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Abstract Aftershocks of the 2011 Tohoku-Oki great

earthquake have a wide range of focal depths and fault

plane mechanisms. We constrain the focal depths and focal

mechanisms of 69 aftershocks with Mw [ 5.4 by modeling

the waveforms of teleseismic P and its trailing near-surface

reflections pP and sP. We find that the ‘‘thrust events’’ are

within 10 km from the plate interface. The dip angles of

these thrust events increase with depth from *5� to *25�.

The ‘‘non-thrust events’’ vary from 60 km above to 40 km

below the plate interface. Normal and strike-slip events

within the overriding plate point to redistribution of stress

following the primary great earthquake; however, due to

the spatially variable stress change in the Tohoku-Oki

earthquake, an understanding of how the mainshock

affected the stresses that led to the aftershocks requires

accurate knowledge of the aftershock location.

Keywords Tohoku-Oki aftershocks � Focal depths �
Focal mechanisms � Coseismic stress change

1 Introduction

The Japan Trench is one of the great earthquake generating

regions in the world. Due to the fast convergence between

the Pacific and Eurasian plates (DeMets et al. 1994) and

strong interplate coupling (e.g., Suwa et al. 2006; Loveless

and Meade 2011; Kanda et al. 2013), large (Mw7.0–8.2)

earthquakes have occurred regularly in the past 150 years

(e.g., Kanamori et al. 2006). On March 11, 2011, the Mw

9.0 Tohoku-Oki earthquake ruptured the central part of the

Japan Trench (Fig. 1).

In addition to its high magnitude and devastating impact

on communities in northern Honshu, the Tohoku-Oki

earthquake had surprising seismo-tectonic characteristics

(see Lay and Kanamori 2011 for a review). Geodetic (e.g.,

Ozawa et al. 2011; Simons et al. 2011) and seismic

inversions (e.g., Yoshida et al. 2011) indicate that the co-

seismic slip was concentrated up-dip of the hypocenter and

had a peak value of about 50 m. The aftershocks are dis-

tributed over a 500 9 100 km2 area (e.g., Hayes 2011) and

include a variety of thrust-, normal- and strike-slip-faulting

events. The diversity of focal mechanisms was not

observed before the mainshock (e.g., Nettles et al. 2011)

and suggests a complex redistribution of stress during the

mainshock slip. To link the aftershock sequence to

coseismic stress changes during the mainshock, it is critical

to quantify the location (both depth and epicenter) of the

aftershocks since the mainshock stress changes are highly

heterogeneous. In this study, we determine focal depths of

69 large aftershocks (Table 1) using teleseismic P wave-

form inversion, and we illustrate how variations in inferred

location of an aftershock drastically change the manner in

which the mainshock influenced the aftershocks.

2 Hypocenters of Tohoku-Oki aftershocks

According to the Japan Meteorological Agency (JMA)

catalog, about 740 aftershocks with magnitudes greater

than 5.0 have occurred between March 11, 2011 and June
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30, 2013. Nearly one third of them occurred within one day

after the Tohoku-Oki mainshock. 7 aftershocks had mag-

nitudes between 7.0 and 8.0, and 102 aftershocks had

magnitudes between 6.0 and 7.0.

Although the JMA catalog is based on local and regional

seismic data, it is likely that its estimates of Tohoku-Oki

aftershock hypocenters are imprecise. All seismic stations

are to the west and at distances of several hundred kilo-

meters for most events. Incomplete azimuthal station

coverage and relatively large epicentral distances may lead

to errors in the focal depth determination of a few tens of

kilometers due to trade-offs between location and origin

time and the approximated wave speed structure. Global

earthquake catalogs based on arrival times such as the

preliminary determination of epicenters (PDE) catalog will

have similar uncertainties. The global CMT (gCMT)

locations are updated PDE locations using long-period

waveforms. While epicentral relocations may suffer from

the trade-offs with velocity structure, gCMT depths may be

better constrained than PDE depths (Ekström et al. 2012).

