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Abstract 17 

The 1662 Hyuga-nada Earthquake is one of the largest earthquakes to have occurred 18 

in the Hyuga-nada region, Southwest Japan, rupturing the western part of the Nankai 19 

Trough subduction zone. Strong ground motion and a large tsunami with an estimated 20 

height of at least 4–5 m were reported along the coast of Miyazaki Prefecture, Kyushu 21 

Island, with extensive damage reported across this region. Therefore, developing a more 22 

complete picture of the 1662 Hyuga-nada Earthquake will improve our understanding of 23 

tsunami risk along the Pacific coast of Southwest Japan. Here we use the most recent 24 

geophysical data from the region to propose a novel source model for the 1662 25 

Hyuga-nada Earthquake that incorporates our current understanding of the interactions 26 

between slow earthquakes and great earthquakes. The source area in our proposed 27 

model extends from the focal region of recurrent M7-class interplate earthquakes to the 28 

region of slow earthquakes that occur at relatively shallow depths along the plate 29 

boundary. Tsunami simulations indicate that the predicted coastal tsunami heights are 30 

broadly compatible with previously reported tsunami heights. This new model suggests 31 

that the 1662 Hyuga-nada Earthquake was probably a M8-class earthquake, and that 32 
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previous magnitude determinations may have underestimated the strength of this 33 

historic earthquake. However, the model uncertainty remains large, and the calculated 34 

tsunami heights for the southern coast of Miyazaki Prefecture are very high. We suggest 35 

that future verification, including an analysis of tsunami-related deposits along the coast, 36 

will be important to more accurately determine the source area of the 1662 Hyuga-nada 37 

Earthquake. 38 

 39 

Keywords 40 
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Main Text 42 

1. Introduction 43 

Hyuga-nada is located in the western part of the Nankai Trough, Southwest Japan, 44 

in a seismically active region where M7-class subduction zone earthquakes have 45 

occurred at regular intervals during the last 100 years (Fig. 1). The earthquake focal 46 

regions are relatively close to the coastline, and significant damage has been caused by 47 

strong ground motion and tsunami. The largest historical earthquake in this area is the 48 

1662 M 7.6 Hyuga-nada Earthquake, which resulted in many deaths in the coastal areas 49 

of Miyazaki Prefecture (Usami, 2003; Utsu, 1999; Headquarters for Earthquake 50 

Research Promotion, 2004). The 1662 Hyuga-nada Earthquake has been characterized 51 

by strong ground motion and a tsunami with an estimated height of 4–5 m in the coastal 52 

areas around Miyazaki Plain (Hatori, 1985; Tsuji et al., 2018) that cannot be attributed 53 

to earthquakes that have occurred in the last 100 years. The source location and  54 

rupture process of this earthquake is still unclear due to limited historical information 55 

and a paucity of geological studies on tsunami-related coastal sediments. However, 56 

given the possibility that a similar magnitude earthquake will occur in the Hyuga-nada 57 
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region in the future, a better understanding of the 1662 Hyuga-nada Earthquake is vital 58 

for disaster management and tsunami modeling in the coastal areas stretching from 59 

Kyushu to Shikoku. 60 

Recent geophysical  data have been used to investigate the interactions between 61 

great earthquakes and slow earthquakes (e.g., Obara and Kato, 2016). For example, Ito 62 

et al. (2013) documented a spatio-temporal relationship between the large coseismic slip 63 

area of the 2011 Mw 9.0 Tohoku Earthquake and a shallow slow slip event (SSE) that 64 

started one month prior to the Tohoku mainshock. This important observation shows 65 

that the coseismic slip region of a great earthquake and focal region of shallow slow slip 66 

can coexist on the same plate boundary. The shallow SSE also occurred in the same 67 

region in 2008, and appears to have occurred repeatedly in the past (Uchida et al., 2016). 68 

A similar relationship has been reported for the 2014 Mw 8.1 Iquique Earthquake, 69 

Northern Chile (Ruiz et al., 2014). Wallace et al. (2016) also suggested a relationship 70 

between a shallow SSE and tsunamigenic earthquakes along the northern Hikurangi 71 

subduction zone, New Zealand, where seafloor observations showed that slip during the 72 

shallow SSE reached the trench axis and partly overlapped with the epicentral areas of 73 
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past tsunamigenic earthquakes. 74 

