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Abstract: Earthquake size can be estimated using magnitude-rupture area scaling developed from modelled fault dimensions
and measured moment magnitudes. In this study, a measure of a fault plane geometry was provided by rupture area A
and the size scaled with moment magnitude M . Using global earthquakes datasets containing 90 events with varying
magnitudes 4.45 <M, < 9.20 during years of 1960-2015, we classified the data into separate strike-slip, dip-slip (normal
and reverse) and subduction-zone earthquakes. The study aims to search for reliable scaling used for magnitude prediction
of earthquakes around the globe for each type of source mechanism. We found from the M —4 scaling proposed in this
study that the magnitude for subduction events was likely to saturate to a maximum value possible M, ~ 9.3 at rupture
areas much larger than those for strike-slips and dip-slips. This suggests that rocks in the subduction-zone are able to
accumulate high stress, implying large seismic energy release via strong ground motion when an earthquake occurs at
the plate boundary. Taking into account cases under consideration that included intraplate-fault and subduction processes
covering a wide range of magnitudes from moderate to large sizes, the results are relevant to Indonesian tectonic settings,
where active crustal faults have been recently found throughout the country and in particular a future megathrust subduction-
zone earthquake of M, ~ 9.0 is possible to occur off the south coasts of Java Island, the most densely populated island
in Indonesia. These potential seismic threats call for increasing awareness of disaster preparedness, particularly for
local community in regions with a high level of vulnerability to tsunami and earthquake disasters. Therefore, a reliable
earthquake early warning is of primary importance, which is best integrated into an existing tsunami early warning for
maximum security from future seismic hazards.
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INTRODUCTION

Most of Indonesian territories are located in the regions
of a relatively high seismicity (Cipta et al., 2016; Koulali et
al., 2016; Koulali et al., 2017; Cummins, 2017; Watkinson
& Hall, 2017; Lange et al., 2018; Gunawan & Widiyantoro,
2019; Salman et al., 2020) due to their positions at a triple
junction of three major tectonic plates, that is, Eurasian,
Indo-Australian and Pacific Plates (van Gorsel, 2018).
These geological and tectonic settings lead to the potency
for seismic threats possible to occur throughout the country
induced by either moderate to large earthquakes from sources
of active crustal faults (Irsyam et al., 2017) or potential
megathrust events from complex subduction processes
(Susilo et al., 2019; Triyoso et al., 2020; Widiyantoro et
al., 2020). Figure 1 shows the geographical position of
Indonesia with respect to the major tectonic plates. Sarawak
and Sabah are part of Malaysian territories, which lie on
Borneo Island, the second largest island in Indonesia.

In the context of vulnerability to and corresponding risk
in the region of interest posed by such threats, this study
examines estimates of earthquake strength in size based on a
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seismic scaling relation between earthquake size scaled with
moment magnitude M  and a causative fault plane parameter
given by rupture area A (defined as the product of its length
L and width W). The M, scale is selected as it is widely
known to be more accurate for all ranges of earthquake
magnitudes compared to other magnitude scales. While
many magnitude-area scaling relations follow previous work
(Wells & Coppersmith, 1994; Hanks & Bakun, 2002; Shaw,
2009; Konstantinou, 2014), the M_ — A scaling proposed
in the current study is carried out for each faulting type of
source mechanism, including for the subduction interface
(Goda et al., 2016; Thingbaijam et al., 2017).

Fault dimensions are usually determined using
appropriate finite-fault source models for particular cases
worldwide (Yen & Ma, 2011; Wu et al., 2013; Murotani et al.,
2015; Irikura et al., 2017) and those in Indonesia (Ratnasari
et al., 2020; Salman et al., 2020). However, these studies
have not yet discussed M — A scaling applied to specific
Indonesian settings with ground motions triggered by both
intraplate and interplate events, leaving the problem being
poorly understood for Indonesian contexts (Cummins, 2017;
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Figure 1: Atopographic map of Indonesia with ocean bathymetry surroundings, illustrating Indonesian territories at the triple junction of
the three major plates. Sumatera Trench and Java Trench are part of the Sunda Arc. Insert shows the position of the Indonesian archipelago
(red rectangle) with respect to the globe. This is made available using ArcGIS Online Basemaps at https://arcgis.com/home/group.html

accessed at 23/8/21.

Irsyam et al., 2017). Concerning with this seismic hazard
potential and associated efforts in disaster risk reduction,
this study searches for empirical relations of the M, — A
scaling appropriate for each source mechanism of ground
shaking possible.

The followings are the saline points of previous work for
the M, — A scaling. Wells & Coppersmith (1994) argued for
their empirical relation, independent of epicenter distribution
and fault type (not influenced by geographical positions,
geological and tectonic settings). Focusing upon strike-slips,
Hanks & Bakun (2002) related M, to A based on stress drop
if it was constant or variable and corresponding separate
values of A. In contrast, Shaw (2009; 2013) claimed a single
scaling for M, and A, independent of stress drop variations
but influenced by a fitting parameter from earthquake data.