The uncertainties are apparent when we compare hyp-

ocenters from the various catalogs. Figure 2 compares the

aftershock locations of 69 Tohoku-Oki aftershocks as

reported in the JMA, PDE, and gCMT catalogs and

Fig. 1 Focal mechanisms of 69 aftershocks plotted at the epicenters and superposed on a slip model (Wei et al. 2012). The aftershocks are

separated into two groups: (blue) aftershocks likely related to thrust faulting on the plate interface and (green) aftershocks not consistent with

thrust faulting on the plate interface. The red line is the Japan Trench and black lines are contours of the plate interface (Simons et al. 2011). The

star indicates the epicenter of the mainshock
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Table 1 Focal depths and fault plane parameters of 69 earthquakes obtained from teleseismic waveform inversion

ID Origin time (GMT)

a-mo-d h:min

kE (�) wN (�) Bathymetry (km) H (km) MW Fault strike/dip/rake

1 2011-03-12 01:47 142.756 37.471 2.4 21.9 6.5 197/27/-114

2 2011-03-12 12:53 142.755 37.760 1.8 9.8 5.9 346/36/-121

3 2011-03-12 13:15 141.426 37.197 0.2 40.2 5.8 199/24/77

4 2011-03-12 17:19 142.620 36.530 5.1 12.1 5.7 208/25/84

5 2011-03-12 22:12 142.054 37.605 0.5 6.0 6.1 333/38/-86

6 2011-03-12 23:24 141.948 38.012 0.3 8.3 6.1 222/18/104

7 2011-03-13 01:26 141.972 35.828 3.2 12.2 6.3 163/22/-90

8 2011-03-13 11:37 142.434 37.396 1.1 13.6 5.9 320/35/-141

9 2011-03-14 06:12 142.588 37.805 1.2 16.2 6.1 153/28/-145

10 2011-03-14 17:59 142.440 37.163 1.8 17.8 5.7 204/18/68

11 2011-03-15 09:49 142.333 37.390 1.0 6.0 6.0 17/30/-111

12 2011-03-15 13:27 142.298 37.599 0.8 30.3 5.9 207/17/167

13 2011-03-15 15:23 143.474 40.371 1.9 19.4 6.1 183/19/73

14 2011-03-19 01:22 143.348 39.660 2.1 20.1 5.9 182/19/70

15 2011-03-20 12:03 142.048 39.344 0.2 43.7 5.7 182/26/73

16 2011-03-22 07:18 144.248 37.086 5.8 10.3 6.6 49/38/-67

17 2011-03-22 09:19 141.910 37.316 0.7 35.2 6.0 198/16/-175

18 2011-03-22 09:44 143.661 39.919 2.6 21.6 6.3 186/18/74

19 2011-03-22 13:50 141.781 35.861 2.7 22.7 5.8 174/34/65

20 2011-03-22 15:03 141.763 35.875 2.7 12.7 5.7 113/43/96

21 2011-03-25 11:36 142.107 38.729 0.5 40.0 6.1 185/24/82

22 2011-03-27 22:23 142.346 38.384 0.9 22.4 6.1 123/28/-65

23 2011-03-29 10:54 142.470 37.409 1.1 19.1 6.2 3/29/-131

24 2011-03-30 05:29 142.471 36.124 5.5 16.0 5.8 221/42/100

25 2011-03-31 07:15 142.084 38.872 0.4 43.4 5.9 183/26/77

26 2011-04-01 11:57 142.166 39.336 0.5 42.5 5.8 182/26/74

27 2011-04-07 14:32 141.920 38.204 0.3 52.3 6.9 19/37/81

28 2011-04-11 08:16 140.673 36.946 0.0 2.0 6.6 295/39/-86

29 2011-04-11 23:08 140.868 35.482 0.1 18.1 6.3 33/60/-28

30 2011-04-12 05:07 140.643 37.053 0.0 7.5 6.1 170/53/16

31 2011-04-12 19:37 142.065 39.344 0.3 44.3 5.5 188/25/81

32 2011-04-13 19:57 143.809 39.648 3.4 19.4 6.2 182/18/82

33 2011-04-21 00:39 143.679 40.330 2.6 10.6 5.8 196/13/85

34 2011-04-21 13:37 140.685 35.675 0.0 42.5 5.9 198/27/97

35 2011-04-23 10:12 143.001 39.133 1.8 33.3 5.7 94/36/82

36 2011-04-28 09:27 141.781 37.413 0.4 41.4 5.5 18/41/83

