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ABSTRACT

It is widely known that earthquakes with strike-slip or normal-faulting crustal displacements have
generated destructive tsunamis around the world. Many researchers have proposed that the main cause
of such events was due to factors not associated with tsunami-seismic parameters. However, the present
study examines a correlation between tsunamis generated by strike-slip or normal-faulting earthquake
events and their associated two tsunami-seismic parameters, namely the dominant period 7d and the
duration of more than 50 seconds, 750ex of earthquake P-wave, and compares these with tsunami event
validity (TEV). Based on this analysis, we confirm a correlation between tsunamis generated by strike-
slip or normal-faulting earthquake events with periods 7d x 750ex> 10 s. Thus, we propose that major
earthquakes with both strike-slip and normal-fault motions, have the potential to generate more
effectively tsunamis when the rupture duration is > 50 seconds and P-wave dominant periods have
values of 7d x 750ex=> 10s.

Keywords:  Tsunami-seismic parameters, P-wave Dominant period; P-wave duration of more than
50 seconds; Tsunami event validity; strike-slip, normal-faulting earthquakes.
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1. INTRODUCTION

Tsunamis are usually generated by the release of seismic energy on the earth’s upper crust, which
results in displacements of the sea floor, referred to as earthquake sources. However, besides tectonic
mechanisms, tsunamis can be also generated from volcanic sources and submarine landslides (Ward,
2011). Large tsunamis are rarely generated by earthquakes associated with strike-slip or normal-faulting
motions. This is due to the fact that strike-slip faults involve primarily horizontal and not vertical
crustal movements of the sea floor. Small local tsunamis that may be generated only correlate to
insignificantly localized seafloor deformation in size (Gusman et al., 2017; Lay et al., 2017).

However, historical records indicate that small tsunamis have been generated by strike-slip
earthquakes as, for example, that of the 1906 San Francisco, California event (Ma ef al., 1991; Thatcher
et al., 1997) and the 1994 Mindoro, Philippines (Imamura et al., 1995). Similarly, small tsunamis were
generated by more recent events such as the 2016 Kaikoura, New Zealand (Power et al., 2017; Ulrich et
al., 2019a), and the 28 September 2018 Palu, Indonesia earthquakes (Carvajal et al., 2019; Ulrich et al.,
2019b; Madlazim et al., 2020). However, for that Palu earthquake, the major cause of the destructive
tsunami remained debatable, since both strike-slip and normal-faulting mechanisms were equally
considered responsible. For this event, it has been further proposed that a collateral co-seismic event,
such as an undersea landslide may have been a likely source contributing to generation of the tsunami.

Recent work (Mubhari et al., 2018; Carvajal et al., 2019; Heidarzadeh et al., 2019) advocated also
that a submarine landslide which followed the #w 7.5 earthquake on land, disturbed the sea surface and
was responsible for the extreme tsunami run-up heights at several places in Palu Bay. Contrary to this,
Ulrich et al. (2019b) proposed a model of co-seismic earthquake parameters to find an oblique
component in addition to a slip faulting type for the event, causing a significant vertical seafloor
displacement of 1.5 m across a segment underneath Palu-Koro fault. This finding was supported by
aerial evidence from satellite imagery, confirming surface deformation associated with the event and its
corresponding ruptured segment (Madlazim and Supriyono, 2014; Socquet et al., 2019). Furthermore,
other studies (Goda et al., 2019; Gusman et al., 2019) argued for a combined source mechanism of
vertical seafloor displacement and a complex undersea landslide following mainshocks. Using the
combined source model, they successfully resolved the surveyed run-up heights and the corresponding
tsunami inundation, as documented by the subsequent field surveys.

Using both duration more than 50 seconds, 750ex and the dominant period, 7d acquired from
teleseismic data, Lomax and Michelini (2009b; 2011) showed that the parameters could be potential
tsunami discriminants. Madlazim et al. (2013), using local Indonesian events, confirmed the importance
of the parameters on assessing tsunami hazard. Regarding the dependence of tsunami excitation on
seafloor displacement, Lomax and Michelini (2013) further used these parameters for effective early
warning within five minutes. Using a total of 300 Indonesian events, independently of source
mechanisms, Madlazim et al. (2019) made this limitation shortened by a minute with no false warning in
the reported case studies .

