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ABSTRACT

The authors have recently presented a harmonized framework that unifies state-of-the-art methodologies for relaxing fault segmentation
assumptions, including time-dependent earthquake occurrence and accounting for fault interaction. This framework has so far only been
applied to shallow crustal faults, which are the typical focus of recent advancements in fault-based probabilistic seismic hazard analysis
(PSHA). The methodological study presented in this paper is a first attempt to extend this framework to a subduction zone. The case
study presented herein concerns the 900-km long Nankai subduction zone in South Japan. This work highlights several challenges with
implementing the considered framework to subduction zones, emphasizing possible future research efforts that could improve the results
presented in this study. In particular, it is concluded that (1) down-dip discretization of subduction zones should be used along with the
along-strike discretization currently used for shallow crustal faults; (2) further research is needed to develop a standard physically-
motivated approach to generate viable ruptures for subduction zones; (3) plate convergence rate and interplate coupling coefficients
(i.e., heterogeneity of the coupling ratio defined as the slip rate divided by the plate convergence rate) should be explored and explicitly
accounted for as part of the epistemic uncertainty in the hazard assessment; (4) 2D functions describing the shape of the average single-
event slip should be developed.

Introduction
Fault-based probabilistic seismic hazard analysis (PSHA) has undergone significant technical and practical
advancements in recent years, quickly becoming a viable assessment option in countries where a database of active
faults is available [e.g., 1, 2]. Traditional PSHA approaches use earthquake catalogs to calibrate seismic sources
(usually large areas) characterized by well-defined seismicity. With a fault-based approach, analysts can leverage
several other sources of information (e.g., geologic and geodetic data, paleoseismic data) to better constrain the
location, the occurrence rate, and the magnitude of future large earthquakes [1].

Recent advances in the field of fault-based PSHA have focused on relaxing fault segmentation assumptions [e.g.,
1, 3], including time-dependent earthquake occurrence [e.g., 4], or implementing algorithms for fault interaction [e.qg.,
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5]. Applications of these advances have mainly considered fault systems that comprise of shallow crustal faults.

The authors have recently unified state-of-the-art advancements in field of fault-based PSHA within a single
harmonized framework [6], herein referred to as the “Iacoletti et al. framework™. The framework incorporates some
underlying methodologies of the latest Uniform California Earthquake Rupture Forecast (UCERF3) [1, 4], providing
a comprehensive means of relaxing fault segmentation and inferring time-dependent probabilities of mainshock
occurrence. The framework also explicitly accounts for fault-interaction triggering between major known faults, using
the approach outlined by Mignan et al. [5] and Toda et al. [7]. This paper presents a first attempt to adapt the lacoletti
et al. framework to a subduction zone. In particular, the case study presented herein concerns the 900-km long Nankai
subduction zone in South Japan, which accommodates plate movements between the Philippines Sea Plate and the
Eurasian Plate. Challenges in applying the proposed unsegmented time-dependent modeling framework to subduction
zones and future prospects for research in this field are also highlighted.

Input data

The Nankai subduction zone has been extensively investigated in terms of both earthquake and tsunami risk
assessments by the Japanese Headquarters For Earthquake Research Promotion (HERP) [8]. The geometry of this zone
(i.e., the mesh) is available on the https://www.j-shis.bosai.go.jp website (last accessed 13" July 2021) and is used in
this study (Fig. 1, left panel). The plate convergence rate by Hirose and Maeda [9] and the interplate coupling
coefficients by Kimura et al. [10] are used in this study to compute the slip rate across the area of the subduction zone
(shown in Fig. 1, left panel). However, datasets from other studies could also be integrated to account for the epistemic
uncertainty in these variables.