37 2011-05-05 14:58 144.119 38.212 6.9 16.4 6.0 25/38/-67

38 2011-05-07 20:52 142.501 40.245 1.0 35.0 5.6 183/25/73

39 2011-07-10 00:57 143.507 38.032 4.3 25.3 6.7 65/71/18

40 2011-07-23 04:34 142.091 38.874 0.4 42.4 6.1 186/23/78

41 2011-07-24 18:51 141.627 37.709 0.2 42.2 6.1 203/22/88

42 2011-07-30 18:53 141.221 36.903 0.1 47.1 6.2 36/40/113

43 2011-08-11 18:22 141.161 36.969 0.1 44.1 5.7 196/26/77

44 2011-08-17 11:44 143.764 36.769 6.5 10.5 6.3 223/44/-104

45 2011-08-19 05:36 141.797 37.649 0.4 47.9 6.0 18/35/95

46 2011-08-22 11:23 141.984 36.107 2.6 10.6 6.0 211/12/90

47 2011-09-15 08:00 141.483 36.255 1.6 29.1 6.0 211/19/98
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estimated in this study by P waveform analysis (see Sect.

2.1). The method we use does not constrain epicentral

location. On average, the focal depth estimates differ by

about 10 km but discrepancies larger than 20 km between

our estimates and those in the JMA and PDE catalogs are

common. Our estimates of focal depth agree best with the

gCMT estimates because of the common exploitation of

the secondary phases. The Tohoku-Oki aftershock epicen-

ters in the PDE catalog are systematically to the west (by

24 km on average) with respect to the JMA and gCMT

epicenters. Aftershock locations, determined using a long-

term OBS network to the south of the source region

(Shinohara et al. 2011), are consistent with those listed in

the JMA catalog. Moreover, the JMA hypocenters of thrust

events are closer to the plate interface than the PDE hyp-

ocenters. Therefore, we rely on the JMA catalog for the

epicenters.

2.1 P waveform analysis

gCMT source mechanism solutions are based on relatively

long-period waveforms including 40-s long-period body-

waves. These data include a variety of seismic signals

which is ideal for constraining the point-source moment

tensor or focal mechanism. However, focal depth is best

constrained by the modeling of broadband waveforms for

relatively large earthquakes. Following well-established

approaches (e.g., Langston and Helmberger 1975; Chris-

tensen and Ruff 1985; McCaffrey and Nábělek 1986), we

estimate focal depths by modeling the broadband recording

of P waves and trailing depth phases pP and sP recorded at

teleseismic distances. For shallow (\30 km) earthquakes,

P, pP, and sP signals may interfere due to the finite source

duration. Therefore, we employ the waveform inversion

method, developed by Kikuchi and Kanamori (1982),

which involves the matching of complete P waveforms to a

synthetic waveform. We use the t* operator with a value of

1 s to model teleseismic P wave attenuation.

We examine vertical-component recordings at teleseis-

mic distances between 30� and 95�. We require that the

aftershocks have relatively simple source time functions,

and select waveform data in which the P, pP, and sP phases

are recorded with high signal-to-noise ratios because the

time delays between sP and P and between pP and P are the

Table 1 continued

ID Origin time (GMT)