Although a better understanding of reliable tsunami discriminants for rapid analysis and
assessment of tsunami potential has developed in time, the roles played by tsunami importance /t first
defined in Lomax and Michelini (2009b) and the product of 7d x 750ex discussed in Lomax and
Michelini (2011), along with the inclusion of earthquake characterization, remain questionable for
accurate tsunami early warning. In particular, a correlation between tsunamigenic earthquakes of strike-
slip or normal-faulting origin and the corresponding tsunamis induced in terms of probability to occur,
in percentage, for a set of seismic data given for both source mechanisms, independent of epicenter
location, is of paramount importance. Knowledge about this issue may help parameterize tsunami
excitation aftershocks, hence improve the reliability of tsunami early warning. Therefore, this study aims
to analyze past tsunamis around the world generated by strike-slip and normal earthquakes’ and its
relation with the product of dominant period and duration more than 50 seconds of earthquake P-wave.
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2. METHODS

Estimates of 7d were performed using a direct procedure with no inversion at the initiation,
making the calculation process relatively shortened. The first step of 7d estimates were to determine
time domain zc according to Lomax and Michelini (2011) as follows,

c=2rT2T1v2tdtT2T102¢d¢ (1)

where 7’1 = 0 (the onset time of P-waves) and 722 = 55 s acquired from teleseismic data (Lomax and
Michelini, 2009). Detailed steps of 7d estimates are as follows: (1) preparing raw earthquake data
records from the vertical velocity component of broadband seismogram in a miniseed format, (2)
applying 4-poles and a corner frequency of 0.05 Hz Butterworth bandpass filter to obtain the high-
frequency, vertical component of velocity records for each seismic station; (3) picking P-wave arrival
times automatically at the high-frequency, vertical-velocity seismogram; (4) integrating the seismogram
and comparing it with vertical acceleration component of broadband seismogram times 2m of arrival
times of P-waves automatically picked up from the vertical-velocity records on the high-frequency
seismogram; and (5) the final results were values of 7d.

Tsoex = Aso/Arms ()

Where Asg is average amplitude for 50 to 60 seconds, and Aryms is average amplitude for 0 to 25
seconds.

The followings are detailed steps of determining the 750ex exceeding 50 s using a direct
procedure: (1) preparing raw data from the vertical component of broadband seismogram in a miniseed
format, (2) applying 4-poles and the 5-20 Hz Butterworth band pass filter to obtain the high-frequency,
vertical component of seismic velocity for each seismic station used; (3) picking arrival times of P-
waves automatically at the high-frequency, vertical-velocity seismogram; (4) calculating the RMS-
amplitude and 750 values; and (5) estimating 750ex using the ratio of 750 to the RMS-amplitude
values.

The estimated values for 7d, and 750ex are compared with Tsunami Event Validity (TEV).
Validity of the actual tsunami occurrence is indicated by a numerical rating of the reports of that event: -
1 is erroneous entry indication of erroneous entry, 0 is indication of event that only caused a seiche or
disturbance in an inland river, 1 is indication of very doubtful tsunami, 2 is indication of questionable
tsunami, 3 is indication of probable tsunami, and 4 is indication of definite tsunami (National
Geophysical Data Center / World Data Service: NCEI/WDS Global Historical Tsunami Database.
NOAA National Centers for Environmental Information. doi:10.7289/VSPN93H7). The detailed
algorithms above for calculations of 7d, and 750ex were implemented into Jokotingkir, a programming
package that Madlazim et al. (2019) used both local and regional events to accurately calculate the three
seismic parameters for improved tsunami early warning within four minutes after the main shocks,
which can be accessed at http://prediksi-tsunami.unesa.ac.id/www/