The Nankai subduction zone has relatively long historical records and has produced several megathrust
earthquakes with moment magnitude (M) higher than 8. These earthquakes can be either individual large events (e.g.,
the 1707 My, 8.7+ event), or a combination of two relatively smaller events, occurring closely in time and space (e.g.,
the 1944 My, 8.1 and the 1946 My, 8.4). The approximate time, magnitude and geometry of major earthquakes (M, >
8) since 684 C.E. are taken from HERP [8], Satake [11], and Fitzenz [12]. Ruptures like those of 1944 and 1946 recur
the most. The 1944-type ruptures (consisting of subsections 11 and 14 or subsections 11, 14, and 17 in Fig. 1) occurred
in 1096, 1361, 1498, 1854, and 1944; the 1946-type ruptures (consisting of subsections 4 and 7 in Fig. 1) occurred in
684, 1099, 1361, 1854, and 1946.
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Figure 1. Left panel: the geometry of the Nankai subduction zone as modelled by HERP [8], divided into 18
subsections. The colors represent the slip rate for each section derived from the plate convergence rate by
Hirose and Maeda [9] and the interplate coupling coefficients by Kimura et al. [10]. The red triangle
indicates the location of Osaka. Right panel: magnitude-frequency distribution resulting from the
inversion process.


https://www.j-shis.bosai.go.jp/

Ruptures

Current physically-motivated methods to generate an ensemble of viable (i.e., physically plausible) ruptures [e.g., 13]
consider only shallow crustal faults, with an along-strike discretization. Subduction zones extend much deeper than
shallow crustal faults and down-dip discretization is also needed. Simple approaches could be used to create an
ensemble of viable ruptures for subduction zones if the magnitude-frequency distribution (MFD) is known [e.g., 14].
However, the set of plausible ruptures must be available before performing the inversion process (see following
section) that calibrates the MFD. Hence, further research is needed to develop a standard physically-motivated
approach to generate viable ruptures for subduction zones. In this study, the approach by HERP [8] is adopted, which
used expert judgement to divide the area of the Nankai subduction zone into 18 subsections (shown in Fig. 1, left
panel) and generate a total of 80 ruptures (ranging from M, 7.6 and 9.1). Characteristics of the ruptures, such as
seismic moment M, and average slip D,., were computed using formulas and recommendations in HERP [15].

Inversion

The inversion procedure of the lacoletti et al. framework is similar to the one used by UCERF3 [1] and estimates the
long-term rates f, of the R viable ruptures by solving an optimization problem, which comprises several systems of
equations, each describing a particular constraint. These constraints can be weighted by the uncertainties (e.g., standard
deviations) in the data and/or by the subjective degree of belief in the importance of a particular constraint (details in
[6]). The inversion constraints used in this study are (1) slip rate balancing constraint (Eq. Al in [6]); (2)
historical/paleoseismic event rate matching constraint (Eq. A4 in [6]); (3) smoothness constraint (Eq. A6 in [6]); (4)
magnitude-frequency distribution (MFD) constraint (Eg. A9 in [6]); and (5) event rate constraint (not used in [6]; see
Eqg. 1). The slip rate balancing constraint enforces the fact that the slip D, in each rupture r that includes a given fault
subsection s, multiplied by the rate f,. of that rupture, must sum to the long-term slip rate for that subsection. To obtain
Dq,., the average slip for a given rupture D, is spread amongst the subsections composing the rupture using the shape
of the average single-event slip. One challenge of implementing this constraint for subduction zones is the fact that
currently available empirical shapes of the average single-event slip are 1D along-strike functions and are only valid
for shallow crustal faults. In this study, an equivalent 2D version of the tapered-slip model by Biasi et al. [16] is
developed to mitigate this issue. However, further research and empirical data are needed in this regard. The
historical/paleoseismic event rate matching constraint uses data from historical or paleoseismic studies to constrain
the rupture rates. Consistent with [17], this constraint is only implemented for subsections that participated in at least
five past events. The estimates of the mean paleoseismic event rates (along with the standard deviation of the mean
observed event rate) are computed with the method proposed by Biasi et al. [18]. The smoothness constraint and the
MFD constraints are applied as in [6]. For example, the Gutenberg-Richter MFD is chosen for the MFD constraint.
The event rate constraint is necessary to force the rate of ruptures like those of 1944 and 1946 to be close to a specified
rate of occurrence. This constraint is specific to the Nankai subduction zone and helps the solving algorithm to find
solutions in agreement with past seismicity. This constraint is implemented as follows:
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where f* is the specific mean rate of occurrence for a certain subgroup of ruptures with standard deviation o (in this
study, f* and o were calculated with [18]), G = 1 if the " rupture is included in the subgroup, and all other variables
are as previously defined. Fig. 1 (right panel) shows the MFD resulting from the inversion procedure.

