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S U M M A R Y 

We aim to improve our comprehension of the seismic process and to identify possible long- 
term predictability tools of strong earthquakes through the simulation performed by a new- 
generation simulator code based on a well-elaborated model of the earthquake sources. W e 
applied our pre viousl y tested physics-based earthquake simulator to the Nankai megathrust 
fault system, characterized by a 13 centuries historical record of strong earthquakes. Our results 
show these significant seismicity patterns characterizing the seismic c ycles: the av erage stress 
increases almost linearly, while its standard deviation decreases more and more rapidly as the 
next major earthquake approaches; the coseismic stress drop and the simultaneous increase of 
the standard deviation mark the beginning of the new seismic cycle; and the b -value tends to 

increase some decades before major earthquakes and exhibits correlation with the occurrence 
rate. Our results encourage further investigations about the application of simulators in support 
of other methodologies of earthquake forecasting. 

Key wor ds: Japan; F inite element method; Numerical modelling; Probabilistic forecasting; 
Seismicity and tectonics; Statistical seismology. 
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1  I N T RO D U C T I O N  

After more than 120 yr of unsuccessful ef forts, seismolo gists are 
still very far from achieving any kind of reliable and applicable 
method of earthquake prediction based on short-term precursors. A 

comprehensi ve re vie w of the present situation has been very clearly 
gi ven b y Rundle et al. ( 2022 ). 

In the absence of deterministic earthquake prediction tools, sta- 
tistical methods based on information about past earthquakes are 
applied to earthquake hazard assessment. The simplest statistical 
model is given by the space-variable, time-independent Poisson hy- 
pothesis, also referred to as the background seismicity. This is the 
most frequently adopted model for disaster mitigation measures by 
Governments all over the World. Ho wever , it is widely recognized 
that earthquake occurrence rates are variable in both short and long 
ter ms. Shor t-ter m features are commonly named foreshock and af- 
tershock sequences, clusters and swarms. This kind of behaviour 
may be quantitati vel y described b y the Epidemic Type Aftershock 
Sequence model, which has become quite popular in the seismo- 
logical literature starting from the initial steps of Ogata ( 1998 ), 
Console & Murru ( 2001 ) and Console et al. ( 2003 ), followed by 
many others. 

In this paper, we are mainly concerned with time-dependent long- 
term features of strong earthquakes, based on the elastic rebound 
theory introduced by Reid ( 1910 ) upon evidence obtained from the 
1906 San Francisco Earthquake. The statistical models describing 
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the inter-event time distribution of large earthquakes entirely rup- 
turing a seismogenic fault belong to the category of rene w al models 
and are characterized by two free parameters. They allow the cal- 
culation of the occurrence probability of the next earthquake, once 
the two free parameters and the time elapsed from the latest char- 
acteristic earthquake are known or inferred. However, the limited 
availability of long historical or palaeoseismic records with indi- 
vidually dated ruptures, combined with uncertainties in data and 
parameters, makes it challenging to determine the form of the re- 
currence distribution. For instance, even in a country like Japan, 
which owns a historical record of earthquakes longer than 1000 yr, 
it is likely that the seismic catalogue does not capture all possible 
longer inter-event times. In some cases, palaeoseismic information 
could help address this question. An yw ay, e ven palaeoseismolo gical 
information does not span a period encompassing more than a few 

large earthquakes, allowing a robust statistical analysis (e.g. Mosca 
et al. 2012 ). 

Starting from the pioneering work of Rundle & Jackson ( 1977 ), 
Rundle & Brown ( 1991 ) and Ward 1992 , physics-based earthquake 
simulators hav e receiv ed growing attention as a tool for develop- 
ing and testing hypotheses of the earthquake process, and justi- 
fying earthquake observations. Among these observations, there 
are well-known statistical relationships like magnitude–frequency 
distributions, temporal relationships like the Omori law, and some 
proper ties of ear thquake clustering. Ear thquake simulators may ad- 
dress the typical limitations existing in real observations, such as 
ress on behalf of The Royal Astronomical Society. This is an Open Access 
s Attribution License ( https://creati vecommons.org/licenses/b y/4.0/ ), which 
 any medium, provided the original work is properly cited. 
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Table 1. Historical and instr umental mega-ear thquakes that ruptured more 
segments of the Nankai megathrust (modified from Ando 1975a , b ; Parsons 
et al. 2012 , and references therein). 

