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A long source area of the 1906
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from observed tsunami waveforms
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Abstract

The 1906 Colombia—Ecuador earthquake induced both strong seismic motions and a tsunami, the most destruc-

tive earthquake in the history of the Colombia—Ecuador subduction zone. The tsunami propagated across the Pacific
Ocean, and its waveforms were observed at tide gauge stations in countries including Panama, Japan, and the

USA. This study conducted slip inverse analysis for the 1906 earthquake using these waveforms. A digital dataset of
observed tsunami waveforms at the Naos Island (Panama) and Honolulu (USA) tide gauge stations, where the tsunami
was clearly observed, was first produced by consulting documents. Next, the two waveforms were applied in an
inverse analysis as the target waveform. The results of this analysis indicated that the moment magnitude of the 1906
earthquake ranged from 8.3 to 8.6. Moreover, the dominant slip occurred in the northern part of the assumed source
region near the coast of Colombia, where little significant seismicity has occurred, rather than in the southern part.
The results also indicated that the source area, with significant slip, covered a long distance, including the southern,

central, and northern parts of the region.
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Introduction

The Colombia—Ecuador subduction zone is one of many
active global subduction zones from which large earth-
quakes can be generated. Past earthquakes with moment
magnitudes (M,,) of more than 7.0 occurred in this
region in 1906, 1942, 1958, 1979, and 2016 (Duda 1965;
Kanamori 1977; Mendoza and Dewey 1984; Sennson and
Beck 1996; Ye et al. 2016; Heidarzadeh et al. 2017). The
earthquake properties of these events have been investi-
gated by many previous studies; the most destructive (or
largest) earthquake is considered to be the 1906 event,
which had a magnitude greater than 8.0 (Gutenberg
and Richter 1954; Scholz and Campos 2012). However,
estimation of the detailed source process was limited
because there were few quantitative datasets to specify it.
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and indicate if changes were made.

Inverse analysis of an earthquake slip distribution
using observed tsunami waveforms has sometimes been
conducted in cases where an earthquake triggered a tsu-
nami (Tanioka et al. 2004). Because the 1906 earthquake
induced not only strong seismic motion around the
source region, but also a tsunami, sea surface fluctuations
were observed by local eyewitnesses and by tide gages in
some countries that faced the Pacific Ocean (Honda et al.
1908; Soloviev and Go 1975). Source models for the 1906
earthquake have been assumed/estimated by recent stud-
ies (Mayorga and Sanchez 2016; Yoshimoto et al. 2017).
In particular, a nonuniform slip distribution of the earth-
quake was estimated by Yoshimoto et al. (2017), who
conducted a slip inverse analysis using some tsunami
waveforms observed at tide gauge stations. However,
they excluded the tsunami waveforms observed at Naos
Island (Panama) from their analysis, even though the tsu-
nami was clearly observed there. The waveforms of Naos
Island, located close to the source region, should be cor-
rectly considered in the inverse analysis because more
beneficial information should be contained in waveforms
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obtained nearer to the observation site. Furthermore,
although their source model was able to reproduce the
tsunami waveforms observed in Honolulu (USA), the
consistency of the model with previous studies had not
been confirmed.

Therefore, the primary objective of this study was to
estimate the slip distribution of the 1906 Colombia—
Ecuador earthquake more accurately using the tsunami
waveform data observed at appropriate tide gage stations
and to compare this analysis with the results of previous
studies including Yoshimoto et al. (2017) and the seismic
history of the Ecuador—Colombia subduction zone.

Data and methods

Some tide gauge records, including tsunami fluctua-
tions, were obtained from sites near and far from the
source region, such as in Panama, Japan, and the USA.
For example, tide gauge stations at Honolulu captured
the tsunami with heights of several tens of centimeters
(National Geophysical Data Center/World Data Ser-
vice). However, the details of the tsunami arrival and
fluctuations at some of these tide gauge stations were
not clearly visible because chaotic waveforms with noise
comparable to the observed wave height were mixed
into the observed waveforms. Thus, we decided to use
only the tide gauge data from Honolulu and Naos Island
(Fig. 1), where the tsunami was clearly visible in the data,
as transcribed by Honda et al. (1908) and Soloviev and
Go (1975).

