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Abstract
In the southwestern area of the Kurile Islands subduction zone, three large earthquakes including the Mw8.2 1969 and the Mw8.3 1994 Hokkaido Toho-oki earthquakes and the Mw7.8 1975 tsunami earthquake occurred in almost the same location. The three main shocks and their aftershocks were re-determined simultaneously using a double-difference earthquake location method, HypoDD. As a result, the 1969 and the 1975 main shocks and their aftershocks were concentrated near the upper surface of the subducting Pacific plate, indicating that both events were plate boundary megathrust earthquakes as shown by previous studies. On the other hand, the 1994 main shock and its aftershocks were distributed within the Pacific plate indicating that the 1994 event was an intraslab event as reported by previous studies. The result that interplate earthquakes and intraslab earthquakes could be appropriately distinguished is strong evidence that the accuracy of hypocenter determination is sufficiently high. The centroid moment tensor solution of the 1994 main shock has two nodal planes which are parallel or normal to the Kurile Trench. According to the high-resolution hypocenter distribution obtained in the present study, the aftershocks appear to locate on the nodal plane normal to the trench, suggesting that the source fault ruptured by the 1994 main shock was not parallel but normal to the Kurile Trench. Moreover, we found that the Coulomb failure stress change (ΔCFS) produced by the trench-normal fault plane is more likely to trigger the largest aftershock than ΔCFS produced by the trench-parallel fault plane.
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1 Introduction
The Pacific (PA) plate subducts beneath the North American (NA) plate from the Kurile Trench (KT) in the northwestern Pacific Ocean. The KT is an ocean trench extending from the east of the Kamchatka Peninsula to the southeast of Hokkaido along the southern coast of the Kurile Islands, with a length of 2200 km and an average width of 120 km. The PA plate moves toward N61° W at a speed of 82 mm/year relative to the NA plate (DeMets et al. 1994) off the east coast of Hokkaido, i.e., off Shikotan Island. This region is a study area of the present paper and referring as Hokkaido Toho-oki area.
Three earthquakes of different types occurred in the Hokkaido Toho-oki area (Fig. 1). The first is the August 11, 1969 Hokkaido Toho-oki earthquake (Mw8.2; U.S. Geological Survey 2024), a typical plate boundary megathrust earthquake; the second is the June 10, 1975 earthquake, which was a plate boundary megathrust earthquake like the 1969 event though it was not an ordinary earthquake but a tsunami earthquake (Mw7.8; Ioki and Tanioka 2016); the third is the October 4, 1994 Hokkaido Toho-oki earthquake (Mw8.3; U.S. Geological Survey 2024), an intraslab earthquake. Among the three earthquakes, the fault plane ruptured by the 1994 earthquake is still controversial issue, with some authors claiming that the strike is parallel to the KT axis (Kikuchi and Kanamori 1995; Katsumata et al. 1995; Hurukawa 1995; Ozawa 1996; Morikawa and Sasatani 2004), some authors claiming that it is almost perpendicular to the KT axis (Tanioka et al. 1995; Takahashi and Hirata 2003; Harada and Ishibashi 2007), and some authors claiming that it is unable to determine which is the fault plane (Tsuji et al. 1995).[image: ]
Fig. 1The southwestern Kurile Islands area, which refer to as the Hokkaido Toho-oki area in the present study. Three earthquakes occurred in 1969, 1975 and 1994, and their epicenters and the focal mechanism solutions are plotted. A rectangle drawn by broken lines shows the area of map view of the following figures. A solid line in the ocean indicates the plate boundary between the Pacific plate and the North American plate (Bird 2003). An arrow points to the direction of the plate motion of the Pacific plate relative to the North American plate (DeMets et al. 1994)