Konstantinou (2014) discussed seismic activities in
the Mediterranean mostly dominated by normal and strike-
slip faulting with sizes of M, ~ 6.5. Such moderate scales
of faults have been observed for relevance to Indonesian
settings in the sense that Indonesian earthquakes are
characterised by fault movement releasing moderate to
relatively large magnitudes of up to M 7.8 (Irsyam et al.,
2017). Konstantinou (2014) brought Hanks & Bakun’s ideas
(2002) to incorporate fault area into source-scaling but did
not include stress drop separation. However, as with the
previous M — A scaling relations, this scaling model did
not separate the scaling law into different faulting types,
making it difficult to apply to cases in Indonesia, where
both active faults in the shallow crustal rocks and large-
scale tectonic motions along the subduction-zone interface
can be deadly earthquake potential.

All of the above models for the M, — A scaling have
led to a M ~ log A scaling relation with no separation of
source mechanism. Using databases of rupture models and
the observed variations in magnitude-rupture area scaling
properties for different faulting mechanisms, Thingbaijam
et al. (2017) found substantial differences between their
results and those of previous studies in that they obtained
separate scaling of subduction-zone (interplate) events
from the intraplate ones that are useful for seismic-tsunami
hazard analysis. As the magnitude coverage of 5.4 <M
< 9.2 was used in their data for all faulting types (three of
which were strike-slip, normal and reverse, and the one was
subduction interface), their work is similar to the present
study in terms of magnitude ranges covered (moderate to
large sizes) and source-separation, for which the current
results are examined in details. In addition, the results are
also related to a future possibility for three seismic scenarios
that may generate megathrust catastrophes of tsunami waves
with a possible maximum height of ~ 20 m in the south-
west coastal region of West Java and a spatially averaged
height of ~ 5 m for the whole Java south coastal regions
(Widiyantoro et al., 2020).

Java Island is surrounded by the Indian Ocean in the
south and the Java Sea in the north, with the mainland
extends for almost 1,000 km long (from the west area near
Sumatera Island to the east area near Bali Island) and 210 km
wide (from the northern to the southern region). According
to the Indonesian Bureau of Statistics (2020), Java is the
most densely populated island in Indonesia with the number
of its population occupies 56% of the total population. The
southern regions of Java Island are relatively close to the
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Java subduction zone, which is considered seismically active
with two seismic segments (see Figure 2). These segments
are locations where a potential megathrust earthquake may
occur when the requirements meet (Widiyantoro et al.,
2020). Regarding the growing number of Java population,
Java Island is then considered prone to seismic hazards,
including tsunami excitation of seismic origin.

Despite a number of large earthquakes followed by
devastating tsunami waves striking some of coastal regions
in Indonesia over the last two decades and subsequently
considerable progress in understanding of tsunami and
seismic hazard analysis, leading to programmes for disaster
preparedness and disaster risk reduction in countries around
the world (Satriano et al., 2011; Suppasri et al., 2015; Suppasri
et al., 2017; Titov, 2021), seismic assessment and potential
risks in Java particularly in the southern regions of Java
remain poorly understood. A question like where the next
megathrust earthquake may come (Marzocchi et al., 2016)
is relatively easy to predict as it generally takes place on the
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plate boundary between two colliding plates. However, the
worst is yet to come as the most likely probable maximum size
remains questionable. This is of significance since earthquake
magnitude is considered to be one of the source parameters
important for estimate of tsunami potential. To this end,
we here developed the M, — A scaling derived from global
earthquake datasets for each faulting type. We then used the
obtained scaling for the subduction case to estimate the size
of a possible megathrust subduction-zone event off the south
coasts of Java Island.

In order to describe global seismicity from which the M,
— A scaling was obtained, we here provide a map of global
earthquakes constructed by selecting some parameters made
available by Incorporated Research Institutions for Seismology
(IRIS) using an online IRIS Earthquake Browser (IEB). The
selected earthquakes occurred worldwide during 1970-2020
with magnitudes greater than 6.5, which is considered to be
large events, as seen in Figure 3. Notice that the map is not
intended to show earthquake datasets used in the present

Figure 2: A map of Java Island, showing the
Java Sea and the Indian Ocean as the north and
south borders, respectively. The western and
eastern Java segments are shown to the south
of Java Island, occupying the Java subduction
zone (adopted from Widiyantoro et al. (2020)
for approximately the same geometry). Insert
shows the position of Java Island among other
islands in Indonesian territories. This is made
available using ArcGIS Online Basemaps at
https://arcgis.com/home/group.html accessed
at 23/8/21.
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Figure 3: Amap of global earthquakes from 1970 to 2020, sampled for 10,000 large events with magnitudes M, > 6.5 and varying depths
(taken from https://ds.iris.edu/ieb/ accessed at 9/5/21 with a background view using Google/NASA satellite). Notice that the depths are
seen as violet circles for 0-33 km below the surface, blue circles for 33-70 km, green circles for 70-150 km, yellow circles for 150-300
km, orange circles for 300-500 km, and red circles for 500-800 km deep.
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study. Instead, it is then provided for demonstrating the global
earthquake distribution, reflecting potential seismic threats
worldwide. It is clear that most of large earthquakes with M|
> 6.5 occur along the boundary between two colliding plates at
depths shallower than 70 km from the surface (violet and blue
circles), including the events striking Indonesian territories.
Other occurrences of intermediate to deep sources from 70-
150 km beneath the surface (green and yellow circles) to a
greater depth of more than 300 km (yellow and red circles)
are observed in the mainland of South America, mostly at the
interface of the Eurasian and Pacific Plates in the East Asian
countries, Kuril Islands (Russia), some areas of Indonesia,
and regions in the south-west Pacific Ocean far from the
Australian east coasts but close to New Zealand.