Conversely, the focal regions of shallow slow earthquakes are often considered to 75 

possess velocity-strengthening frictional properties that do not allow fast ruptures to 76 

nucleate spontaneously. For example, the focal regions of a shallow SSE acted as 77 

barriers to seismic rupture propagation during the 2012 Mw 7.6 Costa Rica (Dixon et al., 78 

2014) and 2016 Mw 7.6 Ecuador (Rolandone et al., 2018) earthquakes. A similar spatial 79 

relationship was also reported for the focal region of the 2011 Tohoku Earthquake in the 80 

Japan Trench (Nishikawa et al., 2019). 81 

The abovementioned results appear to be contradictory with regard to the slip 82 

behavior in the focal regions of shallow slow earthquakes. However, the results from 83 

laboratory friction experiments using samples recovered from scientific drilling after the 84 

2011 Tohoku Earthquake (Ito et al., 2017) show that an increase in sliding velocity can 85 

promote a change from steady-state or slip-strengthening frictional behavior to 86 

slip-weakening frictional behavior. This indicates that the slip behavior within the focal 87 

region of a shallow slow earthquake can change depending on whether slip is ongoing 88 

or not, or whether the slip velocity becomes slightly higher than that during discrete 89 
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SSEs (Ito et al., 2017). The means that ongoing slow earthquake slip may reduce the 90 

fault strength and promote the propagation of fault rupture during the mainshock, 91 

thereby increasing the earthquake magnitude. 92 

Here we use the latest geophysical findings on the relationships between recent 93 

large earthquakes and shallow slow earthquakes to reconsider the fault source model for 94 

the 1662 Hyuga-nada Earthquake, and then discuss this new model in the context of 95 

previous studies. 96 

 97 

2. Slip characteristics of the plate boundary in the Hyuga-nada region 98 

While there is an absence of seismicity related to ordinary earthquakes in the 99 

shallow part of the plate boundary in the Hyuga-nada region, slow earthquakes are very 100 

active in this region. Shallow very-low-frequency earthquakes (e.g., Asano et al., 2015; 101 

Obara and Ito, 2005) and low-frequency tremor (Yamashita et al., 2015) are activated 102 

once every few years in the Hyuga-nada region, and exhibit characteristic migration 103 

patterns that are indicative of episodic SSEs on the shallow plate boundary. The focal 104 

regions of M7-class interplate earthquakes, which are thought to repeat every few 105 
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decades, are located on the down-dip side of the shallow slow earthquake source 106 

regions (Yagi et al., 1999)(Fig. 1). Microearthquakes, including small repeating 107 

earthquakes (Igarashi, 2010; Yamashita et al., 2012), are also common in this region.  108 

The slip phenomena in the Hyuga-nada region show many similarities to the plate 109 

boundary in Miyagi Prefecture prior to the 2011 Tohoku Earthquake, including a 110 

relatively shallow focal region of slow earthquakes (e.g., Ito et al., 2013; Katakami et al., 111 

2018), a co-seismic slip area located on the down-dip side of the slow earthquake region 112 

(Miyagi-Oki earthquake; (Yamanaka and Kikuchi, 2004), and frequent microseismicity, 113 

including small repetitive earthquakes (e.g., Igarashi et al., 2003; Uchida and 114 

Matsuzawa, 2013). It is possible that an earthquake with similar characteristics to the 115 

2011 Tohoku Earthquake may occur in the Hyuga-nada region in the future since the 116 

Hyuga-nada and Miyagi regions are located above different subducting plates. 117 

 118 

3. Revised fault model for the 1662 Hyuga-nada Earthquake 119 

Although it is unknown whether slip behavior similar to that in the Miyagi region 120 

may occur along the plate boundary in the Hyuga-nada region, our revised fault model 121 
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for the 1662 Hyuga-nada Earthquake adopts similar mechanisms to those of the 2011 122 

Tohoku Earthquake. Specifically, the model involves coseismic rupture extending 123 

between the focal regions of M7-class earthquakes and shallow slow earthquakes (Figs. 124 