Date M Causative faults 

684 November 
29 

8.4 AB or ABCD or ABCDE 

887 August 26 8.6 AB or ABC 

1096 
December 17 

8.4 CD or CDE 

1099 Febr uar y 
22 

8.4 AB 

1361 August 3 8.4 AB or ABCD or ABCDE 

1498 
September 20 

8.6 CDE or ABCDE 

1605 Febr uar y 
3 

7.9 ABCD 

1707 October 
28 

8.4 ABCDE 

1854 
December 23 

8.4 CDE 

1854 
December 24 

8.4 AB 

1944 
December 7 

8.2 CD 

1946 
December 20 

8.2 AB 
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ompleteness, homogeneity and duration, enabling the e v aluation
f various seismogenic process models and the application of re-
e w al models (Ward 1996 , 2000 , 2012 ; Tullis 2012 ; Wilson et al.
017 ; Console et al. 2018 , 2020 , 2022a , b , 2023 ; Shaw et al. 2018 ).

Even if the most complex earthquake simulators remain models
pproximating the infinitely more complex physical reality of the
arthquake process, and not all conclusions based on this kind of
odels can be tested in any detail against actual earthquakes, there

s a wide consensus on their usefulness for improving overall testing
rocedures of earthquake forecasting (e.g. Field 2015 , 2019 ; Schultz
t al. 2015 ; Christophersen et al. 2017 ; Rundle et al. 2022 ). 

In this study, we applied a pre viousl y tested physics-based earth-
uake simulator to the Nankai megathrust fault system, a well-
nown seismogenic zone, characterized by both a high rate of strong
arthquakes and a long historical record spanning about 13 cen-
uries (e.g. Kanamori 1972 ; Ando 1975a , b ; Ishibashi 1981 ; Kato
983 ; Sykes & Menke 2006 ; Parsons et al. 2012 ; Fitzenz 2018 ;
ujiwara et al. 2023 ). We produced a long-term simulated cata-

ogue lasting 1000 yr and containing more than 17 600 M w > 5.0
arthquakes, attempting to mimic observed seismic features such
s the frequency–magnitude distribution, the pseudo-periodicity of
ajor ruptures and their inter-event time in the seismic cycle, along
ith some possible long-term precursory patterns. Our simulator is
ased on an algorithm constrained by several physical faulting and
ource parameters, and includes some heuristic rules controlling
he nucleation, growth and stopping of the rupture of a seismogenic
ource (Console et al. 2023 ). Our results show interesting seis-
ic features characterizing the behaviour of the seismic process

n single fault segments. We believe that identifying these features
ould be a key to modelling the occurrence of future damaging
arthquakes, and a contribution to the ambitious task of earthquake
orecasting. 

 T H E  NA N K A I  M E G AT H RU S T  FAU LT  

Y S T E M  

n southwestern Japan, along the Nankai Trough subduction
one, the Philippine Sea oceanic plate is subducting beneath the
urasian/Amur continental plate at a horizontal velocity of ca. 5–
 cm yr −1 (Zang et al. 2002 ; DeMets et al. 2010 ). 

The Nankai megathrust fault system is a well-known seismogenic
tructure 700 km long, aligned with the Pacific Ocean coast, which
enerated several earthquakes of magnitude larger than 8.0 in the
ast 13 centuries (Table 1 ). Therefore, megathrust earthquakes have
ccurred repeatedly at intervals of 100–150 yr along the Nankai
rough, and are believed to occur along the plate interface, between

he over-riding continental plate and the subducting oceanic plate
e.g. Noda et al. 2021 ; Saito & Noda 2022 ; Yamamoto et al. 2022 ).
he largest interplate earthquake occurred in the source region of

he 1944 earthquake ( M w 8.2) was the M w 6.5 earthquake on 2016
pril 1 (Nakano et al. 2018a ).). Instead, the largest and the second

argest intraplate earthquakes observed in this region were the M
.4 and M 7.1 events on 2004 September 5. 