a-mo-d h:min

kE (�) wN (�) Bathymetry (km) H (km) MW Fault strike/dip/rake

48 2011-09-16 19:26 143.086 40.259 1.4 22.4 6.5 185/13/78

49 2011-09-16 21:08 143.213 40.247 1.4 22.4 5.9 184/20/77

50 2011-09-17 07:33 143.003 40.250 1.4 28.4 5.7 177/18/72

51 2011-11-23 19:24 141.6127 37.3302 0.1 38.1 6.0 201/22/88

52 2012-01-12 03:20 141.3038 36.9678 0.1 20.6 5.6 217/64/-112

53 2012-02-14 06:22 141.5970 36.2167 0.2 30.2 5.8 206/19/99

54 2012-03-27 11:00 142.3338 39.8063 0.5 18.0 6.0 158/44/147

55 2012-04-13 10:10 141.4223 36.9472 0.2 14.7 5.8 203/45/-79

56 2012-04-29 10:28 140.6007 35.7162 0.0 45.5 5.6 192/26/96

57 2012-05-19 19:05 143.6807 39.6988 2.9 17.9 5.9 179/16/73

58 2012-05-20 07:19 143.6865 39.5183 3.0 19.5 6.0 177/16/72

59 2012-06-17 20:32 142.0910 38.8747 0.4 43.9 6.1 185/24/76

60 2012-08-29 19:05 141.9142 38.4082 0.3 56.3 5.4 201/48/67

61 2012-10-01 22:21 143.5205 39.8328 2.4 26.4 6.1 179/18/69

62 2012-10-14 11:11 144.2590 38.2840 6.5 13.5 5.4 3/38/-95

63 2012-10-25 10:32 141.8595 38.2893 0.3 43.3 5.5 185/26/65

64 2012-11-05 04:30 143.6535 37.8467 5.5 26.5 5.4 40/30/-51

65 2012-12-07 08:18 143.8670 38.0198 6.5 44.5 7.0 38/51/114

66 2012-12-29 14:59 142.1962 38.7173 0.5 37.5 5.4 188/24/73

67 2013-04-01 18:53 143.5183 39.5053 2.5 24.5 6.0 184/11/70

68 2013-04-17 12:03 141.6197 38.4610 0.1 51.1 5.8 197/26/87

69 2013-05-18 05:47 141.6287 37.7092 0.2 43.2 5.9 207/22/92

ID is the number of earthquake in origin time order. The date and origin time are GMT time. kE and wN are longitude and latitude of earthquakes

taken from the JMA catalog. Bathymetry is the water depth above each earthquake location. H is the earthquake depth below free surface. Strike

and dip of fault plane are taken from the gCMT catalog and the rake is estimated. Misfit is least-square variance between observed and synthetic

seismograms
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primary constraints on focal depth. In computing synthetic

waveforms, we ignore spatial finiteness and parameterize

the moment rate functions using four overlapping triangles,

each with a width of 2–3 s wide. Therefore, source time

durations can be up to 8 s long.

We calculate synthetic waveforms using the Jeffreys–

Bullen model for the receiver regions and a two-layer

velocity and density model for the crust and mantle structure

of the Japan Trench region, based on wide-angle reflection

and refraction studies in the region (Miura et al. 2005). In

layer 1 (the crust), VP = 6.6 km/s, VS = 3.8 km/s, and

q = 2.87 kg/m3. In layer 2 (the mantle) VP = 8.0 km/s,

VS = 4.6 km/s, and q = 3.30 kg/m3. The interface between

layers 1 and 2 is at 60 km depth. Obviously, a two-layered

model does not represent the complex plate boundary

structure of Japan Trench region. However, we have found

by experimentation that models with multiple crustal layers

(though still 1D) have negligible effects on the teleseismic P

wave synthetics. The relative times between P, pP, and sP

are primarily controlled by the average wave speeds. In

addition, we have found that the presence of an ocean is not

important since most of the pP and sP energy reflects off the

sea floor. Therefore, the focal depths determined in this

study are depths below the sea floor.

The accuracy of earthquake depth estimates is controlled

by numerous factors, including the effects of the 3D crust

and mantle structure, the point-source approximation,

source parameters trade-offs, and data quality. It is beyond

the scope of this paper to explore these effects in detail.

Changes in the average wave speed of 5 %, representing

Fig. 2 Comparison of hypocenters of 69 aftershocks from various catalogs. Histograms in (a), (b), and (c) show depth difference with respect to

number of events. d, e, and f are plots of event ID versus difference in depth, longitude, and latitude, respectively
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the laterally heterogeneous seismic structure, translates into

errors in focal depth of 2 km. We estimate that the focal

depths are accurate to within ±4 km given by our experi-

mentation with the 1D velocity model and visual inspection

of waveform fits.

In the analysis, we estimate the focal depth by finding

the optimal waveform match between band-pass filtered

(0.03–1 Hz) recordings, and synthetics that includes P and

30 s of its coda (Fig. 3). We apply the analysis to every

0.5 km depths between 2 and 60 km. The strike and dip of

the fault plane are obtained from the gCMT catalog and are

held fixed because P waveform data alone poorly constrain

the source mechanism. We invert the waveforms to obtain

the optimal focal depth, fault rake, and the moment rate

function. The focal depths listed in Table 1 are determined

by overall waveform fit and by the match to the pP-P and

sP-P travel time differences.

Figure 4 shows examples of waveform inversion results

for aftershocks 1, 6, and 31. Event 1 is a normal-faulting

earthquake located close to the plate interface. The dip

angle of the west-dipping nodal plane is similar to the dip

of the mainshock. Event 6 is a reverse-faulting earthquake

with a mechanism similar to the mainshock. However, this

event is much shallower than the plate interface and the

discrepancy between the gCMT’s and this study’s focal

depth estimate is the largest among all 69 aftershocks of

Table 1. Event 31 is a thrust-faulting event on the plate

interface. This event is deep with clearly separated pP and

sP phases from P.