METHODOLOGY

Global earthquake datasets in this study were
downloaded from United States Geological Services (USGS)
at https://earthquake.usgs.gov/earthquakes/ and also collected
from specific seismic studies listed in Table 1. The datasets
included a total of 90 earthquakes occurring worldwide with
varying sizes of 4.45 <M, <9.20 (moderate to strong ground
motions) during years of 1960-2015. These are reported in
Table 1 in ordered by magnitudes for four different source
mechanisms, namely 28 normal-faults, 31 strike-slip faults,
15 reverse faults and 16 subduction-zone earthquakes.

Among the datasets are three strike-slips that ruptured
segments of the well-known Sumatran Fault Zone (SFZ)
with moderate scales of M, ~ 6 during years of 2007 and
2009 (Salman et al., 2020), two relatively large earthquakes
of M, ~ 7 - 8 in the subduction-zone off the west coast of
Central Sumatra in years of 2007 and 2010 (Ratnasari et
al., 2020), and a megathrust earthquake of M ~ 9 popularly
known as the 2004 Sumatra-Andaman tectonic release (Fujii
& Satake, 2007; Murotani et al., 2013) generating the Indian
Ocean tsunami that destroyed lives and properties along the
west coast of Aceh Province and some north-west regions
of Sumatra Island, Indonesia (Suppasri et al., 2015).

The inclusion of more than a half of all events (59
cases) classified into normal and strike-slip mechanisms of
intermediate sizes guarantees that the results are expected to
be relevant to Indonesian settings, as these types of faulting
represent frequent occurrences. More active crustal faults
have been recently found (Irsyam et al., 2017), reflecting
future events with possible magnitudes of M > 7.5 (large
earthquakes). These points of thought along with megathrust
earthquakes possible to occur in the future at the interface
between colliding plates with M ~ 9 are logical reasons why a
wide range of earthquake magnitudes induced by the intraplate
(strike-slips and dip-slips) and subduction-zone earthquakes
were collected for seismic hazard analysis in this study.

RESULTS AND DISCUSSIONS
A list of all the event datasets worldwide considered
in the present study can be seen in Table 1, where the

corresponding reference study for each event is also given.
Notice that information on rupture length L and width W
of cases numbered 85-90 is not available but the area A
is given.

As early stated, this study has examined all faulting
types of events either strike-slip or dip-slip and subduction-
zone earthquakes with emphasizing on the M, — A scaling
for each mechanism. This is performed in favor of direct
comparisons to the previous results of Thingbaijam et al.
(2017) except that we do not include other source parameters
in scaling relationships, such as the width W and the depth
d in this study. In fact, we have worked with the parameters
and found relatively unclear patterns of the plot distribution
when the M, scaled with them both. Likewise, we found a
less clear relation between M and L in the plot distribution
relatively compared to the M, — A scaling. This is because
the earthquake size is determined from the seismic moment
M, using a relation M = 0.67 x (log M, — 16.1) according
to Kanamori (1977; 1983). Whilst, the M is related to the
fault area A through M = u D A, where u represents the
rigidity and D denotes the average slip (Abe, 1985). It is
quite easy to understand that M, is a logarithmic function
of A or equivalently a natural logarithmic function of A.
More precisely, we can thus write M ~log Aor M, ~In
A for theoretical scaling.

For this reason, four similarly curved graphs illustrating
the empirical scaling of M — A relationships for normal,
strike-slip, reverse faulting and subduction events are
depicted in Figures 4(a), 4(b), 4(c), and 4(d), respectively.
As predicted by the theory, the graphs are self-consistent
in that they demonstrate dependence of M upon A through
either a logarithmic proportionality or a natural logarithmic
proportionality as is the case in this study, consistent with
previous source-scaling laws (Wells & Coppersmith, 1994;
Hanks & Bakun, 2002; Shaw, 2009; 2013; Wu et al., 2013;
Konstantinou, 2014; Goda et al., 2016; Thingbaijam et al.,
2017). The similarity in the M, — A scaling for all source
mechanisms is achieved at greater than 90% confidence
(see legends in Figure 4).