The Nankai Trough fault system is typically modelled as subdi-
ided into five main fault segments (Fig. 1 and Table 2 ; e.g. Ando
975a , b ; Parsons et al. 2012 ; Fujiwara et al. 2023 ). This partition
s mainly based on studies of the source mechanisms of historical
arthquakes and the forearc submarine topography, which reflects
he seismotectonic activities. Each of the five fault segments has a
ength of 100–150 km along the trough axis and almost corresponds
o the distribution of forearc basins (e.g. Fujiwara et al. 2023 , and
eference therein). These five segments are characterized by dif-
erent slip rates and can rupture separately from or simultaneously
ith each other (Table 1 and Fig. 1 ). 
Note that the most recent large earthquakes, the 1944 Decem-

er 7 and 1946 December 20 earthquakes (both of magnitude 8.1),
uptured adjacent segments of the subduction zone, and some in-
estigators suggest that this boundary is associated with a physical
arrier to rupture that can be due to change in the dip of the plate in-
erface (e.g. Baba & Cummins 2005 ). In any case, it is believed that
his barrier may have been crossed during some historical earth-
uakes (Table 1 ). Note that no large earthquake listed in Table 1
s caused by the rupture of a single segment, while the pairs of
egments A–B and C–D are al wa ys associated in a unique event.
oreover, Table 1 does not exhibit a clear correlation between the
agnitude of single earthquakes and the size of the ruptured area.

or instance, the smallest magnitude (7.9) is attributed to the 1605
arthquake, which is supposed to have ruptured the four segments
rom A to D, while a magnitude of 8.4 is attributed to the earth-
uakes of 1854, reported as having ruptured only segments A and B.
hese discrepancies may be explained by the uncertainties in mag-
itude estimates of historical earthquakes, as well as by the debated
ssociation of earthquakes to specific segments, most probably ob-
ained from the memories of the severity of damages caused on the
ffected areas and the tsunami’s effects. This issue will be dealt
ith in connection with the results of our simulation, which show

hat earthquakes of magnitude larger than 7.9 are not necessarily
arthquakes caused by the full rupture of two or more segments. 

Recent observations have shown that strain (stress) during an in-
erseismic period (the time period between a strong Nankai Trough
arthquake and the subsequent strong earthquake) is released not
nl y b y ordinar y ear thquakes but also by other phenomena. The
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Figure 1. Surface projection of the Nankai megathrust seismogenic model. The seismogenic fault system is modelled by five quadrilateral faults conventionally 
labelled A–E from west to east, each of which is composed of square cells of 2.5 km × 2.5 km (see Table 2 for their geometric and seismologic parameters; 
from Console & Carluccio 2021 ). 

Table 2. Parameters of the seismogenic sources of the Nankai fault systems adopted in the simulator algorithm. The coordinates refer to the upper left edge of 
the fault as observed from the hangingwall. 

Segment Name 
Lon 
( ◦) 

Lat 
( ◦) 

Minimum 

depth (km) 
Strike 

( ◦) 
Dip 
( ◦) 

Rake 
( ◦) 

Length 
(km) 

Width 
(km) 

Slip rate 
(mm yr −1 ) 

A Nankai 134.74 32.68 0.0 250 20 117 150 120 60 
B Nankai 136.25 33.13 0.0 250 25 117 150 70 55 
C Tonankai 137.18 33.54 3.0 245 24 113 95 100 50 
D Tonankai 138.13 33.90 3.0 245 32 113 95 100 45 
E Tokai 138.73 35.14 2.0 198 34 71 150 70 20 

 

Table 3. Features of the 1000 yr simulated catalogue 

Number of earthquakes of M ≥ 5.2 9204 
Maximum-likelihood b -value ( M ≥ 5.2) 1.109 ± 0.008 
Number of earthquakes of M ≥ 7.0 69 
Largest magnitude 8.63 
Annual seismic moment M 0 ( M ≥ 4.0) 1.51E + 20 N ·m yr −1 
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latter phenomena include spatiotemporal changes in plate coupling 
(slip deficit rates, e.g. Yokota et al. 2016 ; Nanjo & Yoshida 2018 ; 
Nakano et al. 2018a ; Noda et al. 2021 ) as well as slow slip events 
(e.g. Araki et al. 2017 ; Yokota & Ishikawa 2020 ; Nanjo et al. 2024 ) 
and other slow earthquake activities (e.g. Nakano et al. 2018b ). 
These phenomena play a pronounced role in the accumulation and 
release of strain (stress) around the Nankai Trough plate inter- 
face. Our simulator algorithm does have the option of choosing 
a different value of the coupling coefficient (cf) for each fault seg- 
ment of the input source model. Ho wever , as further discussed in 
the following sections, we preferred to adopt a coefficient of 1.0 
(full coupling) for the Nankai Trough fault system according to 
Scholz & Campos ( 2012 ). As a consequence, the simulator does 
not make a distinction if the events in the output catalogue should 
be called real earthquakes, slow earthquakes, or very slow slip 
events. 