In the case of the 1994 event, aftershocks determined by the Japanese seismic network, including Hokkaido University and Japan Meteorological Agency, appear to be along a fault plane parallel to the trench axis. Since the seismic stations are only in the west, the station coverage is poor geometrically. On the other hand, aftershocks determined by the global seismic network appear to be along a fault plane normal to the trench axis. Although the station coverage is better than the Japanese seismic network, the global seismic network is very far from the focal area. When the seismic stations are far away, the accuracy of depth determination is usually poor. Poor constraint of the aftershock determination is one of the reasons why the fault plane ruptured by the 1994 event has not been decided yet. In addition, the crustal deformation observed in Japan and the tsunami waveform are not conclusive evidence for determining the fault plane of the 1994 main shock because both fault planes can explain the observations to the same extent.
In this study, aftershock distributions of the 1994 event were re-determined and the source faults were examined based on the aftershock distribution. In addition, we calculate the Coulomb failure stress change (ΔCFS) due to the main shock and discuss which of the two nodal planes is more likely to trigger the largest aftershock. There are three points that differ from previous studies discussing the aftershock relocation of the 1994 event. First, the aftershocks of the 1969 and the 1975 events are also determined simultaneously with the 1994 event. The 1969 and 1975 earthquakes are known to have been interplate earthquakes, therefore, if their hypocenters are correctly determined, their aftershocks should be concentrated near the plate boundary. This will allow us to estimate whether the 1994 aftershocks were correctly determined. Second, I only used seismic stations that were already in existence at the time of the 1969 and 1975 earthquakes and that were also in existence at the time of the 1994 earthquake. In other words, I did not use seismic stations that were newly established or abolished after 1969. This reduces errors resulting from the difference of combinations of seismic stations. Third, the interaction between the main shock and the largest aftershock was examined in terms of static stress transfer.

2 Data
I downloaded the data from the Reviewed ISC Bulletin (https://​download.​isc.​ac.​uk/​prerebuild/​ffb/​bulletin/​). Hypocenter parameters and arrival times of the initial phase were used in this study. The initial phase is the seismic wave that arrived at a seismic station earliest, and it is usually P-wave. I did not re-measure the arrival time for myself by waveform correlation. I selected aftershocks with a body wave magnitude (mb) equal to 5.3 or larger and a depth of less than 100 km for 7 days after the main shock. I selected 209 seismic stations that satisfy the following conditions: the epicentral distance from the Hokkaido Toho-oki area is smaller than 10,000 km and there are the P-wave arrival time data for all three earthquakes (Fig. 2). No S-wave arrival time was used. Consequently, the number of arrival time data is 6515 including the depth phase, i.e., 759 pP and 130 sP phases.[image: ]
Fig. 2Distribution of seismographic stations used for the hypocenter relocation. a All stations are plotted in crosses and b the enlarged view of the vicinity of Japan


The arrival time data were weighted by the following equation (Waldhauser and Schaff 2007),[image: $$\text{wt}={\left\{{\left(1-\frac{\Delta }{130}\right)}^{3}\right\}}^{3}$$]



where wt is a weight factor and Δ is the epicentral distance in degree. For example, if 0° < Δ ≤ 48°, wt = 0.9, if 67° ≤ Δ ≤ 73°, wt = 0.6, and if 87° ≤ Δ ≤ 93°, wt = 0.3. In the weighting function, the interevent distance is replaced with the epicentral distance. Note that this is a different usage from Waldhauser and Schaff (2007) and the weight value is rounded to the second decimal place.

