal at
the end (in the blue box).

The response of a mechanical seismograph with a pendulum
period Ts and damping constant h to a step function in force is
proportional to

r (t) = 1 − exp(−hωs t)

[
h√

1 − h2
sin

(√
1 − h2ωs t

)

+ cos
(√

1 − h2ωs t
)]

,

where ωs = 2π

Ts
.

Fig. A3 shows the response functions for Ts = 40, 50 and 60 s,
and h = 0.3, 0.4, 0.5 and 0.6. Although none of them matches
the observed response shown in Fig. A1 completely, it is evident
that h = 0.3 and 0.4 are inadequate because they give too many
oscillations. Also, the Ts = 60 s case yields too long-period oscilla-
tions. The real response can be approximated by a combination of
Ts = 50 s, and 40 s and h = 0.5 and 0.6. Thus, given all the uncer-
tainties resulting from the calibration method and the possible solid
friction, we consider that the choice we made in section 3 (Ts = 40 s
and h = 0.6) with a completely different method is satisfactory.
Unfortunately, since the magnitude of the force used for calibration
is unknown, we cannot estimate the static magnification.
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Figure A1. Calibration pulse on the NS component of the Omori seismogram of 11 November 1922 at Hongo.

Figure A2. Schematic figure illustrating the calibration of a Wiechert seismograph (left-hand panel) and the calibration pulse (right-hand panel), (Gutenberg
1923).

Figure A3. Response (to a step function in force) of mechanical seismographs for various Ts (pendulum period) and h (damping constant).
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