3 Results

We analyze available waveform data for 69 aftershocks

with moment magnitudes between 5.4 and 7.0 using the

global seismic network waveform archived from the

Incorporated Research Institutes for Seismology (IRIS)

Data Management Center (DMC). Waveform data for

many of the aftershocks on March 11 were either of poor

quality or not available at the IRIS/DMC. We have there-

fore chosen aftershocks beginning on March 12. The focal

depths (ranging from 2 to 57 km) (Fig. 5) and source

parameters of the 69 earthquakes investigated here are

given in Table 1.

Figure 1 shows the focal mechanisms on a contour map

of the slab interface. We relate 35 ‘‘thrust events’’ (blue

beach-balls) to thrust faulting on the plate interface

between 10 and 25 km depth (18 events) and between 35

and 55 km depth (17 events). The dip angle for these two

groups increases from about 15� to about 25� with depth, in

agreement with the steepening of the slab as mapped by

wide-angle seismic imaging (e.g., Ito et al. 2004; Miura

et al. 2005). Almost all of these thrust events are outside

the region of large mainshock slip (e.g., Ozawa et al. 2011;

Simons et al. 2011; Yoshida et al. 2011) and none are up-

dip from the mainshock. The thrust events are all within

10 km from the slab interface model, except for the event

61, which has a large difference in longitude between the

JMA and PDE catalogs.

We define 34 ‘‘non-thrust’’ events as aftershocks that

appear inconsistent with thrust faulting on the plate inter-

face (green beach-balls). These events have normal or

strike-slip faulting mechanisms, or they have reverse

faulting mechanisms on or near the slab interface with

anomalous slip directions. Four events (16, 37, 44, and 62)

Fig. 3 Record section of vertical-component displacement seismo-

grams for event 34 showing P (at time = 0) and the depth phase pP

and sP. Waveforms are band-pass-filtered from 0.03 to 1 Hz. The

phases -pP and -sP are near-source surface reflections above the

hypocenter and have similar slowness and propagation paths through

the mantle as P (see Bai et al. 2006 for the identification of the depth

phases). Red dotted lines show the window used for the waveform

inversions
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are normal-faulting outer-rise events that are located sea-

ward of the Japan Trench. There is a remarkable subset of

events located within 100 km southeast from the main-

shock, which have been used to argue for a total stress

release (Hasegawa et al. 2011) or a dynamic overshoot (Ide

et al. 2011) in the mainshock. The non-thrust events vary

from 60 km above to 40 km below the slab interface. Some

(e.g., event 1 and 9) are on the slab interface.

The locations of several of the 69 aftershocks have been

reported previously. Huang and Zhao (2013) have relo-

cated large earthquakes (M [ 6) from March 9, 2011 to

December 31, 2011 using P and S arrival times and three

Fig. 4 Modeling result for events 1 (upper panel), event 6 (middle panel), and event 31 (lower panel). The waveforms are (from top to bottom)

the raw data, the synthetics at the preferred depth, and the synthetics at the depth listed in the gCMT catalog. The numbers in parentheses

following the depth are least-squares misfit between observed and synthetic seismograms
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different velocity models. The focal depths of the 36 events

in common with Table 1 differ *7 km on average with a

maximum value of 19 km for event 27. Nakajima et al.

(2011) estimated event 27 to be *18 km deeper than the

plate interface (*10 km deeper than the plate interface in

this study) and argues this to be seismic evidence for

reactivation of a buried hydrated fault in the Pacific slab.

Lay et al. (2013) estimated the event 65 consisted of three

subevents, with the first one at 52.5 km depth (44.5 km in

this study) and regarded it as indicating compressional

stress accumulating at the uppermost mantle of the Pacific

plate around the outer-rise regions.

4 Relationship between mainshock stress change

and aftershocks

Several of the normal aftershocks were located west of the

trench in an area that is expected to be in horizontal, trench

perpendicular compression (e.g., Ide et al. 2011; Hasegawa

Fig. 5 Focal depths of the 69 aftershocks expressed as height above the slab interface. The aftershocks are separated into two groups: shallow-

angle thrust events (blue) and non-thrust events (green). Focal mechanisms are plotted using a lower hemisphere projection. See the main text for

the definition
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et al. 2011; Kato et al. 2011; Imanishi et al. 2012). The

state of stress that leads to an earthquake can be estimated

from a focal mechanism (e.g., Gephart and Forsyth 1984;