3 Methods
For hypocenter determination, I used a double-difference earthquake location method, HypoDD (Waldhauser and Ellsworth 2000). However, HypoDD calculates travel times assuming a horizontal layered velocity structure, but to use teleseismic P-waves, it is necessary to calculate travel times in a spherically stratified velocity structure of the Earth. In this study, I assumed a one-dimensional velocity structure iasp91 and calculated travel times using the iaspei-tau package (Kennett and Engdahl 1991; Snoke 2009). The totaling 66 events were relocated, consisting of 25 aftershocks in 1969 including the main shock, 12 in 1975, and 29 in 1994. Approximately 21,000 datasets were created by taking the double-difference when the hypocentral distance was less than 50 km. For the inversion, the LSQR method was applied with a damping of 30.
The final hypocenter location and its error was estimated by the jack-knife method (Tichelaar and Ruff 1989). Half of the datasets was removed randomly and HypoDD was conducted to determine the hypocenters. This procedure was repeated 1000 times and I calculated the average position and the standard deviation σ of the 1000 scattered hypocenters. In the present study, the average position and ± 2σ were adopted as the final hypocenter location and its error, respectively.
All epicenters determined by ISC were assumed as the initial epicenter. The initial depth of hypocenter was assumed to be 10 km for the 1969 and the 1975 events. In the case of the 1994 events, the depth determined by ISC was mostly assumed as the initial value, but some aftershocks were moved slightly to avoid being an air focus. Consequently, the rms of the residual of P-wave was 2.36 s for the initial hypocenter location and decreased to 1.39 s (41% decrease) after two iterations of the LSQR.

4 Results
In the case of 1969 event, the epicenter of the main shock was located 73 km from the KT axis and the depth is 12 ± 3 km which is close to the upper surface of the subducting PA plate (Fig. 3). Comparing with the large slip area revealed by a tsunami waveform inversion (Ioki and Tanioka 2016), the hypocenter of the main shock, i.e., the rupture initiation point, is located at the shallow edge of the large slip area. Kikuchi and Fukao (1987) also found that the large subevent occurred in the deeper portion relative to the rupture initiation point. The aftershock area spans 140 km along the KT, i.e., 50 km long to the southwest from the epicenter and 90 km long to the northeast from the epicenter, and the width is 50 km. This aftershock distribution is consistent with the bilateral rupture propagation revealed by Kikuchi and Fukao (1987).[image: ]
Fig. 3The August 11, 1969 earthquake (Mw8.2) sequence with assuming the initial depth of 10 km for all 1969 events. a Epicenters distribution of the foreshocks (triangle), the main shock (red circle), and the aftershocks (black circle) after the relocation. A solid line in the ocean indicates the plate boundary between the Pacific plate and the North American plate (Bird 2003). Two squares indicate the subfaults 3 and 4 with large slip determined in Ioki and Tanioka (2016). b Vertical cross-sectional view along the broken line AB in a. A gently curved black line represents the upper boundary of the subducting Pacific plate (Nakanishi et al. 2004)


In the case of 1975 event, the epicenter of the main shock was located 71 km from the KT axis and the depth is 7 ± 1 km which is on the upper surface of the subducting PA plate (Fig. 4). The aftershock area spans 70 km northeastward from the epicenter along the KT and the width is 30 km, which is obviously narrower than the 1969 aftershock area. The 1969 and 1975 aftershock areas are not clearly separated, but the 1975 aftershocks appear to be concentrated around the shallow edge of the large slip area of the 1969 earthquake. Ioki and Tanioka (2016) found that the tsunami in 1975 was excited by the large slip near the KT axis. The 1975 aftershocks occurred not inside of this large slip area, but around the deep edge of it. This fact might suggest that the short-period seismic wave was radiated from the 1975 aftershock area, whereas, not radiated from the large slip area near the KT.[image: ]
Fig. 4The June 10, 1975 earthquake (Mw7.8) sequence with assuming the initial depth of 10 km for all 1975 events. a Epicenters distribution of the main shock (red circle) and the aftershocks (black circle) after the relocation. A solid line in the ocean indicates the plate boundary between the Pacific plate and the North American plate (Bird 2003). Two squares indicate the subfaults 6 and 7 with large slip determined in Ioki and Tanioka (2016). b Vertical cross-sectional view along the broken line AB in a. A gently curved black line represents the upper boundary of the subducting Pacific plate (Nakanishi et al. 2004)