3  T H E  S I M U L AT O R  A L G O R I T H M  

We used the latest version of our simulator algorithm, described in 
detail by Console et al. ( 2015 , 2018 , 2020 , 2022a , b , 2023 , 2024 ).
Here, we recall that this algorithm is constrained by several physical 
and empirical elements: 

(a) the geometry, source mechanism and average slip rate for 
every fault, 

(b) modelling the process of r upture g rowth and ter mination by 
a set of heuristic rules, and 

(c) interaction between earthquakes, with the Coulomb stress 
transfer computation. 

There have been modifications and improvements in various ver- 
sions of the simulator code. As far as the most recent versions are 
concerned, version 8 included the R&S constitutive law (Dieterich 
1994 ; Console et al. 2022a ), while version 9, adopted for this study, 
e xcludes such constitutiv e law, but includes a new free parameter 

art/ggaf032_f1.eps
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Figure 2. In each panel, from top to bottom, initial stress, stress drop and fi- 
nal stress for five earthquakes of different magnitudes on the Nankai megath- 
rust fault system. (a) M 7.03; (b) M 7.61; (c) M 8.09; (d) M 8.58 and (e) M 

8.63.The two labelled bars, respecti vel y, show the stress before and after the 
earthquake and its stress drop. It is notable that the stress drop in panel (c) 
appears rough, while the stress drop in panel (d) looks smooth. It depends 
on the circumstance that the stress available in (c) prior to the rupture was 
not uniform (with the presence of areas of low stress), while in the other 
case it was almost uniformly close to the threshold. 
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y means of which the user may enhance the capability of a rupture
o grow after nucleation (Console et al. 2022b , 2024 ). 

The seismogenic system is modelled by quadrilateral fault seg-
ents, each of which is composed of many square cells of the same

ize. The main reason that suggested the adoption of this model
onstituted by five segments was related to the necessity of assign-
ng to these segments the dif ferent v alues of the slip rate shown
n Section 2 . The five quadrilateral fault segments that represent
he Nankai seismogenic structures shown in Fig. 1 were discretized
n cells of 2.5 km × 2.5 km. The minimum magnitude generated
y an ear thquake r upturing a single cell is 4.7 (not reported in the
imulated catalogue). 

Each cell is randomly assigned an initial stress budget, included
n a fixed range. The stress is increased linearly in time according
o the tectonic slip rate of the model. The earthquakes are initiated
ne by one on the cell with the largest stress b udget, b ut only if it
 xceeds a giv en stress threshold. The second ruptured cell of the
pecific earthquake is chosen as that of largest stress budget among
he eight cells surrounding the nucleation cell, and so on for the
ext ruptured cells, until the stopping condition is met, when none
f the cells, including and surrounding the cells pre viousl y ruptured
n the same earthquake, has a stress budget exceeding the threshold.

henever a cell is ruptured, its slip is computed by means of a
imple physical equation assuming a constant stress drop (in our
ase equal to 3.3 MPa), and part of its stress is transferred to the
urrounding ones according to their distance and source mechanism.
t the end of an earthquake, the average slip on the ruptured cells is

omputed, allowing the calculation of the seismic moment and the
agnitude of earthquake through well-known relations. 
The time interval spanned by the simulated catalo gue w as 1000

r, excluding a warm-up period of 500 yr introduced to lead the
ystem to a standby status, independent of the initial stress randomly
ssigned to every cell. 

In our simulation, an earthquake of a given magnitude produced
y the simulation algorithm could have ruptured only part of a
ingle fault segment, or encompass more than one segment, without
ny constraint imposed by the size of the fault segment where the
ucleation is started. This is related to the specific geometry of our
ankai Trough fault system, with a very short distance between

he edges of two adjacent segments (Fig. 1 ). In this way, the stress
eleased by ruptured cells is transferred between cells of different
egments nearly as if they were a unique segment. 