An interesting feature shown in Figure 4 is that
magnitude M grows with respect to rupture area A at
slightly different rates for each event type. This is reflected
by distinct coefficients of natural logarithmic function for
each type of faulting; 0.50 is the largest value for normal
faulting in Figure 4(a) down to 0.39, which is the smallest
for the plate boundary earthquakes seen in Figure 4(d). The
second largest is found to be 0.47 for strike-slips in Figure
4(b), after which 0.40 is observed for reverse faulting in
Figure 4(c). The coefficients obtained here are different from
the values reported by Thingbaijam et al. (2017) in terms
of ordered sources from the largest to the smallest. For the
normal-faulting events in their study, the coefficient was
found to be 0.54, followed by 0.46 for the strike-slips and
plate-boundary events, followed by 0.41 for the reverse-
faulting at shallow sources (see Table 2).
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Table 1: List of global earthquakes datasets with their corresponding source parameters: moment magnitude, rupture length rupture width
and rupture area used in this study (ordered by the scale from 4.45 to 9.20 for all event types) from occurrences during 1960-2015 years.

No Event Date M, L (km) W (km) A (km?) InA Event Type *References

1 2006/11/17 4.45 2 4 8 2.08 NE Konstantinou (2014)
2 1996/04/03 5.09 9 4 36 3.58 NE Konstantinou (2014)
3 1980/02/29 5.16 5 5 25 3.22 NE Konstantinou (2014)
4 2009/05/24 5.18 6 6 36 3.58 NE Konstantinou (2014)
5 2010/01/22 5.19 6 5 30 3.40 NE Konstantinou (2014)
6 2004/02/11 5.29 8 7 56 4.03 NE Konstantinou (2014)
7 2010/01/18 5.29 6 6 36 3.58 NE Konstantinou (2014)
8 2009/09/06 5.39 9 6 54 3.99 NE Konstantinou (2014)
9 1998/09/09 5.43 9 6 54 3.99 NE Konstantinou (2014)
10 1984/04/29 5.65 14 6 84 4.43 NE Konstantinou (2014)
11 1997/10/14 5.65 7 4 28 3.33 NE Konstantinou (2014)
12 1997/09/26 5.67 7 4 28 3.33 NE Konstantinou (2014)
13 1986/09/13 5.86 10 10 100 461 NE Konstantinou (2014)
14 1997/09/26 5.90 12 5 60 4.09 NE Konstantinou (2014)
15 1992/10/12 5.95 12 10 120 4.79 NE Konstantinou (2014)
16 2000/06/06 5.96 13 8 104 4.64 NE Konstantinou (2014)
17 1999/09/07 6.10 15 17 255 5.54 NE Konstantinou (2014)
18 1981/03/04 6.23 25 10 250 5.52 NE Konstantinou (2014)
19 1995/10/01 6.26 24 12 288 5.66 NE Konstantinou (2014)
20 1995/06/15 6.32 27 11 297 5.69 NE Konstantinou (2014)
21 2009/04/06 6.32 25 12 300 5.70 NE Konstantinou (2014)
22 1978/06/20 6.44 28 14 392 5.97 NE Konstantinou (2014)
23 1981/02/24 6.57 28 17 476 6.17 NE Konstantinou (2014)
24 1980/07/09 6.59 30 13 390 5.97 NE Konstantinou (2014)
25 1995/05/13 6.74 28 10 280 5.63 NE Konstantinou (2014)
26 1980/11/23 6.91 50 14 700 6.55 NE Konstantinou (2014)
27 1995/11/22 7.21 48 24 1152 7.05 NE Konstantinou (2014)
28 2001/01/13 7.70 101 39 3939 8.28 NE Tanioka et al. (2017)
29 2005/09/08 4.47 2.5 2 5 161 SSE Konstantinou (2014)
30 1996/07/15 4.76 2.5 4 10 2.30 SSE Konstantinou (2014)
31 1996/02/18 5.12 5 7 35 3.56 SSE Konstantinou (2014)
32 2012/01/27 5.38 8 6 48 3.87 SSE Konstantinou (2014)
33 1996/10/15 5.39 9 5 45 381 SSE Konstantinou (2014)
34 2002/12/02 5.48 5 6 30 3.40 SSE Konstantinou (2014)
35 2002/11/01 5.66 8 8 64 4.16 SSE Konstantinou (2014)
36 2003/07/06 5.68 10 6 60 4.09 SSE Konstantinou (2014)
37 1998/04/12 5.73 13 7 91 451 SSE Konstantinou (2014)
38 1985/10/27 5.77 14 10 140 494 SSE Konstantinou (2014)
39 2002/10/31 5.79 6 13 78 4.36 SSE Konstantinou (2014)
40 2013/01/08 5.83 10 8 80 4.38 SSE Konstantinou (2014)
41 1994/05/26 5.86 16 8 128 4.85 SSE Konstantinou (2014)
42 2003/08/14 6.08 25 10 250 5.52 SSE Konstantinou (2014)
43 1999/10/22 6.12 13.9 13.8 191 5.25 SSE Yen & Ma (2011)
44 2007/03/06 6.30 22 9 198 5.29 SSE Salman et al. (2020)
45 1994/06/05 6.31 8.9 8.3 73 4.30 SSE Yen & Ma (2011)
46 1998/06/27 6.33 30 18 540 6.29 SSE Konstantinou (2014)
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No Event Date M, L (km) W (km) A (km?) In A Event Type *References