Arnold and Townend 2007), as well as from more detailed

observations or models of coseismic slip (e.g., Angelier

1979; Medina Luna and Hetland 2013), assuming that the

direction that the fault slipped during the aftershock (i.e.,

the slip rake on either of the nodal planes) is parallel with

the direction of maximum shear stress on the fault plane

prior to the earthquake rupture. In the case of an aftershock

sequence, the stresses that lead to the aftershocks might be

due to both the background stress and the change in stress

during the mainshock. For brevity, we refer to the change

in stress during the Tohoku-Oki mainshock as the main-

shock stress change (MSC). Due to the large and concen-

trated coseismic fault slip in the Tohoku-Oki mainshock

(e.g., Simons et al. 2011; Wei et al. 2012), the MSC could

be on order of 10 MPa near the mainshock, although the

magnitude and orientations of the mainshock stress chan-

ges are highly heterogeneous. Due to the heterogeneities in

MSC, interpretations of aftershock focal mechanisms in

context of the Tohoku-Oki mainshock rely on accurate

estimates of aftershock hypocenters. Slight changes in the

aftershock location relative to the coseismic slip in the

mainshock, could result in significant changes in the MSC,

and thus different interpretations of the aftershock focal

mechanism in relation to the stress change in the main-

shock. For example, to the west of the Tohoku-Oki earth-

quake, the MSC results in potentially significant unloading

of the trench-perpendicular compressive stresses at shal-

lower depths, while resulting in potentially significant

loading of the trench-perpendicular compressive stresses at

greater depths.

In the Tohoku-Oki aftershock sequence, there were

several aftershocks with unexpected mechanisms, includ-

ing several normal-faulting aftershocks located near the

mainshock epicenter. Ide et al. (2011) recognized that the

dip of one of the nodal planes of several of these after-

shocks is similar to the dip of the megathrust. They pos-

tulated that these aftershocks are evidence of dynamic

overshoot during the mainshock. This implies that the

accumulated reverse-sense shear stress on the megathrust

was not only completely relieved during the mainshock,

but that the final shear stress on the megathrust was nor-

mal-sense immediately following the mainshock. Assum-

ing that the stress drop in the aftershocks is about

1–10 MPa (e.g., Kanamori and Anderson 1975), the

dynamic overshoot would need to be similarly large to

cause normal coseismic slip on the megathrust. This

amount of dynamic overshoot could be a substantial frac-

tion of the total stress drop in the mainshock, even

assuming that the stress drop in the Tohoku-Oki earthquake

may have been as large as 50 MPa (Kanda et al. 2013).

Such large normal-sense shear would also likely lead to

normal-sense afterslip on the megathrust, which has not

been observed to date (e.g., Johnson et al. 2012; Uchida

and Matsuzawa 2013).

In contrast to the dynamic overshoot interpretation of

Ide et al. (2011), Hasegawa et al. (2011) concluded that the

normal-faulting aftershocks near the Tohoku-Oki main-

shock merely indicate near total stress release in the

mainshock. This conclusion was based on the two-dimen-

sional theory developed by Hardebeck and Hauksson

(2001), which assumes that the aftershock occurs in close

proximity to the region of maximum stress release in the

mainshock and that the slip occurred along a fault parallel

to the fault that ruptured in the mainshock. Because the

normal aftershocks are indicative of trench perpendicular

extension after the mainshock, whereas the stress prior to

the mainshock was most likely in trench perpendicular

compression, this large rotation of the stress field indicated

near complete stress drop in the mainshock (Hasegawa

et al. 2011). We find that many of these normal mechanism

aftershocks near the Tohoku-Oki epicenter are above or

below the megathrust by more than our estimated depth

uncertainty of ±4 km (Fig. 5). For instance, events 1 and 2

are both normal-mechanism aftershocks to the south of the

mainshock, and we infer these two events to be up to

10 km off of the megathrust (Fig. 5). We also note that the

shallower of the two nodal planes was not necessarily the

fault plane, and it is equally likely that the steeper of the

two nodal planes in these normal aftershocks was the fault

plane.