As for any other earthquake simulator, our algorithm is based
n a great simplification of the e xtremely comple x real earthquake
rocess. In this respect, we proceeded according to the Occam prin-
iple that ‘the simpler the better’. For instance, our simulator does
ot make an y dif ference between source mechanisms and hypocen-
ral depths. Ho wever , as sho wn b y pre vious applications of the same
imulation code, our model mimics fairly well real seismic features,
uch as the pseudo-periodicity of strong earthquakes and the G-R
agnitude distribution of earthquakes, with a substantial similitude

o the characteristic earthquake model for strong earthquakes (Con-
ole et al. 2022b , 2024 ). In particular, Console et al. ( 2024 ) showed
hat the application of our simulator to dif ferent seismo genic areas
s the central-nor ther n Apennines and the Nankai–Tokai Trough,
esides the strong differences in their time and size scales, produces
ubstantial similarities in the respective earthquake patterns. 

 A P P L I C AT I O N  O F  T H E  S I M U L AT O R  

e ran the simulator for 1500 yr including a warm-up period of
00 yr. The 1000 yr output simulated catalogue contains 17 600
arthquakes of magnitude ranging from 5.03 (earthquakes rupturing
nly two cells) to 8.63 (an earthquake rupturing 9316 cells of the
ull fault system of segments A–E). Table 3 displays some of the
ain features of the simulated catalogue. 

art/ggaf032_f2.eps
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Figure 3. From top to bottom, for each of the A/B/C/D/E segments, time history of (1) average stress computed on all the cells; (2) SSD on the cells of each 
segment computed at the same time as in (1); (3) ratio between the average stress and its standard deviation computed at the same time as in (1); (4) occurrence 
rate on time windows of 100 earthquakes shifted by 10 earthquakes at each step and (5) b -value on time windows of 100 earthquakes shifted by 10 earthquakes 
at each step. Vertical lines indicate the occurrence time of earthquakes whose ruptures significantly modified the stress of one or more segments. The stress 
increase is due mostly to tectonic loading, but also to stress transfer from the cells of a segment to the others. The average stress drops at the time of each 
earthquake according to the size of the rupture on the specific segment participating in the earthquake. The standard deviation decreases (i.e. the stress becomes 
more uniform) approaching the occurrence time of earthquakes. The ratio between the values of the average stress and its standard deviation increases al wa ys 
and only before a strong earthquake, as a possible precursor of large-size earthquakes. 
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A comparison between the magnitude distributions of the simu- 
lated catalogue with that of real observations is unfeasible because 
it is not possible to distinguish in real catalogues the earthquakes 
occurring on the Nankai subduction fault system from all the earth- 
quakes occurring close but outside of it. Moreov er, v ery few inter- 
plate earthquakes occur during the inter-event period between two 
main shocks. A search of the International Seismological Centre 
( 2024 ) earthquake catalogue since 1970, for the region containing 
the fault system considered in our study, returned 164 M 4.0 + earth- 
quakes and only 5 M 5.2 + earthquakes, with a maximum-likelihood 
b -value equal to 1.13, without distinguishing between interplate or 
intraplate earthquakes (see Figs A1 and A2 in Appendix A). This 
very low seismic activity can be explained by (i) the presence of ac- 
tivity in terms of the pre viousl y mentioned slow seismic events and 

art/ggaf032_f3.eps
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Figure 4. As in Fig. 3 , for the case when the coupling coefficient for segment A is set equal to 0.5. 
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reeping not included in the ISC catalogue, and/or (ii) the present
lockage of large asperities of the Nankai–Tokai fault system with
ccumulation of slip deficit, which will be released in the next strong
arthquakes. 

.1. Str ess v ariations in the earthquake c y cle 

s the simulator algorithm allows computing the stress on all the
ells constituting the seismogenic structure adopted in the model,
 e ma y build up the stress history on each cell and display it in a

ort of animation (Fig. 2 ). 
In Fig. 2 , we can note that before large magnitude earthquakes,

tress is generally high and unifor m. The r upture releases much
tress in a non-uniform way on the source. In order to better study
hese features, we analysed the variations of the average stress and
ts standard deviation on single segments. 

.2. Time variations of stress, occurrence rate and b -value 

ig. 3 shows (in the first panel from the top) the average stress
omputed on all the cells of each fault segment from A to E in a
ime span of 1000 yr. Vertical red lines indicate the occurrence time
f earthquakes whose ruptures significantly modified the stress of
ne or more segments. The stress increase is due mostly to tectonic
oading, but also to stress transfer from the cells of a segment to the
ells of the neighbouring segments. The average stress drops at the
ime of each earthquake according to the size of the rupture on the
pecific segment participating in the earthquake (equal to 3 MPa on
ver y r uptured cell). It is wor th to note that the stress reported on
he y -axis of these plots must be considered just in a relative way,
s 20 MPa was the arbitrary choice for the value of the strength to
e exceeded for rupturing a cell. 