In the case of the 1994 event, the epicenter of aftershocks was located in the circular area with a diameter of ∼ 80 km and the hypocenter of the main shock was located at the depth of 38 ± 4 km, which is obviously deeper than those of the 1969 and the 1975 events (Fig. 5). The centroid moment tensor (CMT) solution was determined by the U. S. Geological Survey (2024) for the main shock as follows. The nodal plane 1 (np1) is represented by strike1 = 158°, dip1 = 34°, rake1 = 21°and the nodal plane 2 (np2) is represented by strike2 = 50°, dip2 = 78°, rake2 = 122°. The np2 is a plane with a steep dip and with a strike almost parallel to the KT axis, and the np1 is a plane with a shallow dip and with a strike almost perpendicular to the KT axis. To examine which plane, np1 or np2, the aftershocks occurred along, we created depth cross-sections corresponding to each plane. Although the aftershocks are not distributed exactly on the plane surface, they tend to become deeper toward the southwest and its dip angle is 30°–40°. This spatial pattern of aftershock distribution strongly suggests that the aftershocks occurred on the np1 and the np1 is a fault plane ruptured by the 1994 main shock. Almost all aftershocks are located deeper than the upper surface of the subducting PA plate and are included within the ruptured area with a co-seismic slip larger than 2 m. No aftershock occurs in the overriding NA plate except for the largest aftershock (Mw7.3; US Geological Survey 2024) on October 9, 1994. The epicenter of the largest aftershock is located around the northeastern edge of the aftershock area (Fig. 6). The depth of hypocenter is determined to be 2 ± 1 km in this study and its depth is shallower significantly than the upper surface of the subducting PA plate. Only two aftershocks of the largest aftershock have been determined, but the depth is shallower than 5 km. This result implies that the largest aftershock occurred not within the subducting PA plate but within the upper crust of the land-side NA plate.[image: ]
Fig. 5The October 4, 1994 earthquake (Mw8.3) sequence. a–c The initial value of hypocenters before the relocation, and d–f are the hypocenters after the relocation. a, d Epicenters distribution of the main shock (red circle) and the aftershocks (black circle) before the relocation. A solid line in the ocean indicates the plate boundary between the Pacific plate and the North American plate (Bird 2003). b, e Vertical cross-sectional view along the broken line AB. c, f Vertical cross-sectional view along the broken line CD. A gently curved black line represents the upper boundary of the subducting Pacific plate (Nakanishi et al. 2004). Contours of 2, 4, 6, and 8 m show the co-seismic slip distribution (U.S. Geological Survey 2024)

[image: ]
Fig. 6The October 9, 1994 largest aftershock (Mw7.3) sequence. a Epicenters distribution of the main shock of the largest aftershock (red circle) and its secondary aftershocks (black circle) after the relocation. Gray dots show the epicenters plotted in Fig. 5d. A solid line in the ocean indicates the plate boundary between the Pacific plate and the North American plate (Bird 2003). b Vertical cross-sectional view along the broken line AB in a. NP1 and NP2 indicate two nodal planes of the largest aftershock. A gently curved black line represents the upper boundary of the subducting Pacific plate (Nakanishi et al. 2004)