The product of 7d x 750ex was chosen here as it was proved to bring more information about
potentially induced tsunamis by earthquakes than other discriminants, the moment magnitude #w (both
are included in Table 1 but are then excluded in calculations for cross-correlation techniques presented
in the current work). As pointed out by Necmioglu and Ozel (2014), rupture duration determination has
a relatively large uncertainty affecting tsunami initiation and hence being improper for tsunami hazard
assessment. A similar situation to occur was found for earthquake magnitude, scaled with any measure,
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as the magnitude was proved to be inaccurate for tsunami analysis and assessment (Madlazim and
Prastowo, 2016). The data were acquired from a network of seismic stations on the basis of local
observations available from the Indonesian Agency for Geophysics, Climatology, and Meteorology
(BMKG) at http://202.90.198.100/webdc3/, regional and teleseismic data provided by the German
Research Centre for Geosciences, known as GEOFON GFZ accessed at http://eida.gfz-
potsdam.de/webdc3/ and the Incorporated Research Institutions for Seismology-Data Management
Center (IRIS-DMC) available at http://www.iris.edu/wilber3/find event. We used direct procedures of
calculation for relatively quick assessment of tsunami generation potential using earthquake source
parameters, including the dominant period 7d, the rupture duration 7dur and the apparent rupture
duration 750ex longer than 50 s from velocity records on the high-frequency P-waves seismogram.Top
of Form Bottom of Form

3. RESULTS AND DISCUSSIONS

We considered how estimates of 7d and 750ex were carried out. These events are associated with
the movement of a left-lateral strike-slip and normal fault system in the world. Estimation of 7d and
Tsoex was performed using the direct procedure previously presented. Note that all the observed values
for 7dvand 750ex estimates are higher than their respective thresholds at 7d > 10 s and 750ex > 1,
respectively, for tsunami generation potential proposed by Lomax and Michelini (2011). The same
finding as field observations, and both eyewitnesses and video-footages collected (Carvajal et al., 2019;
Goda et al., 2019).

Our tasks now are examining earthquake datasets from all the events considered in this study and
classifying them using the two sensitive correlation parameters for tsunami excitation, namely 7d x
750ex> 10 s. We are here intent to use global tsunamigenic earthquake datasets to test whether such
requirement holds for strike-slip or normal-faulting mechanisms around the globe. Each event was
monitored by nearby stations locate at, on average, 478.87 km and far stations situated in, on average,
1922.66 km away from the epicenter. Each event was recorded at >25 stations at epicentral distances of
10° — 60°. The point to make is that the discriminant 7d x 750ex is used to examine the independence of
the events on a further catastrophe, i.e., the events being not always followed by landslides. A total of 35
events consisting of 19 strike-slip and 16 normal-faulting mechanisms, centered either on the mainland
or at sea, were analyzed, and the results were then provided in detail in Table 1. For each event, 7d x
750ex was first determined after rapid calculations of 7d and 750ex. The next step was to correlate the
product of 7d x 750ex to TEV >3 of the same event whether they both fulfill 7d x 750ex> 10 s. When
one of these does not meet the requirement, we can then say they are not correlated.

Vol 40 No. 2, page 104 (2021)



Table 1. Tsunami parameter estimation results from strike-slip and normal-faulting earthquakes

