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Abstract
We present some singular characteristics of the 2011 off the Pacific coast of Tohoku Earthquake in comparison with other megathrust earthquakes, such as the 1960 Chilean and the 2004 Sumatra-Andaman earthquakes. In addition to the conventional along-strike segmentation, along-dip segmentation of the fault area or subduction zone is an important feature for the Tohoku subduction zone, as indicated by the difference in background seismicity: virtually no seismicity in shallow segments but active with large events repeating in deep segments. The interaction between along-dip segments (deep and shallow segments) led to the great 2011 Tohoku earthquake. The along-dip segmentation results in plane or two-dimensional rupture propagation on a coseismic fault. Significant along-strike variability is also important for the 2011 Tohoku earthquake, with segments of both weak (e.g., slow or tsunami earthquakes) and strong plate couplings located adjacent to each other. In contrast, every segment appears to be with strong plate coupling for other megathrust earthquakes. One exception is the 1964 Alaska earthquake that shares a certain degree of common characteristics with the 2011 Tohoku earthquake: two distinct seismogenic zones along the dip direction of the trench, that is, the along-dip segmentation is noticeable. Significant along-strike variability also characterizes the activities in and around the subduction zone of the 1964 Alaska earthquake, including a creeping segment and a tsunami-earthquake segment.
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1. Introduction
The 2011 off the Pacific coast of Tohoku, Japan, Earthquake of JMA magnitude 9.0 occurred on 11 March, 2011, in the most intensively investigated subduction zone in the world. With state-of-the-art seismic and geodetic observations in both land and sea floor, together with a relatively long documented history (up to 150 years in detail and 500 years in general) of large earthquakes, the official earthquake forecasting project of Japan issued, in early 2010, a specific probability (99% within 30 years) of an earthquake of magnitude around 7.8 off Miyagi Prefecture. In contrast, the possibility of a megathrust earthquake of magnitude larger than 8.5 was not even discussed from a scientific point of view.
Megathrust earthquakes had been believed to occur commonly in a so-called Chilean-type subduction zone (e.g., Kanamori, 1977; Uyeda, 1982; Lay et al., 1982). In general, fault areas of megathrust earthquakes are very long (e.g., as long as 1,000 km in length along a trench) with dominant rupture propagation in the direction of a trench axis, unilateral in many cases, exciting large tsunamis. The seismicity preceding the 1960 Chilean earthquake was, for example, very low (e.g., Lay et al., 1982), implying nearly 100% coupling between overriding and young-buoyant subducting plates. That is, the strain accumulated at plate boundaries may be released only associated with megathrust earthquakes.
The 2011 Tohoku earthquake appears to lack these major characteristics of megathrust earthquakes of the Chilean-type subduction zones although the number of examples is limited. First, we point out several singular characteristics of the 2011 Tohoku earthquake. We consider segmentation of seismogenic zones in the dip direction of the megathrust boundary while segmentation in the strike direction only has been considered for most subduction zones. For the 2011 Tohoku earthquake, we also notice remarkable along-strike variability in the behavior of seismogenic zones, reflecting highly spatially heterogeneous plate coupling. Next, we compare these characteristics with other earthquakes. While the 1960 Chilean and 2004 Sumatra earthquakes are different from the 2011 Tohoku earthquake, we find some similarity in several characteristics between the 1964 Alaska earthquake and the 2011 Tohoku earthquake.