Fig. 3 also shows (in the second panel from the top) the stan-
ard deviation of stress (SSD) on the cells of each segment from
 to E, computed at the same times as for the stress in the first
anel. Moreover, the same figures also show (in the third panel
rom the top) the ratio between the values of the average stress and
ts standard deviation. This parameter increases al wa ys and only
efore a strong earthquake. We cannot provide a comparison of
hese features exhibited by the simulated catalogues with real ob-
erv ations. Howe ver, a change in the size of asperities on a seismic
ault during the seismic cycle can be explained by a simple model
f seismic coupling that connects asperity size, earthquake size and
ectonic stress introduced b y Ruf f & Kanamori ( 1983 ). Another
tudy putting in relation the size of asperities along fault zones with
ifferent stress regimes was published by Tormann et al. ( 2014 ).
ssuming that the trend shown in Fig. 3 before large earthquakes

i.e. stress becomes higher and more uniform on a rele v ant patch
f the fault system) is a phenomenon that happens in reality, it
ould be regarded as a promising tool for forecasting strong earth-
uakes. Unfortunately, it is not feasible to map the stress on the
 ault surf ace with the necessary resolution in the real environment.
o wever , some seismicity patterns observ able b y means of modern
igh-quality seismic networks, such as spatiotemporal changes of
ccurrence rates b -values, could be associated with stress varia-
ion in the crust and applied in an operational forecasting system
Gulia et al. 2016 ; Montuori et al. 2016 ; Gulia & Wiemer 2019 ;
tallone & Marzocchi 2019 ). 
In order to show possible relationships between stress and observ-

ble seismological features in our simulated catalogue, we devel-
ped a specific computer code for assessing the occurrence rate and

art/ggaf032_f4.eps
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Figure 5. (a) Results of the stacking procedure described in the text, for the occurrence rate of earthquakes before and after earthquakes of M ≥ 5.8. (b) As in 
(a) for the b -values. 
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the b -value in moving windows of a given number of earthquakes 
in the analysed catalogue. In this case, we chose a moving window 

of 100 earthquakes, shifted by 10 earthquakes at a time. There is an 
overlapping of 90 earthquakes between consecutive windows, and 
the time of the obtained parameters is the occurrence time of the 
last earthquake event of each window. 

Fig. 3 shows the plots of occurrence rates (fourth panel from the 
top) and b -value (fifth panel from the top) computed in the way 
described above in this section. The timescale is the same as the 
one used for the top panels related to the average stress and its stan- 
dard deviation. Please note that the values plotted in the two bottom 

panels are computed from a set of 100 earthquakes preceding the 
time of computation. In this way, the variations are smoothed and 
do not appear as instantaneous steps. It can also be noted that the 
b -value plot appears rather noisy, due to the statistical uncertainty 
of the value obtained by only 100 earthquakes. Ho wever , we can 

observe a certain correlation between the occurrence rates and the 
b -values. In general, high occurrence rates and high b -values corre- 
spond to high stress and vice versa. High occurrence rates and high 
b -values are generally notable in the decades preceding earthquakes 
of large magnitude, marked by red v ertical lines. Howev er, in some 
cases, the trend of increasing values stops and a decrease is notable 
immediately before the strong earthquakes. 

As already stated in Section 2 , we preferred to adopt a coeffi- 
cient fc of 1.0 (full coupling) for the Nankai Trough fault system 

according to Sholz & Campos (2012). Actually, from the available 
literature listed in Section 2 , it is not easy to choose the appropriate 
value for fc for each fault segment of the Nankai–Tokai fault sys- 
tem because this coefficient could be variable on different parts of 
a single segment. 

In order to give an example of the results obtainable from a 
different choice of fc, we made an exercise using a coefficient 
equal to 0.5 in our simulator algorithm for segment A. The result, 
displayed in Fig. 4 , shows that, in this case, the timescale is expanded 
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Figure 6. Inter-event time distribution in bins of 40 yr, for earthquakes of M ≥ 7.5 from a simulation of 1000 yr of seismic activity across the five fault 
segments of the Nankai fault system. Each X -axis label shows the central value of the bin. 

Table 4. Statistical parameters for earthquakes of M ≥ 7.5 of the 1000 yr 
simulated catalogue of the five fault segments of the Nankai fault system. 