2a and b). When considering the fault location, we assume that the focal region is 125 

located in the southern part of the Hyuga-nada region based on the distribution of 126 

damage described in historical records. Strong ground motion is mainly generated in the 127 

focal region of M7-class interplate earthquakes that occur every few decades on the 128 

down-dip side of the plate boundary, and large tsunami are generated from the focal 129 

region of the shallow slow earthquakes.  130 

It is also necessary to consider the influence of Kyushu-Palau Ridge (KPR) as it 131 

subducts under the Hyuga-nada region (e.g., Yamamoto et al., 2013) because this will 132 

determine how far the rupture can spread along the shallow plate boundary. Stress can 133 

concentrate on the down-dip side of subducting seamounts (e.g., Mochizuki et al., 2008), 134 

which results in unfavorable conditions for the generation and propagation of large 135 

ruptures (e.g., Wang and Bilek, 2014). Other observations have indicated that the 136 

migration of shallow low-frequency tremor and slip propagation during shallow SSEs 137 



 10 

can be inhibited by subducting seamounts (Wallace et al., 2016; Yamashita et al., 2015). 138 

Therefore, our model assumes that fault rupture along the shallow plate boundary does 139 

not reach the trench axis, as was experienced during the Tohoku earthquake, but only 140 

extends as far as the region where the migration path of the shallow slow earthquakes 141 

changes due to the influence of KPR (Fig. 2a). The parameters of each subfault in the 142 

model are summarized in Table 1. The depth and dip angles of the subfaults were 143 

determined using a plate boundary model (Nakanishi et al., 2018) that was obtained by 144 

compiling the structural data from offshore surveys. The slip amount in the model, 145 

which was determined by a trial-and-error process during the tsunami simulations, was 146 

set to be larger at shallower depths. The total seismic moment was calculated to be 9.60 147 

× 1020 Nm (Mw 7.9) when the modulus of rigidity was 3.43 × 1010 N/m2. 148 

 149 

4. Tsunami simulation for the 1662 Hyuga-nada Earthquake based on the new 150 

fault model 151 

We simulated the tsunami using the “iRIC” (International River Interface 152 

Cooperative) numerical simulation platform and its "ELIMO" (Easy-performable 153 
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Long-wave Inundation MOdel) solver to verify whether the tsunami predicted by the 154 

new fault model was compatible with historical reports. The bathymetric data were 155 

sourced from the GEBCO_2014 one-minute mesh data that were provided by the 156 

British Oceanographic Data Center. The initial vertical deformation of the seafloor due 157 

to coseismic slip was calculated using the formulas outlined in Okada (1992) and 158 

Tanioka and Satake (1996). We assumed that the initial displacement of the sea surface 159 

was equal to the initial vertical deformation of the seafloor. The non-linear long-wave 160 

equations were solved using third-order finite difference computations. A 0.01-degree 161 

grid spacing (latitude and longitude) was used in the simulations. 162 

Figure 2a shows the revised fault model developed in this study, as well as the 163 

predicted and measured tsunami heights along the coastal areas of Miyazaki Prefecture. 164 

The source fault is divided into northern and southern segments, with the results of 165 

calculations using only the northern segment shown in Fig. 2b to verify the contribution 166 

from the southern segment. Note that the points used to calculate the tsunami heights 167 

are the nearest offshore grid points from the onshore areas of interest, such that the 168 

calculations are not equivalent to the tsunami inundation simulations. The tsunami 169 
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heights calculated from our proposed model (Fig. 2a) are broadly consistent with the 170 

inundation and runup heights reported by Hatori (1985) and Tsuji et al. (2018), which 171 

are indicated by the red and gray circles, respectively, in Fig. 2. We believe that rupture 172 

of the southern fault segment is required to explain the observed tsunami characteristics 173 

in the southern part of Miyazaki Plain based on the results in Fig. 2b. 174 

 175 

5. Discussion 176 

Fault models for the 1662 Hyuga-nada Earthquake have previously been proposed 177 

by Hatori (1985) and Matsu’ura et al. (2003) (hereafter the Hatori model and Matsu’ura 178 

model, respectively). We also examined whether these two models can explain the 179 

tsunami heights reported in previous studies (Figs. 2c and d). We assumed a rectangular 180 

source fault in the calculations, even though the source regions in the previous fault 181 

models were elliptical in shape, and source parameters, such as the slip amount, were 182 

not reported. The source region in the Hatori model extends below the eastern coastline 183 

of Kyushu, and the depth to the plate boundary at the base of the model is 184 

approximately 40 km (Fig. 2c). More than 10 m of slip is required to generate an 185 
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~5-m-high tsunami in the coastal area of Miyazaki Plain, which would equate to a Mw 186 