2. Along-dip Segmentation of the 2011 Tohoku Earthquake
In the subduction zone along the Japan Trench located off the coast of the Tohoku district, there are segments with distinct seismic activities, as shown in Fig. 1(a), superposed on the background seismicity map of Uchida et al. (2009). The occurrence pattern of large earthquakes in the past leads to these segments between coastal areas and the trench axis, which the official earthquake forecasting project of Japan has defined (e.g., http://​www.​j-shis.​bosai.​go.​jp/​?​lang=​en). There had been no earthquakes larger than magnitude 8.0 in this area for more than 1,000 years except for a large tsunami earthquake in 1896 in Segment B′ and a normal-fault event in 1933 in the outer-rise area. All the earthquakes in the past occurred within each segment, exhibiting different characteristics from one to the other. There were no earthquakes that caused serious casualties in Segment B (e.g., Kanamori, 1977), and no large earthquakes occurred in Segment D over 500 years except for a series of earthquakes of magnitude less than 7.8 in 1938 (Abe, 1977). In contrast, there were earthquakes of magnitude of 7.5 to 7.8 in Segment C repeated with an interval of several tens of years, consistent with its plate convergence rate (about 8.6 cm/year). That is why the official earthquake forecast was released for this segment, as mentioned in the Introduction.[image: A40623_2015_6300700697_Fig1.jpg]
Fig. 1.Seismicity in subduction zones of (a) Tohoku, eastern Japan, and (b) Alaska with fault areas of the 2011 and 1964 earthquakes in white, compiled by Tohoku University (after Uchida et al. (2009)) and the U.S. Geological Survey, respectively. In eastern Japan, earthquakes in 1980–2001 at depths shallower than 60 km are plotted. The segmentation of seismogenic zones are shown in (a), following the national project of disaster prevention of Japan (http://​www.​j-shis.​bosai.​go.​jp/​?​lang-en). In Alaska, earthquakes before the 1964 earthquake of magnitude over 5.0 are plotted from 1935 to 1964 and magnitude over 4.5 from 1990 to 2010.




In most subduction zones, particularly if well investigated, segmentation is introduced in the strike direction of the trench, for example, Segments A, B, C, and D in Fig. 1(a). The interrelation among plural segments was essential in the occurrence of megathrust earthquakes in the past. The distribution of segments involved in the 2011 Tohoku earthquake is clearly different from such previous cases. Results of near-field tsunami records strongly support anomalously large slips in Segment C′ (e.g., Maeda et al., 2011). During the 2011 Tohoku earthquake, segments were interrelated not only in the strike direction but also in the dip direction of the trench, such as Segments C and C′ As shown above, we can define a series of segments in a shallow region up-dip, and another series of segments in a deep region down-dip. In this paper, we call this separation between shallow and deep regions “along-dip segmentation”. In other subduction zones, segmentation is primarily along-strike, but the along-dip segmentation and the interrelation between deep and shallow segments appear to have played an essential role in the 2011 Tohoku earthquake.
2.1 Seismicity
Figure 1(a) leads us to the introduction of along-dip segmentation for the 2011 Tohoku earthquake, in order to describe the seismicity preceding it (Uchida et al., 2009). Even taking the limitation of event detectability only by observations on land into consideration, we can see virtually no seismicity in segments close to the trench such as Segments C′ and D′. Segments C′ and D′ were believed to be always aseismic because of the lack of historical documents about large earthquakes, at least over the past 1,000 years.
Extremely large slips are estimated in Segment C′ for the 2011 Tohoku earthquake by not only near-fault tsunami data (e.g., Maeda et al., 2011) but also by high-frequency seismic waves up to 0.5 Hz (e.g., Honda et al., 2011). The lack of background seismicity in Segment C′ (and probably a part of Segment D′) can therefore be attributed to the seismic gap related to the 2011 Tohoku earthquake. Nevertheless, this seismic gap, illustrated in Fig. 1(a), could not have been recognized seriously probably because many researchers just followed the conventional along-strike segmentation.

2.2 Teleseismic data
While there are near-fault data unprecedentedly rich in both quality and quantity for the 2011 Tohoku earthquake, other megathrust earthquakes (e.g., 1960 Chile, 1964 Alaska and 2004 Sumatra) could be studied only with teleseismic data in general. For comparison purposes, we here point out features of this earthquake with teleseismic data which are also available for other earthquakes. As an example, Fig. 2 shows vertical-component seismograms at four stations in various directions from the source region. These records are multi-orbit Rayleigh waves filtered with a bandpass filter from 3 to 10 mHz. It is widely known that the excitation of surface waves is enhanced in the direction of rupture propagation, for example, in the north for the 2004 Sumatra earthquake (e.g., Ammon et al., 2005; Yoshizawa, 2006). Since the trench axis for the 2011 Tohoku earthquake is nearly in the NS direction, we might expect some difference in waveforms between seismograms at stations in the north (e.g., SFJD) and the south (WRAB), which is not the case. This observation suggests that the source of the 2011 Tohoku earthquake is adequately represented by a point source. No dominant rupture propagations in either strike or dip direction resulted in the point-like character.[image: A40623_2015_6300700697_Fig2.jpg]
Fig. 2.Multi-orbit long-period surface waves for the 2011 off the Pacific coast of Tohoku Earthquake. Waveforms are vertical component with a bandpass filter from 3 to 10 mHz. Amplitudes decay systematically in time at stations in any directions from the source, representing a point-like source.