First, these tsunami waveforms were estimated from
the brightness matrix of images obtained through the
digitization and pixelization of the documents of Honda
et al. (1908) and Soloviev and Go (1975). The time reso-
lutions of the estimated data from Honolulu and Naos
Island were expected to be 1.9 and 1.6 min, respectively,
and height resolutions were expected to be 0.8 and
1.5 cm, respectively, in view of the relationship between
the data scale and pixel resolution of the matrix. Time
series datasets with an interval of 0.5 min were made
based on the estimated data. Fourier analysis with a band
pass filter of 10-120 min was applied to the datasets at
both stations to estimate the water surface elevation
change due to the tsunami. The waveforms estimated
through the above process were then determined to be
the observed waveforms of the tsunami.

The inverse analysis of this study estimated the con-
strained slip distribution in space using a smoothing fac-
tor, as described in Tanioka et al. (2004). The intensity
of the smoothing factor for the analysis was determined
with a trial-and-error step. Furthermore, the weight
coefficients between the data at the Honolulu and Naos
Island stations were set to 1.5 and 1 for the analysis
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because the observed tsunami height at Honolulu was
significantly smaller than that at Naos Island.

The earthquake was first assumed to consist of
45 subfault zones (each with a length and width of
50 km) that covered the entire source area, as sug-
gested by Kelleher (1972) (Fig. 1). Strike/dip angles
and the depth of each subfault were assumed based on
slab depths and their coordinates (Bird 2003; Hayes
et al. 2012). A rake angle was assumed and fixed for
all subfaults based on a subducting angle to the trench
(Chlieh et al. 2014). The vertical displacement of the
ocean floor due to each subfault was first estimated
based on Okada (1985), and sea surface deformation
was assumed to be equal to that displacement. Fur-
thermore, the effect of horizontal displacement within
the bathymetry on the sea surface deformation was
considered based on Tanioka and Satake (1996) using
computation bathymetry data with a 90 arc-s spatial
resolution obtained by resampling the General Bathy-
metric Chart of the Oceans data with a 30 arc-s reso-
lution (Smith and Sandwell 1997; Becker et al. 2009).
The propagation of each sea surface deformation gen-
erated by each subfault was then simulated with a time
step of 5 s to specify the tsunami waveforms at each
tide gauge station. The occurrence time of the earth-
quake was assumed to be 15:30 (UTC) on January 31,
1906, based on Soloviev and Go (1975), and the rup-
ture/rise times of the earthquake were not taken into
consideration. For the Honolulu and Naos Island sta-
tions, the propagation computations were conducted
based on the linear long wave model, which considers
no dispersion, and the linear Boussinesq model, which
considers high frequency dispersion. Both the high
and the low frequency dispersion effects are expected
to significantly influence the waveforms at Honolulu.
Thus, all dispersion effects are introduced into the
waveforms simulated by the linear long wave model
based on the phase correction method developed by
Watada et al. (2014). In contrast, only the high fre-
quency dispersion effect is expected to influence the
waveforms of Naos Island with respect to distance
relations. Furthermore, although the phase collection
method can yield all dispersion effects, some assump-
tions are required, such as propagation distance.
Therefore, the linear Boussinesq model is more suit-
able and useful than the phase collection method for
estimating the waveforms of Naos Island. The govern-
ing equations for the propagation computations are as
follows (Goto 1991):
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Fig. 1 Location map for the 1906 earthquake, tide gauge stations, and assumed source region. The color scale shows the slip amount estimated by

the inverse analysis using the observed tsunami waveforms
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latitude, 6 is the longitude, and t is the time. The lin-
ear long wave model is obtained using the above equa-
tions with an assumption that F1 and F2 are zero; the
linear Boussinesq model is obtained when the above
equations are fully solved. The linear long wave and
the Boussinesq models were discretized based on the
concepts of Goto et al. (1997) and Saito et al. (2014);
however, the latitude dependence of grid size should be
taken into consideration.