8.0 or greater earthquake (Fig. 2c is the case of 10 m of slip), when we assume that the 187 

Hatori model involves an interplate earthquake. The afterslip events related to the 188 

October 1996 (MJ 6.9) and December 1996 (MJ 6.7) earthquakes slightly overlap in the 189 

source region of the Hatori model (Yagi et al., 2001), and deep long-term SSEs 190 

(L-SSEs) (Mw 6–7) occur once every few years (Ozawa, 2017; Takagi et al., 2019; Yarai 191 

and Ozawa, 2013). Takagi et al. (2019) estimated that there was significantly more slip 192 

in the source region of the Hatori model, which is considered to be a stable region for 193 

slow fault slip rather than fast slip, via analysis of the cumulative slip distribution of 194 

deep L-SSEs that occurred in the last 20 years. Furthermore, static crustal deformation 195 

with 1+ m of uplift would be expected in Miyazaki Plain, but there are no reports of 196 

such uplift due to the 1662 Hyuga-nada Earthquake. These factors suggest that the 197 

Hatori model may be an unrealistic fault model for the 1662 Hyuga-nada Earthquake. 198 

The Matsu’ura model (Fig. 2d) is based on the seismic intensity distribution 199 

estimated from historical records of the 1662 Hyuga-nada Earthquake. The location of 200 

the source region was estimated via a comparison with past earthquakes that possessed 201 
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reliable seismic intensity observations. Although the source region partially overlaps 202 

with the fault model in this study, the 1662 Hyuga-nada Earthquake is estimated to be a 203 

M 7.2–7.5 event in the Matsu’ura model. Even if we assume Mw 7.5 (equivalent to a 204 

fault slip of 5 m), the maximum tsunami height in the southern part of Miyazaki Plain is 205 

about 2.5 m using the Matsu’ura model (Fig. 2d), which is much smaller than the 206 

observed tsunami heights of about 4–5 m. Fault slip at relatively shallow depths along 207 

the plate boundary generally contributes significantly to tsunami generation, but it is 208 

less important in generating strong ground motion. Therefore, the fault size and 209 

earthquake magnitude based on seismic intensity tend to be underestimated when the 210 

source region is relatively shallow.  211 

An inlet was formed in the Kibana area of Miyazaki Plain after the 1662 Hyuga-nada 212 

Earthquake due to subsidence. Our proposed fault model predicts several tens of 213 

centimeters of subsidence in Miyazaki Plain. Niwa et al. (2020) acquired sediment cores 214 

in this area and found a sedimentary horizon containing marine sediments about 2 m 215 

below the present surface, suggesting that this horizon may have formed in a temporary 216 

marine inlet after the 1662 Hyuga-nada Earthquake. This temporarily submerged area 217 
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was subsequently used as rice fields, with up to 2 m of subsidence only documented 218 

locally on maps that were made after the earthquake. Assuming that the 1662 219 

Hyuga-nada earthquake was an interplate earthquake, these observations of up to 2 m of 220 

subsidence suggest that liquefaction due to strong ground motion, as opposed to static 221 

crustal deformation due to the earthquake, was the main driver of subsidence. 222 

Our proposed fault model appears to be the most suitable among the four tsunami 223 

simulation models to explain the observed inundation and runup heights (Fig. 2e). Our 224 

results suggest that the magnitude of the 1662 Hyuga-nada Earthquake is comparable to 225 

a M8-class earthquake, and that previous studies may have underestimated the 226 

magnitude of this earthquake. However, it is difficult to definitively validate the fault 227 

models due to the limited amount of historical information concerning the 1662 228 

Hyuga-nada Earthquake. Our proposed fault model appears to be the most suitable at 229 

present to explain some of the characteristics of the 1662 Hyuga-nada Earthquake, 230 

although other models may also be compatible with the tsunami heights reported in 231 

previous studies. 232 

Shrines in Miyazaki Prefecture that retain descriptions and stories of the 1662 233 
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Hyuga-nada Earthquake may be a useful source of information to complement an 234 

analysis of tsunami-related deposits. However, while our fault model predicts a large 235 

tsunami along the northern parts of the Nichinan coastal area (Fig. 2e), there is currently 236 

no historical or scientific evidence to evaluate this prediction. Therefore, it will be 237 

necessary to conduct more extensive surveys of tsunami deposits and historical records, 238 

and verify these using tsunami inundation simulations, such as those used to investigate 239 