47 2004/02/24 6.35 19 12 228 5.43 SSE Konstantinou (2014)
48 2007/03/07 6.40 25 10 250 5.52 SSE Salman et al. (2020)
49 2008/06/08 6.40 30 10 300 5.70 SSE Konstantinou (2014)
50 2001/07/26 6.45 27 14 378 5.93 SSE Konstantinou (2014)
51 2009/10/01 6.60 33 1 363 5.89 SSE Salman et al. (2020)
52 1992/03/13 6.66 30 10 300 5.70 SSE Konstantinou (2014)
53 2006/12/26 6.80 29.8 243 725 6.59 SSE Yen & Ma (2011)
54 1995/01/17 6.90 57 18 1027 6.93 SSE Murotani et al. (2015)
55 1999/11/12 7.11 55 17 935 6.84 SSE Konstantinou (2014)
56 1992/06/28 7.20 74 14.7 1090 6.99 SSE Murotani et al. (2015)
57 1999/08/17 7.50 126 19.8 2499 7.82 SSE Murotani et al. (2015)
58 2001/11/14 7.76 319 28.5 9078 9.11 SSE Yen & Ma (2011)
59 2002/11/03 7.90 320 245 7827 8.97 SSE Murotani et al. (2015)
60 1998/07/17 5.88 8.1 5.4 44 3.79 RE Yen & Ma (2011)
61 1989/10/29 5.90 13 10 130 4.87 RE Konstantinou (2014)
62 2003/06/9 5.92 6.7 7.1 48 3.87 RE Yen & Ma (2011)
63 1979/05/24 6.20 17 11 187 5.23 RE Konstantinou (2014)
64 1999/09/22 6.23 17.3 16.3 282 5.64 RE Yen & Ma (2011)
65 1999/09/25 6.35 16.3 15.1 245 5.50 RE Yen & Ma (2011)
66 1976/05/06 6.51 25 15 375 5.93 RE Konstantinou (2014)
67 2003/05/21 6.94 50 15 750 6.62 RE Konstantinou (2014)
68 1979/04/15 7.06 50 23 1150 7.05 RE Konstantinou (2014)
69 1978/09/16 7.09 74 30.1 2227 7.71 RE Yen & Ma (2011)
70 2001/01/26 7.38 31.6 25.2 798 6.68 RE Yen & Ma (2011)
71 2005/10/08 7.50 120 36 4320 8.37 RE Murotani et al. (2015)
72 1999/09/20 7.60 89 38.6 3435 8.14 RE Murotani et al. (2015)
73 1985/09/19 8.01 158.6 115 18245 9.81 RE Yen & Ma (2011)
74 2008/05/12 8.01 243.7 30.6 7462 8.92 RE Yen & Ma (2011)
75 2004/10/09 7.00 36 22 792 6.67 SE Tanioka et al. (2017)
76 2012/08/27 7.30 50 28 1400 7.24 SE Tanioka et al. (2017)
77 1992/09/02 7.60 100 52 5200 8.56 SE Tanioka et al. (2017)
78 2010/10/25 7.80 103 51 5253 8.57 SE Ratnasari et al. (2020)
79 2013/02/06 8.00 60 140 8400 9.04 SE Heidarzadeh et al. (2016)
80 2007/01/13 8.10 290 90 26100 10.17 SE Lobkovsky et al. (2009)
81 2014/04/01 8.10 157.5 105 16538 9.71 SE Lay et al. (2014)
82 2006/11/15 8.30 300 220 66000 11.10 SE Lobkovsky et al. (2009)
83 2015/09/16 8.30 230 100 23000 10.04 SE Ren et al. (2017)
84 2007/09/12 8.40 208 91 18928 9.85 SE Ratnasari et al. (2020)
85 2005/03/28 8.60 - - 40000 10.60 SE Walker et al. (2005)
86 2010/02/27 8.80 - - 62500 11.04 SE Murotani et al. (2013)
87 2011/03/11 9.00 - - 92500 11.43 SE Murotani et al. (2013)
88 1964/03/27 9.10 - - 164160 12.01 SE Murotani et al. (2013)
89 2004/12/26 9.10 - - 160000 11.98 SE Murotani et al. (2013)
90 1960/05/22 9.20 - - 135000 11.81 SE Murotani et al. (2013)

NE = Normal Event, SSE = Strike-Slip Event, RE = Reverse Event, SE = Subduction Event
Cases 1-28: Normal faulting earthquakes with magnitudes ranging from 4.45 to 7.70

Cases 29-59: Strike-slip faulting earthquakes with magnitudes ranging from 4.47 to 7.90
Cases 60-74: Reverse faulting earthquakes with magnitudes ranging from 5.88 to 8.01

Cases 75-90: Subduction-zone earthquakes with magnitudes ranging from 7.00 to 9.20
*References refer to the source parameters of the events determined by the published studies.
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with 16 events in red; all events are extracted from the datasets for each type of source mechanism reported in Table 1.