5 Discussion
5.1 Hypocenter determination error
The accuracy of hypocenter determination is usually poor when using seismic stations far from the hypocenter. In particular, the depth of hypocenter is not likely to be well-constrained. In this section, we consider the possibility that the large depth error is the reason why the aftershocks do not show a planer distribution.
Since the hypocenter determination is a non-linear inversion, it is important how much hypocenter depth is assumed as the initial value. To check the effect of the initial hypocenter depth, I relocated hypocenters assuming that the initial depth of all aftershocks in 1994 is 40 km and the initial depth of all aftershocks in 1969 and 1975 is 10 km. This is a simpler assumption than assuming ISC depth for the 1994 event. The result is shown in Fig. S1 in Supplementary material 1. We found that the aftershock distribution is almost same regardless of the initial depth assumption.
To estimate the accuracy of depth determination, I conducted a numerical simulation as follows. First, 84 hypocenters were assumed to locate at nodes in three-dimensional space with 43.2, 43.3, and 43.4° N, 147.6, 147.8, 148.0, and 148.2° E, h = 5, 10, 15, 20, 25, 30, and 35 km in depth. Suppose that one of the 84 earthquakes is EQ1. The P-wave travel time for EQ1 was calculated using the Iaspei-tau package assuming a one-dimensional velocity structure iasp91. I randomly selected one of the 66 earthquakes whose hypocenter was re-determined in this study and assumed that the combination of seismic stations for EQ1 was the same combination of seismic stations as the selected earthquake. Like EQ1, seismic stations were assigned to the 84 earthquakes and the theoretical travel time of P-waves was calculated. Random noise was not added to the travel time of P-waves. Using this data, I set the same parameters, e.g., damping, maximum distance of linked pair, iteration times, as in the actual calculation and determined the hypocenter using HypoDD. As the initial values for the epicenter, the assumed epicenter was given as is, and the depth was randomly assumed within the range of h ± 10 km. The above procedure was repeated 500 times to evaluate how accurately the depth of hypocenter could be determined.
As a result of the numerical simulation, we found that the depth of hypocenter tends to be determined deeper than the true location (Fig. 7). If the true depth of hypocenter is 0–5 km, there will be a shift of 0–7 km toward the deeper side. If the true depth is 30–35 km, there will be a shift of 2–10 km toward the deeper side. This result suggests that the initial value is important, if the initial epicenter is assumed to be close to the true epicenter and the initial depth is assumed to be ± 10 km from the true depth, the error of depth will be approximately several kilometers. As a result, the hypocenter may appear to scatter over a range of several kilometers in the depth direction. In the case of the 1994 event, this may be a reason why the aftershocks are scattered in depth direction and not distributed on a plane clearly.[image: ]
Fig. 7Hypocenter determination error in depth direction estimated by a numerical simulation. The error is defined as a shift from the assumed true location. I collected the errors for hypocenters at the same depth and calculated the mean and variance for each depth



5.2 Coulomb failure stress change on the largest aftershock source fault
It is clearly shown from the aftershock distribution relocated in the present study that the 1969 and the 1975 events are interplate megathrust earthquakes and the 1994 event is not interplate but intraslab earthquake. Moreover, it is preferable that the strike of the 1994 source fault is not parallel but perpendicular to the KT axis. To examine the geometry of the 1994 event from a different perspective, we calculate ΔCFS to investigate which fault plane is more favorable for the occurrence of the largest aftershock.
Tanioka et al. (1995) suggested qualitatively that some aftershocks were triggered in the area northeast of the 1994 source fault. To confirm this hypothesis quantitatively, I calculate ΔCFS on the fault plane of the largest aftershock. Tsuji et al. (1995) presented the main shock fault models: Model 1 which is parallel to the KT axis and Model 2 which is perpendicular to the KT axis. As for the fault parameters of Models 1 and 2, the values shown in Table 2 of Tsuji et al. (1995) were assumed. The source fault of the Mw7.3 largest aftershock is assumed to be a rectangle with a length of 30 km and a width of 15 km. The top of the rectangular fault was assumed to be 0 km deep. The CMT solution of the largest aftershock was provided by the U.S. Geological Survey (2024) as follows. The nodal plane 1 (NP1) is represented by strike = 219°, dip = 22°, rake = 90° and the nodal plane 2 (NP2) is represented by strike = 39°, dip = 68°, rake = 90°. The 30 km long fault was placed so that the epicenter relocated in this study matches with a center of the fault (Fig. 6b).
The ΔCFS caused by the source faulting, i.e., Models 1 and 2, were calculated on the receiver’s fault plane, i.e., NP1 and NP2 (Fig. 8). The ΔCFS is defined by ΔCFS = Δτ + μΔσ, where Δτ is the shear stress change on a fault and Δσ is the normal stress change. µ is the effective friction coefficient (with a range of 0–1). Failure is encouraged if ΔCFS is positive and discouraged if negative (e.g., Stein and Lisowski 1983; Stein 1999). Δτ and Δσ are calculated in an elastic half-space based on Okada (1992) assuming that the shear modulus is 3.0 × 1010 N/m2 and the Poisson’s ratio is 0.25. The effective friction coefficient is taken to be 0.4.[image: ]
Fig. 8Coulomb stress change on the nodal planes of the largest aftershock associated with the 1994 event. The fault ruptured by the main shock is assumed based on the model presented on Table 2 of Tsuji et al. (1995). Model1 and Model2 are referred as Trench-parallel model and Trench-normal model, respectively. The nodal planes of the largest aftershock are represented as follows: NP1 (strike = 219°, dip = 22°, rake = 90°) and NP2 (strike = 39°, dip = 68°, rake = 90°) (U.S. Geological Survey 2024). a Shows the case that the fault plane of the main shock is assumed to be Trench-parallel model and the fault plane of the largest aftershock is assumed to be NP1, b trench-parallel and NP2, c trench-normal and NP1, d trench-normal and NP2. Contours are drawn every 0.05 MPa