Here, the phase correction method requires a propa-
gation distance and average water depth during tsunami
propagation. The distance was assumed to be the arc
distance along the great-circle path through the subfault
location and the tide gauge station, as defined by Wat-
ada et al. (2014), who used a depth of 4 km as the aver-
age water depth during the propagation. However, arrival
times of the waveforms simulated by the linear long
wave model at the Honolulu station assumed a range of
approximately 12—13 h. When the tsunami propagated
following the linear long wave theory over distance and
time, the equal average depth was comparable to 1.5—
1.7 km with respect to the dispersion relation in the long
wave condition. Therefore, the equal average depth for
the phase correction was estimated and applied based
on the relationship between the simulated arrival times
of waveforms and the propagation distance using the dis-
persion relation in the long wave condition. Furthermore,
modified dispersion relation curves corresponding to the
equal average water depth were estimated by linear inter-
polation based on the dispersion relation curves with
depths of 2, 4, and 6 km shown in Watada et al. (2014).

Results

Table 1 and Fig. 1 display the assumed/estimated subfault
parameters and the estimated slip distribution, while
Fig. 2 displays comparisons of the tsunami waveforms
between the observations and estimations. As shown in
Fig. 2, the estimated first waveforms show good agree-
ment with the observed waveforms at both stations. The
observed waveforms at Naos Island include two pulses
during the first tsunami, but this was not reproduced in
the estimated waveforms. It may be presumed that the
assumed size of each subfault was overly large for repro-
duction of these pulses or that evolution of the slip dis-
tribution with time was necessary. A smaller subfault
size, such as 20 or 30 km, may be useful for reproducing
the pulses. After the first tsunami ended, the estimated
waveforms did not match the observed waveforms. The
fluctuation after the first tsunami could not be estimated
sufficiently well because the nonlinearity of the tsunami
and the microtopography near the coasts significantly
influenced the waveforms. In particular, Naos Island is
located in the Gulf of Panama where the water depth is
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very shallow, less than 100 m. Therefore, the waveforms
estimated by the linear theory tended to significantly
mismatch the observed waveforms following the first
tsunami. Figure 2 includes the waveforms due to the sub-
fault zones A01, A08, and A15 located near the southern-
most, central, and northernmost sites along the trench
(Fig. 1), respectively. As shown in Fig. 2b, the observed
tsunami waveforms at Naos Island are very sensitive to
the source location; the arrivals of the waveforms from
the central and southern parts are significantly delayed
compared with the observed arrival times. These results
indicate the necessity of slip occurring in the northern
region and support the results of the estimated slip distri-
bution. On the other hand, an initial rise of the waveform
in Honolulu seems to be insufficiently reproduced with-
out the slip in the southern region, as shown in Fig. 2a.
Thus, both northern and southern slips are necessary for
proper interpretation of this event.

The depth source parameters shown in Table 1 vary
within a range of about 0-40 km. Taking these depths
into account, the average rigidity of the source area that
induced the earthquake would assume a range from
about 2 x 10" to 5 x 10'® N/m? based on the Prelimi-
nary Reference Earth Model (PREM) by Dziewonski and
Anderson (1981), and the M,, of the source model was
assumed to be 8.3-8.6. Many previous studies on the
1906 earthquake have attempted to estimate its magni-
tude based on various data. For example, Gutenberg and
Richter (1954), Kelleher (1972), Abe (1979), Kanamori
(1977), and Yoshimoto et al. (2017) mentioned/estimated
that the magnitude of the 1906 earthquake was 8.6, 8.9,
8.7, 8.8, and 8.4, respectively. Okal (1992) pointed out
that the seismic moment for the earthquake would not
be larger than 6 x 10*! Nm (equivalent to M,, < 8.4—8.5).
The estimated magnitude of this study was consistent
with that of Gutenberg and Richter (1954), Okal (1992),
and Yoshimoto et al. (2017). However, further studies
should be conducted to investigate why the estimations
by Kelleher (1972), Kanamori (1977), and Abe (1979)
were higher than a magnitude of 8.7.