One of logical reasons why a discrepancy in the
logarithmic coefficients between our study and Thingbaijam et
al. (2017) appears is that they utilised orthogonal regressions
instead of least-squares regressions, as is the case in this study.
Another logical reason may actually be from the difference
in global earthquake datasets between the ones currently
used in this study and those in Thingbaijam et al. (2017).

Unfortunately, the present results cannot be directly
compared to those of Goda et al. (2016) as they divided
the M, — A scaling into cases of tsunamigenic and non-
tsunamigenic, irrelevant to this work. However, apart from
this irrelevance and the disordered mechanisms (compared
to the reference of Thingbaijam et al. (2017) in terms of
coefficients for natural logarithmic function), this study
yields good estimates in earthquake size of past events.

The followings are good examples of how close
magnitude estimates by the scaling relations developed
from this study, relatively compared to reference values.
The first case to consider is a moderate event that
occurred near Fukushima Prefecture in the east coast of
Japan on November 21, 2016 at 20:59:47 Universal Time
Coordinates (UTC). The event was caused by ground
motions of a normal fault sized of M 6.9 by USGS.
Taking the fault area of 39 x 17 km? given by the model
of Suppasri et al. (2017), we use M = 0.50 In A + 3.53
in Figure 4(a) for this event to obtain M = 6.78, less than
2% different from that reported by USGS and consistent
with that predicted by Thingbaijam et al. (2017). The
second case to discuss is that the shocking event on
September 28, 2018 at about 10:02:44 UTC, after which
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it was widely known as the 2018 Palu-Donggala strike-slip
earthquake sized of M, 7.5 recorded by USGS, inducing a
relatively large tsunami inside Palu Bay (Supendi et al.,
2020). Taking fault area of 200 x 15 km? in Gusman et
al. (2019), we here apply M = 0.47 In A + 3.73 as seen
in Figure 4(b) to obtain M = 7.49, which is almost the
same as that reported by USGS and again consistent with
that predicted by Thingbaijam et al. (2017).

Afurther example is given for a reverse (thrust) faulting
slip that occurred in Nepal, close to a collision zone of Indian
Plate and Tibetan Plateau of relatively high seismicity on
April 25,2015 at 06:11:25 with M 7.8 (USGS). The energy
release mechanism was similar to ones in the subduction
interface, where the Himalayan Thrust Fault slipped over
the Indian Plate (Kumar et al., 2017). Using a rupture
model for the thrust event of a 150 km long and 70 km
wide plane (Kumar et al., 2017) and the relevant scaling
M, =0.40 In A + 4.20 from Figure 4(c), we have M =7.90,
which is only 1% deviation, insignificant different from that
recorded by USGS.

To complete examples of faulting events both from
strike-slip and dip-slip which were well predicted by
relevant empirical scaling developed from this study, we
here provide two cases of subduction-zone earthquakes.
The first case to discuss is that a relatively strong ground
motion striking Chiloé Island in Chilean southern district
was recorded as M 7.5 by USGS on December 25, 2016
at 14:22:27 UTC. The fault model developed by Xu (2017)
suggested a thrust-fault motion, triggering a tectonic release
of about M,,7.6 by which the same segment was ruptured
in the 1960 Chilean megathrust of M, 9.2 (Fujii & Satake,
2012; Murotani et al., 2013), the largest event recorded in
the history. Using the model of 48 km in length x 76 km
in width (Xu, 2017) and the scaling M = 0.39 In A + 4.37
from Figure 4(d), we estimate M = 7.57. Then, the size
difference between the value provided by the scaling and the
reference given by USGS is 1%, considered unimportant.

Although the four recent large events fill examples
having insignificant differences in earthquake magnitude
estimates between predicted values using the empirical
scaling laws used in this study and the ones given by the
USGS, all the cases provided are lack of an event with M
8.0 that is considered as a megathrust subduction earthquake
in the plate boundary. This event is potential to generate a
large tsunami wave following the quake. Tsunamis, along
with causative ocean floor deformation from major events,
are of practical interest for tsunami-seismic assessment and
analysis as the catastrophes may be present simultaneously.
For instance, strong ground-motions found in the Kuril
Islands, Russia on November 15, 2006 with M 8.3 and two
months later on January 13, 2007 with M 8.1 generated
strong tsunamis with relatively large waves striking most
regions in the whole Pacific (Lobkovsky et al., 2009). This
previous study is interesting in that the scenarios for the two
devastating seismic and corresponding tsunami hazards in

the source region were predicted earlier. Accurate prediction
involved the concept of a seismic gap for a megathrust
earthquake and its associated destructive tsunami wave
possible to occur in the region of interest at any time as
long as some seismic conditions were fulfilled.