As a result, we found that ΔCFS is negative on both receiver’s faults if Model 1 is assumed for the source fault and ΔCFS is positive on both receiver’s faults if Model 2 is assumed. The average ΔCFS on NP1 is − 0.020 MPa for Model 1 and + 0.088 MPa for Model 2. The average ΔCFS on NP2 is − 0.020 MPa for Model 1 and + 0.076 MPa for Model 2. Regardless of the fault plane of the largest aftershock, Model 2 results in a positive ΔCFS, suggesting that the main shock rupture represented by Model 2 is more likely to trigger the largest aftershock than Model 1. The value of ∼ 0.08 MPa is several times larger than the threshold of triggering, i.e., 0.01 MPa (Stein 1999).

5.3 Possible causes of the 1994 Hokkaido Toho-oki earthquake
The cause of earthquakes varies depending on which is considered the fault plane of the 1994 event. In the case of the trench-parallel fault plane, the main shock was caused primarily by the down-dip extensional stress within the subducting PA plate. Although there is a small right-lateral strike-slip component, the movement is mainly normal faulting within the PA plate. In the case of trench-normal fault plane, the main shock was caused primarily by the compressional stress in the direction of NW–SE, and the faulting was mainly characterized by left-lateral strike-slip motion with a small reverse fault component. The NW–SE compressional stress might be due to the oblique subduction of the PA plate and the southwestern movement of the forearc sliver of the Kurile Islands also driven by the oblique subduction (DeMets 1992). As pointed out by Tanioka et al. (1995), since here is a fracture zone, the strain may be more likely to concentrate.


6 Conclusion
In the Hokkaido Toho-oki area, that is, off Shikotan Island, three large earthquakes occurred in 1969, 1975, and 1994. In this study, the relative location of aftershocks of the three earthquakes were determined simultaneously using HypoDD. As a result, the aftershocks of the 1969 and 1975 events were located near the upper surface of the subducting PA plate suggesting that these two events are interplate megathrust earthquakes. On the other hand, the aftershocks of the 1994 event were not concentrated near the upper surface of the PA plate, but distributed within the PA plate, suggesting that the 1994 event is an intraslab event. Moreover, the aftershock distribution tends to become deeper toward the southwest and its dip angle is 30°–40°. Even if taking the hypocenter location error into account, the aftershocks are distributed along a fault plane perpendicular to the KT axis. The calculation of ΔCFS showed that the trench-normal fault plane is more efficient at triggering the largest aftershock. Not only the aftershock distribution but also ΔCFS supported the trench-normal fault plane of the 1994 main shock.
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