Discussion

First, in order to examine the resolution of the inverse
analysis as the result, an inverse analysis, with same
conditions as described in the previous section using
waveforms produced by a slip distribution as shown in
Fig. 3a, was conducted and reflected the result shown in
Fig. 3b. As shown in Fig. 3, the slips in the northern part
were sufficiently reproduced, but those in southern part
were underestimated. This is because both the Honolulu
and Naos Island stations are located north of the source
area, and the local slips occurring in the southern part
had a relatively low sensitivity in the analysis. However,
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Table 1 Assumed/estimated source parameters of each subfault, whose numbers correspond to those in Fig. 1

No. Latitude (°N) Longitude (°W) Length (km) Width (km) Depth (km) Strike (°) Dip (°) Rake (°) Slip (m)
AO1 — 06414 814792 50 50 0 35 13 120 0.029
AO2 — 02735 812215 50 50 0 35 16 120 0.074
AO3 0.0944 80.9639 50 50 0 35 16 120 0.225
AO4 04624 80.7062 50 50 0 35 16 120 0392
A05 0.8303 80.4486 50 50 0 35 17 120 1.041
A06 1.1982 80.1908 50 50 0 35 22 120 0.982
A07 1.5662 79.9330 50 50 0 35 26 120 0.275
A08 1.9341 79.6750 50 50 0 35 28 120 0.247
A09 23020 794169 50 50 0 35 24 120 0916
A10 26699 79.1585 50 50 0 35 24 120 2.093
ATl 3.0379 78.9000 50 50 0 35 27 120 3.833
AT12 34058 786411 50 50 0 35 28 120 4014
A13 3.7737 78.3820 50 50 0 35 27 120 2.799
Al4 41417 781226 50 50 0 35 27 120 1.079
A15 45096 77.8628 50 50 0 35 37 120 0.111
BO1 — 08923 81.1209 50 50 1 35 12 120 0.395
BO2 —05217 80.8670 50 50 13 35 16 120 0.526
B0O3 —0.1530 80.6105 50 50 14 35 14 120 0.749
BO4 0.2141 80.3517 50 50 13 35 14 120 0.972
BOS 0.5845 80.0974 50 50 15 35 12 120 1471
BO6 0.9587 79.8487 50 50 18 35 20 120 1.553
BO7 13356 79.6036 50 50 22 35 19 120 1371
BO8 1.7073 79.3510 50 50 24 35 20 120 1.248
B09 2.0664 79.0800 50 50 20 35 24 120 1.871
B10 24343 78.8216 50 50 20 35 26 120 3.397
B11 2.8073 78.5702 50 50 22 35 25 120 5.285
B12 3.1791 783168 50 50 24 35 24 120 6016
B13 3.5432 78.0521 50 50 22 35 25 120 5.281
B14 39112 77.7925 50 50 22 35 25 120 3387
B15 43034 77.5674 50 50 30 35 14 120 1.129
co1 — 1.1452 80.7596 50 50 22 35 24 120 0.276
02 —0.7698 80.5127 50 50 27 35 29 120 0410
03 — 04047 80.2510 50 50 26 35 30 120 0.552
co4 —00378 79.9919 50 50 25 35 29 120 0.717
C05 0.3263 79.7287 50 50 25 35 32 120 0.965
Co6 0.7147 79.5001 50 50 36 35 24 120 1.040
co7 1.0799 79.2383 50 50 39 35 28 120 0.935
C08 14492 78.9821 50 50 41 35 28 120 0.876
C09 1.8299 78.7421 50 50 40 35 32 120 1297
cio 2.2079 784979 50 50 42 35 33 120 2249
1 25728 78.2348 50 50 44 35 31 120 3.300
C12 29339 77.9660 50 50 44 35 34 120 3.788
13 3.3087 77.7164 50 50 44 35 34 120 3497
14 36766 77.4566 50 50 44 35 34 120 2475
C15 40098 77.1467 50 50 42 35 37 120 1.091