A seismic gap hypothesis (McCann et al., 1979;
Nishenko, 1991; Rong et al., 2003; Lobkovsky et al., 2009)
points out the most possible region, as part of a larger area
with high seismicity, where ground motions with strong
sizes due to considerable amounts of crustal deformation
have long been absent. This particular region is predicted
to undergo a future catastrophic seismic event with a high
probability. Within this context, Widiyantoro et al. (2020)
reported the gaps close to Java Trench (see Figure 1) off the
south coast of Java Island based on three seismic scenarios.
The scenarios included the worst case where the double (see
western and eastern Java segments in Figure 2) megathrust
segments ruptured at the same time. If it occurs, megathrust
earthquakes with corresponding large tsunami waves are
likely to produce with a height of ~ 5 m on average along
the southern coastal lines of Java Island but possibly reaching
as high as ~ 20 m and ~ 12 m in particular regions of West
Java and East Java, respectively (Widiyantoro et al., 2020).

Interestingly, the three scenarios described by
Widiyantoro et al. (2020) correspond to separate megathrust
seismic energy releases, measured by event magnitudes of
M,, 8.9 when the western Java segment collapses, M, 8.8
when the eastern Java segment collapses, and M 9.1 when
both segments rupture simultaneously (see Figure 2). Here,
we intend to test these possible catastrophes by applying our
finding on the empirical scaling relation for the megathrust
subduction-zone earthquakes. We use M, = 0.39 In A + 4.37
provided in Figure 4(d) and a modeled faulting-plane of
660 km long and 210 km wide (Widiyantoro et al., 2020)
to obtain M = 8.99. This result is remarkable in the sense
that it is slightly different, by ~ 2% only, from the sizes
calculated by Widiyantoro et al. (2020).

Our source-scaling estimate is supported by a numerical
work of Corbi et al. (2019) using their scaling of M = 0.37
log A + 4.44 (equivalent to M = 0.441 log A + 8.446 in
its original form of the work) for datasets of subduction
earthquakes of sizes 6.2< M <8.3. Applying the scaling of
Corbi et al. (2019) with the fault-plane geometry of 138,600
km? by Widiyantoro et al. (2020), we then have M = 8.82,
slightly different from that based on our scaling estimate.

Having tested the scaling in this study successfully, we
compare them all with those of Thingbaijam et al. (2017)
given in Table 2. The largest rupture area for each event
type (see Table 1) is substituted into the equivalent source-
scaling relationships of Thingbaijam et al. (2017) and the
ones in this study. The difference in size between calculated
magnitudes in percentage is seen in the last column of Table
2 (magnitudes given by previous work are references).

It is clear from Table 2 that predicted magnitudes of
lithospheric motions either by strike-slip or dip-slip intraplate
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Table 2: Comparisons between source-scaling relations of Thingbaijam et al. (2017) with the corresponding relations found from this
study for all source event mechanisms, independent of the depth, showing a linier-natural log of the M, — A scaling.

No Source Mechanism Thingbaijam et al. (2017) This Study *Diff. in size estimate (%)
1 Normal Faulting M,=054InA+3.16 M,=0.50InA+3.53 0.5

2 Strike-Slip Faulting M, =0.46InA+3.70 M, =0.47InA+3.73 15

3 Reverse Faulting M, =041InA+4.16 M, =0.401InA+4.20 0.7

4 Subduction Processes M,=0.46In A + 3.47 M,=0.39InA+4.37 0.7

*Diff. in size estimate = the fractional difference in M, calculated using the empirical scaling derived from this study and that of Thingbaijam

etal. (2017).

faulting and by subduction-zone processes using the source-
scaling relations in this study are in good agreement with
the values calculated by the scaling laws reported by
Thingbaijam et al. (2017) to within = 0.1. The only small
difference of less than 2% in the earthquake size estimates
between this study and Thingbaijam et al. (2017) provides a
notable progress with respect to the previous source-scaling
laws (Wells & Coppersmith, 1994; Hanks & Bakun, 2002;
Shaw, 2009; Konstantinou, 2014). Indeed, the current results
are well suited for tsunami-seismic hazard analysis and its
corresponding disaster risk assessment.

Although Goda et al. (2016) suggested separate M, — 4
scaling for tsunamigenic and non-tsunamigenic occurrences,
these are limited in applications. Large tsunamis generated
by both strike-slip and normal-faulting slip are rare but
possible to occur. Cases of the 2016 Kaikoura, New Zealand
(Power et al., 2017) and the 2018 Palu Bay, Indonesia (e.g.,
Gusman et al., 2019) were exceptional to list, where strike-
slip fault movement induced destructive tsunamis. Hence,
the separate M — 4 scaling relations for each type of source
mechanism are of favorable significance for possible use
worldwide in the future.