Origin M 7d x

No Time Lat Long K 7d 750 750ex TEV Event Type Status
(UTC) km) w5 ex g

1 19941114 135°N  121.1°E 315 7.0 57 08 4.7 4 nT So FW
19:15:30

2 19990817  407°N  299°E  17.0 7.6 168 1.8 30.4 4 T Sc TW
00:01:38

3 20021010 17°s  1343°E 248 75 80 1.6 9.3 1 nT So TW
10:50:22

4 20090528  168°N  862°W 290 73 102 1.4 14.2 4 T So TW
08:24:48

5 20100112 1g84°N  72.6°W 15 7 37 15 5.6 4 T Sc  TW
21:53:10

6 20100226  759°N  1284°E 250 7.0 6.6 04 2.9 3 nT So FW
20:31

7 20101225 19g8°s  167.9°E 157 73 115 15 16.9 4 T No TW
13:16:38

g 20110109  193°s 1684°E 207 65 56 1.7 10.5 4 T No TW
10:03:43

9 20110510 203°S  168.3°E 334 68 92 1.0 11.5 4 T No TW
08:55:12

10. 20110624 519°N 171.8°W 498 73 51 19 12.8 4 T No TW
03:09:38

11 20110706 293°s 1762°W 254 7.6 102 2.1 21.2 4 T No TW
19:03:2

12 20110710 38 1°N 1433°E 247 7.0 54 15 11.0 4 T No TW
00:57:10

13 20120202 y78°s  1672°E 273 70 71 13 10.1 4 T No TW
13:34:41

14 20120309 192°S  169.8°E 337 66 67 09 12.5 4 T No TW
07:09:53

15 20120411 272°N  930°E 263 86 94 19 18.3 4 T So TW
08:38:37

16 20120411 09g°N  924°E 216 82 78 20 15.8 4 T So TW
10:43:10

134.8°

17 20130105 s5572°N 31 75 141 16 225 4 T So TW
08:58:19 \

18. 20130208  109°S  1662°E 224 70 49 16 8.1 4 nT So FW
15:26:38

19. 20130419 46.1°N  150.9°E 109 72 28 2.8 7.8 2 nT No TW
03:05:52
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Origin p M 7d 750 7d x
No Time Lat Long 750ex TEV Event Type Status
km) W (s) ex
(UTC) (s)
20 20141014 125°N  88.1°W 639 73 48 1.4 13.7 4 T No TW
03:51:37
21 20150710 93°s  1583°E 200 6.7 72 1.1 7.8 4 T So TW
04:12:42
22 20150718 104°S  165.1°E 118 69 93 1.7 15.9 4 T No TW
02:27:32
23 20160302 495°S  943°E 240 78 84 20 17.1 4 T So TW
12:49:48
16.4
24 20160812 754°S  173.1°E 72 94 1.1 10.7 4 T So TW
01:26:36 4
11.3
25 20161121  373°N  1414°E 69 88 23 19.9 4 T No TW
20:59:49 5
26 20161113 427°s  173.1°E 220 78 110 19 20.8 4 T Sc  TW
11:02:59
126.
27 20170103 193°Ss  176.1°E 69 95 07 13.9 4 T No TW
21:52:30 9
10.9
28 20170717 544°N  168.8°E 77 76 1.6 12.3 4 T So TW
23:34:13 9
56.6
29 20170908  150°N  93.9°W 81 72 24 17.2 4 T No TW
04:49:20 7
30 20180110 j74°N  835°W 10 75 111 1.8 202 4 T So TW
02:51:31
31 20180123  s560°N  149.0°W 25 79 27 26 6.9 4 nT So FW
09:31:42
32 20180928  p2°s  1198°E 100 7.5 84 1.9 15.9 4 T Sc TW
10:02:43
164.
33 20181211  585°S  265°W 71 104 1.7 18.1 0 T No FW
02:26:32 6
34 20181205  219°S  1694°E 10 75 86 1.5 12.9 4 T No TW
04:18:08
35 20200128  194°N  788°W 148 7.7 88 1.7 14.7 4 T So TW
19:10:24

Notes: Sc (Continental Strike-Slip Fault), So (Oceanic Strike-Slip Fault), Nc¢ (Continental Normal Fault), No (Oceanic
Normal Fault), FW (False Warning = unrelated), TW (True Warning = related), T (Tsunami), nT (non Tsunami).
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Fig 1. The relationship between 7d X 750ex and TEV. The vertical red line shows the
threshold value of TEV and the horizontal red line shows threshold value of 7d x 750ex. diamond
shows a tsunami event and a circle shows a non-tsunami event.

In Fig. 1 for strike-slip cases, there exist 15 events where 7d X 750ex> 10 s and TEV >3
are satisfied and related, leaving the requirement unrelated for other 4 events in this type of energy
release mechanism. While, for normal-faulting, almost all, which are 15 of 16, show a positive
correlation. From a total of 35 events considered, about 86% of all the events, or 30 occurrences,
take both the requirement simultaneously. These include 15 strike-slip and 14 normal-faulting
mechanisms. It follows that both mechanisms can be potential sources of tsunami generation as
long as the requirement meets and in particular, rupture movement is directed towards the seafloor.
This finding also provides insight into a possibility that the tsunamigenic earthquake, independent
of source mechanism, is then possibly centered on land or at sea. A well-known example of this is a
tsunami wave that hit Kaikoura region in New Zealand on 13 November 2016 (Power et al., 2017;
Ulrich et al., 2019a) several minutes after the main shock occurred in the region. Another example
from a recent local event is the one when a propagating tsunami wave penetrating into Palu Bay on
the 28 September 2018 Palu, Indonesia (Carvajal et al., 2019; Ulrich et al., 2019b).