2.3 Along-strike variability
In addition to the along-dip segmentation of the Tohoku subduction zone, let us now focus on the conventional along-strike segmentation in this subduction zone. As explained above, no large earthquakes have been documented in Segment D, except for a series of five earthquakes of magnitude up to 7.8 in 1938 (Abe, 1977), as shown by light blue circles in Fig. 3(a). Plate coupling in Segment D is estimated to be weak, particularly because of the occurrence of two normal-fault intra-plate earthquakes in 1938. New GPS/acoustic seafloor observation also confirmed weak plate coupling in Segment D and/or D′ (Matsumoto et al., 2008). The segment of Sanriku-Oki (Segment B) has no large historical earthquakes. Kawasaki et al. (2001) recently identified several slow earthquakes in Segment B, as shown by green patches in Fig. 3(a), implying its very weak plate coupling.[image: A40623_2015_6300700697_Fig3.jpg]
Fig. 3.Comparison of schematic views of source processes and related seismic activities for the (a) 2011 Tohoku, (b) 1964 Alaska, and (c) 2004 Sumatra earthquakes. Epicenters are shown by red stars, areas of major seismic moment release by orange patches and possible tsunami-excitation areas by red patches. In (a), the thick dashed lines represent the segments similar to Fig. 1(a), slow earthquakes including the 1896 great tsunami earthquake close to the trench are shown by four green patches, recent large Miyagi-Oki earthquakes by two blue patches, and five moderate Fukushima-Oki earthquakes in 1938 by light blue circles with a region of large excitation of high-frequency waves (Honda et al., 2011) and many aftershocks in light yellow. In (b), the orange patch is called the Prince William Sound asperity (PWS), two blue circles near the Kodiak Island represent intraplate earthquakes in 1999 and 2001 with the Kodiak Island asperity (KI) in yellow, and a creeping segment between them is shown in green (Ratchkovski and Hansen, 2001; Freymueller et al., 2008). In (c), the areas of large slips are estimated by teleseismic body waves in orange (Ammon et al., 2005) and those estimated by tsunami waveforms in red (Tanioka et al., 2006) with the three along-strike segments proposed by Lay et al. (2005).




Segment C, where the epicenter of the 2011 Tohoku earthquake is located, may have a potential to generate a large earthquake, as already mentioned, while its adjacent two segments, Segments B and D, do not. Following a recent popular term in seismology, we may call Segment C a segment with strong asperities while Segments B and D have no, or very minor, asperities. This dramatic variability among along-strike segments, including segments of weak plate coupling, is very striking. Thus, the idea that no megathrust earthquakes are likely in the Tohoku subduction zone appeared reasonable before 2011. The interaction between deep and shallow segments, Segments C and C', is considered essential for causing an M 9 earthquake; their combined slips may have triggered large slips in adjacent along-strike segments (Segments B and D) of relatively weak plate coupling where no large slips can happen if they fail by themselves.
Figure 3(a) summarizes a schematic view of the above singular characteristics of the 2011 Tohoku earthquake. Not only the along-dip segmentation but also the above variability within along-strike segments characterize this subduction zone.