To further characterise seismic records of strong-
motions from faulting-slips and the plate boundary,
we analyse functional relationships of M — 4 scaling
obtained from this study for all the four sources in one
plot, depicted in Figure 5. Except for the earthquakes at
the plate interface, depicted as the red solid-curve, the
other three types of events are given in dashed-curves
using hypothetical faulting-plane data from 4 x 10* km?
to a point before reaching the maximum earthquake
magnitude measured ever in the history of seismic hazards
worldwide, the 1960 Chilean event (Fujii & Satake, 2012;
Murotani et al., 2013).

The empirical scaling relations derived from this
study can also be used to assess tsunami hazard generated
by future giant earthquakes possible. The rupture area A
can be estimated based upon the scaling relations if the
earthquake size observed in M, is known. Conversely, an
earthquake size of any faulting type and source mechanism
can then possibly be estimated accurately from a modeled
source area.
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It is clear from Figure 5 that the size of normal
earthquakes varies rapidly with the area in particular for a
limited range from ~ 10° to ~ 3 x 10* km?. In this range,
a relatively small increase in the area will correspond to a
considerable amount of change in the event size. Further, a
similar situation is also found for other sources (strike-slip
and reverse faulting). However, the area never reaches a
definite value in which the maximum magnitude M = 9.3
(the black dashed-line) would be possible to achieve.

In the case of subduction earthquakes, the magnitude
grows slowly at a low rate with respect to the area. The
size scales with M~ 9.0 at A = 1.6 x 10° km?, after
which it seems to achieve an asymptote at a value that is
close to an upper bound on the magnitude observed ever
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8.0 A

Normal Events

—-==-= Hypothetical Normal Events
—— Strike-Slip Events

7.0 1 ====Hypothetical Strike-Slip Events
—— Reverse Lvents

—=== Hypothetical Reverse Events
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moment magnitude Mw
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rupture area A (km?) x 104

Figure 5: Modified graphs showing the four M, — 4 scaling
relationships for (a) normal (green), (b) strike-slip (blue), (c)
reverse (pink), and (d) subduction-zone (red) earthquakes from the
datasets in Table 1. The green, blue, and pink curved solid-lines are
created by hypothetical data with the rupture area of 0 to 4 x 10*
km?2 while the continuing curved dashed-lines in green, blue, and
pink represent the hypothetical data of each corresponding colour.
The black horizontal dashed-line shows a line of M = 9.3 that
would likely serve as the maximum magnitude possible, close to
the observed magnitude M, 9.2 for the great 1960 Chilean event
(Fujii & Satake, 2012; Murotani et al., 2013).
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M= 9.2 in the 1960 Chilean event (Fujii & Satake, 2012;
Murotani et al., 2013) at very large faulting dimensions.
Within this context, we double the largest area (see Table
1), equivalent to A ~ 3.2 x 10° km? for the maximum
fault area of the subduction earthquakes in Thingbaijam
et al. (2017) to account for the very large area possible.
Inserting this value into a scaling developed by Goda
et al. (2016) for tsunamigenic events M = 0.55 In A +
2.24 results in M = 9.21. When we substitute the same
area into equivalently-empirical scaling of Thingbaijam
et al. (2017) for calculation of energy release in the
subduction interface (see Table 2), we obtain M = 9.30.
For comparison, using M = 0.39 In A + 4.37 in the same
table from the present study, we have M = 9.31. All of
these estimates, based on distinct considerations, are hence
similar numbers to within + 0.1, acceptable for errors in
magnitude measurements in most seismic studies. This
suggests that predicted magnitudes of M ~ 9.0 following
a future megathrust subduction-zone earthquake due to the
scenarios proposed by Widiyantoro et al. (2020) is thus
possible to occur.

CONCLUSIONS

A study on earthquake size prediction has been
performed by deriving empirical scaling relationships of
the rupture area A and corresponding moment magnitude
M, Using a total of 90 events from the global datasets
of sizes 4.45 <M, < 9.20 during years of 1960-2015, we
have examined normal, strike-slip, reverse and subduction-
zone events, and found M = 0.50 In A + 3.53, M = 0.47
INnA+373,M,=040InA+420and M =0.39 In A +
4.37, respectively for each type of source mechanism.
The results suggest that the size scale for subduction-zone
events asymptotes to a value of M = 9.3 possible to reach
at rupture areas much larger than those for the strike-
slips and dip-slips. It follows that seismic energy release
following tectonic activities at the interplate-boundary is
potential to generate megathrust earthquakes. Hence, these
are relevant to Indonesian geological and tectonic settings,
where the subduction-zone earthquake is considered to
be a persistent seismic threat for the nation apart from
the more active continental faults being recently found in
most of Indonesian territories. In particular, a future event
with magnitude of M, ~ 9.0 remains possible to occur
off the south coastal regions of Java Island, having the
largest population in Indonesia. This key result confirms
the magnitudes predicted by seismic collapses of the two
Java segments (Widiyantoro et al., 2020). Therefore, the
current results suggest better disaster preparedness and
increasing awareness of significance of an integrated
tsunami-earthquake early warning with a high priority for
early detection of potential seismic threats, particularly
in the most vulnerable regions in Indonesia to all future
possible tsunami-seismic hazards.
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