For the aftershocks near the main coseismic slip region

of the Tohoku-Oki mainshock, the direction in which the

mainshock loads either of the nodal planes (the plausible

fault surfaces) depends strongly on the precise location of

that aftershock. We illustrate this point for event 1 by

computing the shear stress change on each of the two nodal

planes due to the MSC, assuming various centroid loca-

tions of this aftershock (Fig. 6). We vary the epicenter of

the aftershock between the PDE and JMA determined

epicenters, where for event 1, the JMA epicenter is further

offshore compared to the PDE epicenter (Fig. 2). We

depict the sense of shear stress change by plotting focal

mechanisms for the expected aftershock mechanisms under

the assumptions that (1) only the MSC leads to the fault

failure and (2) the fault slips in the direction of the maxi-

mum shear stress. We assume the gCMT’s nodal plane

strike and dip, and determine the rake by computing the

direction of the maximum shear stress change on each of

the nodal planes due to MSC. In other words, the calculated

rake is the direction in which the Tohoku-Oki earthquake

loaded each of the nodal planes. We then assume, a pure

double-couple to compute the orientation and rake of the

second nodal plane. To calculate the MSC, we use the
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median coseismic slip model of Simons et al. (2011) and

use the dislocation algorithm of Meade (2007) in a Poisson

half-space. More recent coseismic slip models of the To-

hoku-Oki earthquake include larger coseismic slip closer to

the trench than in the Simons et al. (2011) model (e.g., Wei

et al. 2012), and different coseismic slip models would

predict different MSC at the trial locations of the after-

shock shown in Fig. 6. The aftershock, we use to illustrate

the high spatial variability of the MSC is about 50 km to

the south of the mainshock, and the degree of variability

would be similar to what is presented here for other

coseismic slip models. The sense that each of the nodal

planes was loaded during the mainshock is highly depen-

dent on the precise location of the aftershock (Fig. 6). In

general, assuming the coseismic slip model of Simons et al.

(2011), the Tohoku-Oki mainshock loaded the nodal planes

in a reverse-sense at depths significantly shallower than the

preferred depth we determine here. At the preferred depth

we determine, as well as deeper depths, the sense that the

mainshock loaded the nodal planes depends on epicentral

location (Fig. 6). For locations closer to the PDE deter-

mined epicenter, the nodal planes are loaded in an oblique-

normal to strike-slip sense. For locations closer to the JMA

epicenter, the nodal planes are loaded in a more normal-

sense. Particularly, the steeper dipping nodal plane is loa-

ded in almost the same direction as the gCMT determined

slip rake for a broad range of depths near our preferred

depth and closer to the JMA epicenter (Fig. 6).

5 Discussion and conclusions

All of the 69 aftershocks are shallower than 60 km, which

is the lower limit of the seismogenic zone along the sub-

ducting plate in this region (Igarashi et al. 2001). The 35

thrust events are within 10 km of the slab interface model

as modeled by Kanda et al. (2013) and can be interpreted as

thrust faulting on the megathrust. Although we estimate

uncertainties in focal depth determination to be ±4 km, it

is possible that the slight offset is due to mislocated epi-

centers or variations in the megathrust geometry that are

not accounted for in the larger scale megathrust models

(Zhan et al. 2012).

Fig. 6 Depiction of the stress change during the Tohoku-Oki mainshock at various locations corresponding to probable centroid locations of

aftershock 1. The left and right columns of both panels are assuming epicenters as determined by PDE and JMA, respectively, while the middle

two columns are assuming epicentral locations evenly spaced between the PDE and JMA determined epicenters. The stress change is depicted

using a focal mechanism, where the strike and dip of each of the indicated nodal plane is from the gCMT solution and the slip rake on that nodal

plane is calculated as the direction of the maximum shear stress change on that fault during the mainshock (i.e., the focal mechanism if only the

coseismic stress change caused fault slip). Centroid locations are shown relative to the preferred depth determined in this study, and with

epicenters varying between the PDE and JMA determined epicenters. The calculated direction of the maximum shear stress is indicated below

each beach-ball, and color of the beach-ball corresponds to how close that direction is to the slip rake on that nodal plane in the gCMT solution

(blue corresponds to those cases where the mainshock loaded the nodal plane in the same direction that it slipped, and red corresponds to those

cases where the mainshock loaded the nodal plane opposite to the direction that it slipped)
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The non-thrust aftershocks are up to 60 km from the

megathrust, which is significantly more than errors in the

focal depth or epicenters. It is likely that events 27, 35, 39,

45, 60, 64, and 65 occurred within the subducting plate and

that events 5, 6, 11, 28, 29, 30, 52, 54, and 55 occurred

within the overriding plate.