Segment Tr (yr) � (yr) C v dlog L 

A 55.2 24.4 0.44 7.2 
B 97.9 36.0 0.37 5.6 
C 107.8 47.4 0.44 -2.2 
D 146.9 33.0 0.22 4.2 
E 293.8 193.5 0.66 -13.1 

Notes . Tr : mean inter-event time; �: standard deviation; C v : coefficient of 
v ariation and dlo g L : the dif ference between the lo g-likelihood computed b y 
the b and the Poisson time-independent model. 
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y a factor of two on the output catalogue with respect to the case
f fc = 1.0. 

For a better analysis of the temporal variations of the occur-
ence rates and the b -values shown in Fig. 3 , we adopt the stacking
echnique earlier introduced by Console et al. ( 2018 , 2024) . By this

ethod, we analyse the seismic activity before and after pivot earth-
uakes with magnitude ≥ Mpivot (in this case Mpivot = 5.8). For
ach earthquake of this magnitude, we examine the catalogue for
 time period Tdur (here Tdur = 20 yr) before and after the pivot
arthquake, dividing these periods into bins of length Tbin (here
bin = 0.2 yr). Earthquakes within the same bin were included if

heir epicentres were within a distance Rdist (here Rdist = 50 km)
rom the pivot earthquake and their magnitudes were above Mmin
here Mmin = 5.1). This process was repeated for all such earth-
uakes, and the earthquakes in each bin were counted together. 

Fig. 5 shows that, on average, the simulated catalogue contains
 gradual increase of seismic activity in the period of 20 yr be-
ore the pivot earthquakes, but a sudden decrease occurs 2 yr
efore these large earthquakes. For the b -value, we note an in-
rease starting 5 yr before the pivot earthquakes, and a decrease
bout 6 months before them. The increase in b -values accompa-
ied by an increase in occurrence rates denotes that the number
f small magnitude earthquakes is increasing faster than that of
he larger magnitude ones. This trend is interrupted a few months
efore the pivot earthquakes, when the occurrence rate is decreas-
ng and the seismic activity concentrates on large earthquakes,
n connection with the increasing size of the rupturing asperi-
ies. See Console et al. ( 2024 ) for a deeper analysis of these
henomena. 

.3. Statistical analysis of the inter -ev ent times 

e carried out a statistical analysis of the inter-event times for
he 1000-yr simulation of the seismicity in the Nankai fault sys-
em. According to the ‘Ellsworth B’ equation (WGCEP 2003 ), the

agnitude of earthquakes rupturing the entire area of one of the
egments labelled from A to E would range from 8.2 to 8.6 (com-
arable with those reported in Table 1 ). In this study, we considered
he statistics of earthquakes capable of rupturing a rele v ant part of
ne or more of these se gments, ev en if they are smaller than the
agnitude corresponding to the rupture of an entire segment. An

arthquake is assigned to a segment if the following conditions are
ulfilled: its magnitude is at least 7.5 and the nucleation is located
n that segment or the area ruptured by the earthquake on that seg-
ent is equal to or greater than 50 per cent of the area of the entire

egment. 
Fig. 6 shows the distribution of inter-event times in the simula-

ion. In this figure, we may see that the most typical inter-event time
or the most active segments (A and B) is between 40 and 80 yr,
hile for segments C and D, it is 140 yr. This feature is consistent
ith the historical record (Table 1 ), considering that we are now ex-

mining earthquakes with a magnitude threshold smaller by 0.5 mag
nits. 

Table 4 displays the mean inter-event time, the standard de-
iation and the coefficient of variation for each fault segment.
he relati vel y short average inter-e vent times of the simulations
an be justified by the circumstance that often two or more seg-
ents rupture simultaneously in a single earthquake, considering
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also that two earthquakes close in time may rupture different parts 
of the same segment. This is the case, for instance, of the short 
inter-event time of 20 yr for segment E. Along with the above- 
mentioned temporal parameters, Table 4 also reports the results of 
the difference between the log-likelihood computed by the Brown- 
ian Passage Time rene w al model and the Poisson time-independent 
model (dlog L ). For the likelihood estimation, we have adopted the 
values obtained for T r and C v reported in Table 4 for each fault 
segment. 