Synthetic catalog and hazard curves
Synthetic catalogs are generated using the procedure proposed by lacoletti et al. [6] with the following rupture
occurrence models: (1) time-independent (Poissonian) model (T1); (2) time-dependent Brownian Passage Time (BPT,
[17]) model (TD, see Appendix B in [6]); and (3) BPT model with fault interaction algorithm (TD-FI, see Appendix
Cin [6]). The synthetic catalogs comprise 100,000 1-yr long realizations of ruptures starting from 2022. For each event
in the synthetic catalogs, the ground-motion is computed using the BCHydro ground-motion model [19]. Hazard



curves for peak ground acceleration (PGA) are computed with Eq. 4 in [6] for the city of Osaka (Japan, latitude: 34.69,
longitude: 135.50) and shown in Fig. 3.

Fig. 3 shows that the TD hazard curve provides higher ground-motion amplitudes than the TI curve for any annual
probability of exceedance. This means that the model calibrated in this study considers the Nankai subduction zone to
be closer to failure than average, which is consistent with its recent history. For a single seismic source, a time-
dependent occurrence model can produce larger hazard than a time-independent one if the time elapsed since the last
event is higher than around 50% of the mean recurrence interval (see [6, 17]). In the case of the Nankai subduction
zone, the time-independent mean recurrence interval of events with My, > 8.2 is approximately 100 years (Fig. 1,
right panel) and the most recent megathrust event occurred in 1946, such that the time elapsed since the last event is
around 76 years (approximately 76% of the mean recurrence interval). For the considered case study, the inclusion of
the fault interaction mechanism amongst adjacent areas of the Nankai subduction zone (TD-FI curve) results in
considerably different hazard compared to that which results from using only time-dependent occurrence models (TD
curve): differences in ground-motion amplitudes between the TD-FI and TD curves range from 20% to 70%,
depending on the annual probabilities of exceedance. Note that the results shown in Fig. 3 only account for the Nankai
subduction zone.
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Figure 3. PGA hazard curves for the city of Osaka for T1, TD and TD-FI. The panel on the right show the ratios of
the hazard curves — with respect to TD — for TD-FI and TI.

Conclusions
The unsegmented time-dependent modeling framework proposed by lacoletti et al. [6] is a powerful tool for fault-
based PSHA, but it only focuses on shallow crustal faults. This methodological study is the first attempt to extend the
framework to a subduction zone and explore related challenges. The Nankai subduction zone in South Japan is used
as a case study and PGA hazard curves are developed for the city of Osaka (Japan), considering only the seismicity of
the Nankai subduction zone. Using different rupture occurrence models leads to considerably different hazard
estimates; the time-independent model produces the lowest hazard and the time-dependent model with fault interaction
mechanism results in the highest hazard. The study highlighted several challenges with implementing the framework
in [6] for subduction zones. In particular, (1) down-dip discretization of subduction zones should be used along with
the along-strike discretization currently used for shallow crustal faults; (2) further research is needed to develop a
standard physically-motivated approach to generate viable ruptures for subduction zones; (3) plate convergence rate
and interplate coupling coefficients should be explored and explicitly accounted for as part of the epistemic uncertainty
in the hazard assessment; (4) 2D functions describing the shape of the average single-event slip should be developed.
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