The latitude and longitude indicate the left corner and top dip of each subfault. The depth is the distance from the seafloor to the top dip
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Fig. 2 Comparison of the estimated and observed waveforms at a Honolulu and b Naos Island. AO1, A08, and A15 are slip locations defined by the

although the local slips in the southern part were esti-
mated to be smaller than the assumed slips, the estimated
source length along the strike direction was almost same
with the assumed source length. Therefore, the slips in
the southern part shown in Fig. 1 and Table 1 could have
been underestimated, but the slip area should be esti-
mated sufficiently.

Next, we compared the source model of this study
with that of Yoshimoto et al. (2017), who obtained a dis-
continuous and large local slip (comparable to 30 m) in
the confined northern part of the source region when
the observed tsunami waveforms of Naos Island were
used for their inverse analysis. However, as shown in
Fig. 1, this study’s analysis estimated a continuous slip
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200 km
Fig. 3 Result of the resolution test. a Assumed slip distribution that consists of 3- and 6-m slips and b estimated slip distribution
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Fig. 4 Comparison of the estimated slip distribution with the seismicity around the Colombia—Ecuador subduction zone. The gray contour lines
show the bathymetry at 500-m intervals, and red contour lines show the slip distribution at 1-m intervals based on the results of the inverse analy-
sis. The red star indicates the epicenter of the 1906 earthquake based on Chlieh et al. (2014). The blue cross symbols indicate earthquakes of M,, 4.0
or higher that occurred from January 31, 1971, to June 30, 2017, as obtained from the Global CMT Catalogue (Dziewonski et al. 1981; Ekstrém et al.
2012); mechanisms are shown only when M, is greater than 7.0. The blue circles indicate the epicenter locations of the 1942 and 1958 earthquakes
(surface magnitudes of 7.9 and 7.8, respectively) based on Mendoza and Dewey (1984). The vectors indicate the assumed rupture length of the
major historical earthquakes based on Kelleher (1972) and Kanamori and McNally (1982)

distribution over the whole source region, including
the northern part, even when data in Naos Island were
used. The most important difference between the two
models is the area where the dominant slip occurred.
This study showed that the dominant slip occurred in
the northern part of the source region, but Yoshimoto
et al. (2017) concluded that it occurred in the southern

part and that no slip occurred in the northern part.
Kelleher (1972) provided important information based
on a report that permanent coastal uplift occurred at
Manta (— 0.59°N) and Buenaventura (3.54°N) and that
a submarine cable between Buenaventura and Panama
was broken. This cable would not have been destroyed
without a large displacement due to an earthquake or
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large tsunami in the northern part of the source region.
Soloviev and Go (1975) mentioned that the tsunami
induced by the 1906 earthquake was most destruc-
tive along the low-lying coasts of Colombia from Rio-
verde to Micay (Fig. 1), where this study estimated the
most significant slips to be. Furthermore, as mentioned
in the previous section, the waveforms of Naos Island
cannot be reproduced well without a dominant slip in
the northern part. Together, these factors support the
results of this study’s source estimation in contrast to
those of Yoshimoto et al. (2017).