Earthquakes near the trench are usually shallow and

associated with compressional or extensional stress

regimes in the upper part of the slab due to the slab bending

(e.g., Christensen and Ruff 1983). Three aftershocks (event

39, 64, and 65) near the trench were relatively deep. Event

65 had a high-angle reverse fault and located *38 km

below the plate interface. Events like event 65 may play an

important role in the hydration of the uppermost mantle of

the Pacific plate prior to the subduction.

The change in stress during a large earthquake can result

in changes to both the shear and normal stresses on nearby

faults (e.g., King et al. 1994). Assuming that faults slip in the

direction of the maximum shear stress resolved on the fault

plane (e.g., Angelier 1979) and that the MSC is large enough

to affect the mechanisms of the aftershocks, there are three

interpretations of the stresses that lead to an aftershock in

light of the MSC. (In these interpretations we do not focus

on the change in fault normal stress due to the MSC, rather

we assume that the changes in fault normal stress are con-

ducive to fault failure in the aftershocks and we only focus

on the affect of shear stress changes). The first is that the

change in shear stress on the fault due to the MSC is roughly

collinear with the shear stress on the fault prior to the

mainshock (case 1 in Fig. 7). In this case, the mainshock

effectively pushes the fault closer to failure, for which slip

occurs in the same sense that it had been loaded in due to the

background tectonic stresses. This is unlikely for the non-

thrust aftershocks. Except for the outer-rise aftershocks, all

non-thrust aftershocks are located in regions where the

stresses prior to the mainshock were likely near-trench-

perpendicular compression (e.g., Hasegawa et al. 2011;

Kanda et al. 2013). The second case is when the change in

shear stress on the aftershock fault plane is much larger than

the shear stresses that were accumulated on that fault prior to

the mainshock (case 2 in Fig. 7). In this case, the MSC

largely determines the sense of fault failure during the

aftershock. This case may be true for shallow aftershocks

involving failure on steeply dipping faults, where if prior to

the mainshock the region was in near horizontal compres-

sion for which there would be little shear stress resolved on

that fault plane prior to the mainshock. The third case is

when the magnitude of shear stress change during the

mainshock is comparable to the magnitude of shear stress on

the fault prior to the mainshock (case 3 in Fig. 7). In this

case, the fault will fail in a direction that is neither the

direction in which the fault was loaded prior to the main-

shock nor the direction of the shear stress change during the

mainshock. For instance, if a fault was loaded in a reverse-

slip sense prior to the mainshock, but not at a level in which

it would fail, and the shear stress change during the main-

shock was in a strike-slip sense, assuming that the magni-

tude of the resulting shear stress was sufficient for failure,

the fault would then slip in an oblique-sense. This last case is

a likely scenario for the Tohoku-Oki aftershock sequence.

Precise locations of the aftershocks are therefore crucial to

interpret those aftershocks in light of the stress changes

during the Tohoku-Oki mainshock.

Acknowledgments This research is funded by the grants of

National Natural Science Foundation of China (41274086) to LB and

JR, and a University of Michigan Rackham Merit Fellowship to LML.

Waveform data were provided by IRIS. The GMT software (Wessel

and Smith 1995) was used to make figures. We thank Larry Ruff for

useful discussions and two anonymous reviewers for constructive

comments.

Fig. 7 Cartoons illustrating three cases of how shear stress changes on a fault due to the mainshock might affect coseismic slip direction in an

aftershock

Earthq Sci

123



Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

References

Angelier J (1979) Determination of the mean principal direction of

stresses for a given fault population. Tectonophysics 56:17–26

Arnold R, Townend J (2007) A Bayesian approach to estimating tectonic

stress from seismological data. Geophy J Int 170(3):1336–1356

Bai L, Kawasaki I, Zhang T, Ishikawa Y (2006) An improved double-

difference earthquake location algorithm using sP phases:

application to the foreshock and aftershock sequences of the

2004 earthquake offshore of the Kii peninsula, Japan (Mw 7.5).

Earth Planets Space 58:823–830

Christensen DH, Ruff LJ (1983) Outer-rise earthquakes and seismic

coupling. Geophys Res Lett 10:697–700

Christensen DH, Ruff LJ (1985) Analysis of the trade-off between

hypocentral depth and source time function. Bull Seismol Soc

Am 75(6):1637–1656

DeMets C, Gordon RG, Argus DF, Stein S (1994) Effect of recent

revision to the geomagnetic reversal time scale on estimate of

current plate motions. Geophys Res Lett 21:2191–2194

Ekström G, Nettles M, Dziewoński AM (2012) The global CMT
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