3. Comparison with Other Megathrust Earthquakes
We have pointed out singular characteristics of the 2011 Tohoku earthquake. Now let us compare them with characteristics of other examples, particularly with three recent events: the 1960 Chilean, 1964 Alaska and 2004 Sumatra earthquakes.
3.1 Seismicity
In general, plate coupling is believed to be strong and the background seismicity is known to have been very low in the along-strike segment for other megathrust earthquakes (e.g., Kanamori, 1977; Lay et al., 1982): the 1960 Chile, the 2004 Sumatra, and the historically-repeating Nankai trough megathrust earthquakes in southwest Japan such as the 1707 Hoei earthquake (e.g., Okano and Kimura, 1979). This marks a very clear contrast with the 2011 Tohoku earthquake, as shown in Fig. 1(a): background seismicity is observed in all the deep segments such as Segments B, C and D, but weak or no seismicity is observed in shallow segments such as Segments C′ and D′.
Figure 1(b) shows earthquake distributions before and after the 1964 Alaska earthquake. Along the Alaska-Aleutian subduction zone, earthquakes occur uniformly in the seismogenic zone except for a shallow part of the fault area of the 1964 earthquake. This implies that the subduction zone of the 1964 Alaska earthquake is segmented in the along-dip direction. The shallow segments seem to have been ruptured during the 1964 Alaska earthquake (e.g., Freymueller et al., 2008), although this cannot be confirmed because sufficient near-coast or ocean bottom observations were not available. Doser et al. (2006), (2008) studied the seismicity in this area very carefully, but there are no interplate shallow events before and after the earthquake although they did not conclude this explicitly. Thus, along-dip segmentation similar to that seen for the Tohoku subduction zone seems also to be seen for the 1964 Alaska subduction zone.
One may argue that the difference in seismicity simply originates from the detection capability of events between deep and shallow segments in other cases. Although the zone is very narrow for the 2004 Sumatra earthquake, as shown in Fig. 3(c), no such along-dip segmentation is obvious; it is not obvious for the 1960 Chilean earthquake and the Nankai trough in Japan. If along-dip segmentation exists in these subduction zones, the spatial resolution of seismicity is now sufficient to identify it. Thus, the above two cases (i.e., Tohoku and Alaska) can be considered to be exceptional.

3.2 Teleseismic and other data
The source process of the 2004 Sumatra earthquake was estimated from teleseismic, tsunami and geodetic data. Figure 3(c) shows the areas of large slips estimated from teleseismic data in orange (Ammon et al., 2005) and those from tsunami data in red (Tanioka et al., 2006). Three along-strike segments (Sumatra, Nicobar and Andaman segments) are proposed by another study on tsunami excitation (Lay et al., 2005). Although different results have been proposed and there is a certain degree of variability, the distribution of slips is more-or-less one-dimensional or linear; the areas of large slips also extend in the strike direction for the 1960 Chilean earthquake (e.g., Moreno et al., 2009). The directivity of excitation of long-period surface waves is very strong for these examples, implying the dominance of unilateral and one-dimensional rupture propagations.
In the case of the 1964 Alaska earthquake, Kanamori (1970) investigated the excitation characteristics. In particular, he found its directivity or rupture propagation to have a component perpendicular to the trench, from deep to shallow. Ruff and Kanamori (1983) found that its major moment release was around the epicenter (the orange area in Fig. 3(b)), using core-diffracted P waves; this feature is very simple compared with other large earthquakes. Using tsunami and geodetic data, Johnson et al. (1996) determined a slip distribution on the fault, retrieving two areas of large slips or asperities: a very large one at the northeastern end called the Prince William Sound asperity and a much smaller one at the sorthwestern end called the Kodiak asperity, as represented by PWS and KI in Fig. 3(b). Ichinose et al. (2007) located these asperities near the trench, similar to the major tsunami excitation area of the 2011 Tohoku earthquake. The PWS asperity appeared to correspond to the area of the major moment release of Ruff and Kanamori (1983). Large slips near the trench appear to have been related to the deep-to-shallow rupture propagation component found by Kanamori (1970), implying the interrelation of along-dip segments.

3.3 Contrast of along-strike segments
Except for the aftershock activities, the background seismic activities are minor in the entire subduction zones of the 1960 Chilean and the 2004 Sumatra earthquakes. In contrast, activities in adjacent along-strike segments of the 1964 Alaska earthquake greatly vary. For example, Kanamori (1972) studied a large tsunami earthquake of 1946, similar to a large 1896 tsunami earthquake to the north of the 2011 Tohoku earthquake (Segment B). Moreover, there were two earthquakes of M 7 in 1999 and 2001 in the Kodiak Island region (light blue circles in Fig. 3(b)). They are normal-fault earthquakes inside the subducting plate (Ratchkovski and Hansen, 2001), similar to the events of 1938 in Segment D of the Tohoku subduction zone. We cannot find any segments with such a seismogenic pattern for the 1960 Chilean earthquake, and this is probably also the case for the 2004 Sumatra earthquake. Seismicity was low before 2011 but aftershocks of the 2011 earthquake have been active in Segment D, compared with Segment C (active even before 2011), analogous to the temporal pattern of seismicity in the KI asperity: weak before, but enhanced after, the 1964 earthquake (Doser et al., 2006).
There is also a creeping segment with slow-slip events in a deep part between the two asperities (PWS and KI) of the 1964 Alaska earthquake (a green patch in Fig. 3(b)). Freymueller et al. (2008) concluded dramatic variability along the strike of the trench over a short distance, and even pointed out its similarity to the Tohoku subduction zone. The Tohoku plate boundary seems to be mechanically very heterogeneous, so is the Alaska-Aleutian plate boundary while no such evidence has been found for the 1960 Chilean and the 2004 Sumatra plate boundaries.