the 17th century great earthquake off Hokkaido (Ioki and Tanioka, 2016), to construct a 240 

more detailed source model for the 1662 Hyuga-nada Earthquake. 241 

 242 

6. Conclusion 243 

We proposed a new fault model for the 1662 Hyuga-nada Earthquake that was based 244 

on a modern geophysical understanding of the relationships between great earthquakes 245 

and shallow slow earthquakes, whereby coseismic slip extends into the shallow focal 246 

region of active slow earthquakes. Our results suggest that this earthquake may have 247 

been a M8-class earthquake since the simulated tsunami heights are generally consistent 248 

with those reported in previous studies. However, there are substantial uncertainties in 249 
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the model, such that it will be necessary to validate the model predictions by conducting 250 

surveys of coastal tsunami deposits and investigating historical documents, and then 251 

performing new tsunami inundation simulations with these new data. 252 
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Figure legends 412 

Figure 1. Location map (inset) and tectonic setting of the Hyuga-nada region, 413 

Southwest Japan. The gray shaded regions show the areas of high coseismic slip (more 414 

than 50 cm) of the 1968 Hyuga-nada (MJ 7.5), October 1996 (MJ 6.9), and December 415 

1996 (MJ 6.7) earthquakes (Yagi et al., 1999; Yagi et al., 1998). The M7-class interplate 416 

earthquakes that were detected by the Japan Meteorological Agency since 1923 are 417 

indicated by the red stars. The iso-depths on the plate boundary (Nakanishi et al., 2018) 418 

are shown by the dashed purple contours (5-km interval). The black circles indicate the 419 

source distribution of shallow low-frequency tremor (Yamashita et al., 2015). The red 420 

shaded region denotes the focal area of a long-term slow slip event (L-SSE: more than 421 

40 cm of cumulative slip (Takagi et al., 2019)). The convergence direction of the 422 

Philippine Sea Plate (Kreemer et al., 2014) is shown by the blue arrow. PHS: Philippine 423 

Sea Plate, EU: Eurasian Plate, KPR: Kyushu-Palau Ridge.  424 

 425 

Figure 2. Fault locations (rectangular faults) and predicted maximum tsunami heights 426 

along the coast of Miyazaki Prefecture for each fault model: (a) this study, (b) this study 427 
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(only northern segment), (c) Hatori model, (d) Matsu’ura model, and (e) comparison of 428 

the tsunami heights between all of the models. The value within each rectangular fault 429 

indicates the slip amount in meters. The red and gray circles indicate the observed 430 

inundation and runup heights (Hatori, 1985; Tsuji et al., 2018), respectively.  431 

 432 

Preparing tables 433 

Table 1. Fault parameters for the 1662 Hyuga-nada Earthquake that were used in this 434 

study. 435 

  436 



Figures

Figure 1

Location map (inset) and tectonic setting of the Hyuga-nada region, Southwest Japan. The gray shaded
regions show the areas of high coseismic slip (more than 50 cm) of the 1968 Hyuga-nada (MJ 7.5),
October 1996 (MJ 6.9), and December 416 1996 (MJ 6.7) earthquakes (Yagi et al., 1999; Yagi et al.,



1998). The M7-class interplate earthquakes that were detected by the Japan Meteorological Agency since
1923 are indicated by the red stars. The iso-depths on the plate boundary (Nakanishi et al., 2018) are
shown by the dashed purple contours (5-km interval). The black circles indicate the source distribution of
shallow low-frequency tremor (Yamashita et al., 2015). The red shaded region denotes the focal area of a
long-term slow slip event (L-SSE: more than 40 cm of cumulative slip (Takagi et al., 2019)). The
convergence direction of the Philippine Sea Plate (Kreemer et al., 2014) is shown by the blue arrow. PHS:
Philippine Sea Plate, EU: Eurasian Plate, KPR: Kyushu-Palau Ridge.



Figure 2

Fault locations (rectangular faults) and predicted maximum tsunami heights along the coast of Miyazaki
Prefecture for each fault model: (a) this study, (b) this study (only northern segment), (c) Hatori model, (d)
Matsu’ura model, and (e) comparison of the tsunami heights between all of the models. The value within
each rectangular fault indicates the slip amount in meters. The red and gray circles indicate the observed
inundation and runup heights (Hatori, 1985; Tsuji et al., 2018), respectively.
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