Both Fig. 6 and Table 4 show, as expected, that the most active 
segments are those characterized by higher slip rates (segments A, B 

and C). The simulation also shows that for the less active segments 
(se gment E) inter-ev ent times larger than 400 yr are possible. The 
coef ficient of v ariation C v is typicall y close to 0.4, which can be 
associated to a remarkably time-predictable behaviour of the seis- 
micity. The positi ve lo g-likelihood dif ference (dlo g L ) denotes a bet- 
ter performance of the rene w al model against the time-independent 
hypothesis only for three of the five segments. This is justified, 
inter-alia , by the modest number of earthquakes in a sample of just 
1000 yr. 

The behaviour of a time-predictable model resulting from our 
simulations is also clearly visible in the time history of stress shown 
in the top panels of Fig. 3 . The preference for the time-predictable 
model in our study region was first supported by Shimazaki & 

Nakata ( 1980 ), even if other studies underlined more complicated 
features in a more general plate boundary context (see e.g. Thatcher 
1984 ; Schwartz 1999 ). 

Our results can be compared with those obtained by Meade 
( 2023 ), who used a 3-D non-planar model of the Nankai sub- 
duction zone fault system to generate a simulated earthquake se- 
quence over a 1250-yr-long interval, including 700 + M w 5.5–8.5 
earthquakes, with decadal-to-centennial scale quiescent intervals of 
quasi-periodic great earthquake clusters followed by aftershock se- 
quences. Despite the rele v ant dif ferences between the approaches 
adopted by our and his studies (physical versus probabilistic, and 
planar versus 3-D), the most notable of which is the G-R law im- 
posed by Meade ( 2023 ) rather than the physics-based magnitude 
distribution produced by our algorithm, we obtained impressive 
similarities in periodicity and inter-event times of strong earth- 
quakes of our respecti ve catalo gues. Due to the difference in our 
and Meade’s approaches, we may note also some differences in 
the respective results, one difference is, for instance, the fact that 
the Meade’s simulated catalogue displays much more Omori’s law 

like aftershocks sequences than our results derived only from a 
self-organized physical system. 

5  C O N C LU S I O N S  

The main aim of this study was to achieve a better comprehension 
and possible predictability of the seismic process by the simula- 
tion performed through an algorithm based on well-constrained 
modelling of the causative sources of large earthquakes. The prin- 
cipal concept on which the simulator is built consists simply of 
the stress-rebound theory introduced by Reid ( 1910 ). In the recent 
development of earthquake simulators, this theory is generalized to 
ruptures of any size, as previously described in the Introduction and 
in the methods section more in detail. 

Interesting seismic features are evidenced by the results of 
our simulator applied to the Nankai megathrust fault system. Fo- 
cusing on the long-term behaviour of the seismic process on 
single fault segments, we noted the following features (Figs 3 
and 5 ): 
• as expected, stress al wa ys increases with tectonic loading and 
suddenly decreases during major earthquakes; 

• since major earthquakes consistently occur when stress reaches 
an almost constant value on the fault segment containing the nu- 
cleation point, a ‘time predictable model’ behaviour of the seismic 
cycle is supported, as opposed to the ‘slip predictable model’ model; 

• the stress standard deviation al wa ys increases immediately after 
major earthquakes, tends to remain constant for a while, and then 
decreases more and more rapidly as the next major earthquake 
approaches; 

• parameters such as occurrence rate and b -value, which 
are seismolo gicall y observ able, are correlated to stress and its 
standard deviation, as potential precursors of large magnitude 
earthquakes; 

• in this context, in the simulated catalogue major earthquakes 
mostly occur during periods of high seismic activity and are fol- 
lowed by periods of quiescence; 

• the b -value of the simulated seismic activity tends to increase 
before major earthquakes and exhibits a correlation with occurrence 
rate, even if an opposite trend is often noted shortly before strong 
earthquakes; 

• fault segmentation of our model does not significantly limit 
the growth of a rupture, which can expand from one segment to 
another, producing a continuous magnitude distribution even in 
the large magnitudes range, rather than characteristic magnitudes 
only. 

Even if our study was aimed to explore methodological aspects 
and potential capabilities of new-generation simulator algorithms, 
these results encourage further investigations about the application 
of simulators in support of other methodologies of time-independent 
and time-dependent seismic hazard assessment. 
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Figure A2. Map of the earthquakes of M 5.2 + reported in the International Seismological Centre ( 2024 ) earthquake catalogue since 1970, for the region 
containing the fault system considered in our study. 
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