Cases where 7d x 750ex and TEV < 3 are uncorrelated, meaning that only one of these
relations 7d x 750ex=> 10 s or TEV > 3 is satisfied, are accounted for a total of 9 earthquake events
consisting of 8 events due to strike-slips and one event related to normal-faulting. For a special case
where 7d x 750ex> 10 s does not hold but TEV > 3 is satisfied; we here argue for some possible
factors that are not related to seismic source parameters, for example, an underwater landslide,
inducing tsunami generation. In oppose to this, for a situation where 7d x 750ex=> 10 s holds but
TEV 2= 3 is no longer the case; the possible reason is that a tsunami wave is generated at a location
in the open ocean far away from beaches and propagates towards the shorelines with much
reduction in its wave energy. Hence, when the wave approaches near the shorelines, its height is
measured by local tide-gauges insignificantly, causing no much destruction on areas near the
shores.
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Fig 2. The relationship between #/w and TEV. The vertical red line shows the threshold value of TEV and
the horizontal red line shows threshold value of Mw. Triangle shows a tsunami event and a circle shows a
non-tsunami event.

If viewed from the correlation between the parameters Mw and TEV as in Figure 2, for the
case of the strike-slip earthquake from 19 events there are 10 events that fulfill these two parameters
and the other 9 only fulfill one of them. Meanwhile, in normal earthquake cases, there are also 10
correlated events and 6 not. If in the total of the entire event, there are 71% or as many as 24
earthquakes that meet the requirements for the Mw and TEV parameters. If the two parameters are
correlated, it can be said that the tsunami that occurred was caused by a large magnitude earthquake
which had an amplitude of more than 0.5 m and could have occurred near the coastline, while for
cases where only the Mw parameter was met it means that the tsunami wave was likely generated at
a location in the open ocean far from the coast and spreading to the shoreline with much reduction
in wave energy so that the amplitude is less than 0.5 m, and for cases where only the TEV is satisfied
there may be other sources affecting TEV > 3, one example is an underwater landslide.

Table 2. The calculation results of tsunami potential use different discriminants

Available True Warning False warning
Discriminant | (min after Treshold
OT) ¢ Value TEV>3 TEV<3 | %** | TEV=>3 | TEV<3 | %**
M, 5-10 7.0 24 1 71% 7 3 29%
7d x 750ex 5 10.0 28 2 86% 4 1 14%

** Percent of true warning and false warning

Table 2 shows that the correlation of parameters 7d x 750ex and TEV correctly identifies 86% of
the tsunami events caused by strike-slip earthquakes and normal earthquakes, more than the
correlation of M,, and TEV which is only 71%. This is because the Mw parameter cannot identify
earthquakes that have a magitude moment of less than 7.0 which have a long rupture duration
(Lomax and Michelini, 2009A). Therefore, the parameter 7d x 750ex is better used than the
parameter Mw for tsunami early warning.
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4. CONCLUSIONS

We have examined two tsunami-seismic parameters, the dominant period 7d and the likely apparent
rupture-duration 750ex that exceeds 50 s in the form of a calculated value 7d x 750ex and a value
characterizing tsunami importance /t. We have then used these values as good measures
considering 7d x 750ex=> 10 s generation using a total of 35 earthquakes initiated by 19 strike-slip
and 16 normal-faulting movements of varying source locations worldwide. Twenty sixes of the
events, approximately 86%, of these 35 events with various focal mechanisms are positive related to
generate tsunamis or no tsunamis, where strike-slip earthquakes contribute 43% to tsunami
excitation, and normal-earthquakes take a greater portion of 43%. The results suggest that, in terms
of relative contribution, the slightly large portion given by the normal faults and the strike-slips
earthquakes are ability to relate of tsunamis or no tsunamis.
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