Figure 4 displays the estimated slip distribution with
its epicenter, the assumed source length for the historical
major earthquakes in the area, and the seismicity around
the Colombia—Ecuador subduction zone. According to
previous studies, the Nazca Plate is subducting beneath
the South American Plate along the Colombia—Ecua-
dor subduction zone with a convergence rate of about
5-8 cm/year (Chlieh et al. 2014; Scholz and Campos
2012; Kanamori and McNally 1982). The plate interface
of the 1979 earthquake source area around its epicenter,
which was considered to be ruptured by the 1906 earth-
quake, has been coupled with 60—80% rates (Chlieh et al.
2014). If we assume that all accumulated slip deficits in
the 1979 source area were released by the 1906 earth-
quake, the plate interface of the 1979 earthquake source
region should have been able to accumulate a slip defi-
cit of approximately 2.4—3.2 m based on the elapsed time
between the 1906 and 1979 earthquakes, assuming a con-
vergence rate of the Nazca Plate of 5.5 cm/year (Chlieh
et al. 2014). The average slip amount of the 1979 earth-
quake was estimated as 2.1-5.2 m based on the rupture
area and the seismic moment, as suggested by Kanamori
and McNally (1982) and Kanamori and Given (1981),
when the average rigidity assumed a range of 2.0 x 10'°—
5.0 x 101 N/m? These estimations support the idea that
the 1906 earthquake ruptured the source area of the 1979
earthquake because the source area of the latter could
accumulate enough slip deficits for the resulting earth-
quake. These results also imply that the source area of the
1979 earthquake could accumulate a slip deficit of at least
2 m. As shown in Fig. 4, the estimated slip of the 1906
earthquake around the source area of the 1979 earth-
quake was on the same order of magnitude of that of
the 1979 earthquake. Therefore, the results of this study
are also consistent with other earthquake activity in this
region.

As shown in Fig. 4, the 1979 earthquake re-ruptured
the plate interface originally ruptured by the 1906 earth-
quake with significant slip amounts. However, the domi-
nant slip area of the 1906 earthquake, located in the
northern part of the region, was not ruptured by the 1979
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earthquake. Furthermore, few significant earthquakes
with M,, > 4.0 occurred after 1971 in the large slip area
of the 1906 earthquake. According to the results of this
study, therefore, the 1906 earthquake ruptured the plate
interface with a maximum slip of approximately 6 m;
thus, the plate interface should be able to accumulate a
slip deficit of 6 m. In other words, this area is capable of
causing a significant earthquake with a slip of 6 m, but
the details of plate coupling and the seismicity in the
northern part are still unclear.

As shown in Fig. 4, the epicenter of the 1906 earth-
quake was located in the southern part of the source
region, suggesting that the rupture started there. Because
this study estimated the dominant slip area to have been
in the northern part of the region, the rupture must
have propagated from southwest to northeast, as sug-
gested by Kelleher (1972). Furthermore, the slip area of
the 1906 earthquake seems to cover not only the 1979
earthquake area, but also the 1942 and 1958 earthquake
areas, located in the central and southern parts of the
region, respectively. These results imply that the rupture
area of the 1906 earthquake may have involved those of
the previous three earthquakes; in other words, the 1906
earthquake might have been a consolidated-type earth-
quake that simultaneously ruptured all these areas, simi-
lar to the case of the Nankai Trough Earthquake in Japan
(Furumura et al. 2011).

Conclusions

This study estimated the slip distribution of the 1906
Colombia—Ecuador earthquake based on an inverse
analysis using observed tsunami data and considered the
results in the context of previous/expected earthquake
activity. The main conclusions are summarized below:

1. A slip distribution model of the 1906 earthquake in
space was newly developed. It indicated that the M,
of the earthquake ranged from 8.3 to 8.6.

2. The newly defined presence of a local large slip area
in the northern part of the source region is supported
by the historical seismicity and the earthquake/
tsunami damage that occurred along the coast of
Colombia.

3. Although the physical characteristics of the subduc-
tion zone, such as the seismicity and the interseismic
plate coupling, had been well studied (e.g., Beck and
Ruff 1984; White et al. 2003; Chlieh et al. 2014), fur-
ther detailed investigations of the earthquake activ-
ity in the whole subduction zone (especially in the
northern parts) are necessary. Further development
of the slip distribution model with time dependence
also remains as a goal for future work.
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Abbreviation
M,,: moment magnitude.
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