4. Conclusions
In this paper, we point out several singular characteristics of the 2011 Tohoku earthquake as compared with other megathrust earthquakes, as summarized in Fig. 3 and Table 1. First, we emphasize along-dip segmentation of a subduction zone with shallow and deep segments, whereas only along-strike segmentation has previously been considered for subduction zones. The background seismicity in the shallow segment in the case of the 2011 Tohoku earthquake had been very low, but large slip occurred there in this megathrust earthquake, suggesting that plate coupling there was strong. In contrast, the deep segment of the 2011 Tohoku earthquake had been seismically active with large repeating earthquakes of about M 7.5. Prior to the occurrence of a megathrust earthquake, a subduction zone of along-dip segmentation does not, therefore, look much different from subduction zones of along-strike segmentation having no record of megathrust earthquakes, with which the Tohoku subduction had been compared.
Another important characteristic of the 2011 Tohoku earthquake is the dramatic variability in the along-strike segments. The seismicity of the Tohoku subduction zone has been active in Segment C, while virtually no large earthquakes have occurred in Segments B and D over the last 500 years except for a few events in 1938 (Abe, 1977). A large tsunami earthquake in 1896 in a shallow segment B′ (Kanamori, 1972) and slow or aseismic slip events in Segment B (Kawasaki et al., 2001), as shown by green patches in Fig. 3(a), indicate weak plate coupling in Segments B and B′. Segments C and C′ appeared to have slipped significantly during the 2011 Tohoku earthquake from both tsunami (e.g., Maeda et al., 2011) and high-frequency seismic waves (e.g., Honda et al., 2011), implying very strong plate coupling although their background seismic patterns are quite different from each other.
Table 1.Comparison of two types of megathrust earthquakes.


	 	Tohoku
	Chile & Sumatra

	Fault geometry
	wide
	elongated

	Along-dip segmentation
	distinct
	none

	Rupture propagation
	plane
	linear

	Along-strike variability
	very strong
	minor



No along-dip segmentation is obvious in the subduction zones of the 1960 Chilean and the 2004 Sumatra earthquakes. In contrast, the background seismicity for the 1964 Alaskan earthquake indicates along-dip segmentation, as shown in Fig. 1(b). In addition, the characteristics of the three proposed along-strike segments in Fig. 3(b) (Johnson et al., 1996; Freymueller et al., 2008) are highly different from each other, including their pre- and post-seismic activities (Doser et al., 2006), (2008). There was a large tsunami earthquake in 1946 to the west of the 1964 earthquake, characterizing this subduction zone (extending west beyond the rupture zone of the 1964 earthquake) as the one with dramatic along-strike variability (Freymueller et al., 2008). This variability is similar to that of the Tohoku subduction zone but different from the others.
Along-dip segmentation is a fundamental feature of the Tohoku subduction zone, and it is important to understand the seismic behavior of both up-dip and down-dip segments. Kanamori et al. (2006) pointed out the deficiency of cumulative seismic slip in comparison with the convergence rate of the subducting Pacific plate. The plate motion must be taken up by either large megathrust earthquakes, tsunami earthquakes (Kanamori, 1972) or aseismic or slow events (e.g., Kawasaki et al., 2001). During the 2011 Tohoku earthquake the interaction between the down-dip segment C and the up-dip segment C′ caused unusually large slip in the up-dip segment which resulted in an M 9 earthquake. This type of interaction between the down-dip and up-dip segments may play an important role in other subduction zones.
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