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Abstract 33 

We conducted centroid moment tensor (CMT) inversion for small-to-34 

moderate aftershocks in the off Ibaraki region of the 2011 off the Pacific coast of 35 

Tohoku earthquake. In this study, we used high-frequency (0.4–1.0 Hz) seismograms 36 

from a dense array of short-period ocean bottom seismometers (OBSs) and a reliable 37 

three-dimensional (3-D) seismic velocity model. Higher-frequency analysis and dense 38 

OBS arrays offer CMT solutions with high spatial resolutions. Since our OBS array 39 

observed aftershocks occurring immediately following the 2011 off the Pacific coast of 40 

Tohoku earthquake, we determined 536 CMT solutions for small-to-moderate 41 

aftershocks in the off Ibaraki region (JMA-scale magnitudes of 2.5–4.0). According to 42 

our CMT solutions, characteristics of the aftershock activities in the off Ibaraki region 43 

are classified into five groups: (1) thrust earthquakes, which are considered as interplate 44 

earthquakes, separated by the large slip area of the 2011 Ibaraki-oki earthquake (the 45 

largest Mw7.6 aftershock of the 2011 off the Pacific coast of Tohoku earthquake) and 46 

the tectonic tremors; (2) intraslab strike-slip earthquakes located at the north of the fault 47 

area of the 2011 Ibaraki-oki earthquake; (3) intraslab normal-fault earthquakes, which 48 



suggest a tensional stress field within the subducting Pacific Plate due to the plate 49 

bending by the overriding Philippine Sea Plate; (4) various mechanisms above a 50 

subducting seamount, which suggest the 3-D complex fracturs; and (5) normal-fault 51 

earthquakes shallower than the interplate earthquakes, which were possibly caused by 52 

the heterogeneity of the subducting seamount.  53 

 54 
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 60 

1. Introduction 61 

Determining earthquake focal mechanisms is important for understanding the 62 

earthquake source mechanisms and tectonic stress fields. The off Ibaraki region, 63 

northeastern Japan, in the Japan Trench subduction zone, is expected to be characterized 64 



by a heterogeneous stress field (Figure 1a). In addition to the Pacific Plate subducting 65 

beneath the northeastern Japan from the east, the Philippine Sea Plate is subducting on 66 

the Pacific Plate. The northeastern edge of the Philippine Sea plate has been estimated 67 

in this region (green line in Figure 1a; e.g., Uchida et al., 2010; Nakahigashi et al., 68 

2015). Tectonic loading from the two subducting plates complicates the stress field. On 69 

the incoming Pacific Plate seaward of the trench, a chain of seamounts exists. 70 

Mochizuki et al. (2008) has identified a subducting seamount with a width of ~50 km 71 

and a height of ~3 km in this region. The influence of subducting seamounts on the 72 

stress field and seismicity is not yet clear, although it has long been discussed through 73 

geological or numerical experiments (e.g., Wang & Bilek, 2011, 2014; Sun et al., 2020). 74 

Moreover, this region lies around the southern limit of the 2011 off the Pacific coast of 75 

Tohoku earthquake (hereafter, we referred to as “the 2011 Tohoku-oki earthquake”) 76 

with Mw9.0. The largest Mw7.6 aftershock (the 2011 Ibaraki-oki earthquake) occurred 77 

approximately 30 minutes after the 2011 Tohoku-oki earthquake. Static stress changes 78 

caused by large earthquakes also affect the stress field and seismicity around the fault 79 

area (e.g., Hasegawa et al., 2012; Yoshida et al., 2014). Thus, the off Ibaraki region is an 80 



important study area for the seismicity and the stress field related to plate subduction, 81 

seamounts, and large earthquakes. 82 

Despite these situations, focal mechanism catalogs were not sufficient with 83 

respect to their spatio-temporal densities and resolutions in the off Ibaraki region, which 84 

decreases the statistical stability and the resolution in the analysis of the stress field. In 85 

Japan, focal mechanism catalogs of regional moment tensor solutions (e.g., F-net 86 

moment tensor (MT); Fukuyama et al., 1998; Kubo et al., 2002) and first-motion 87 

solutions compiled by the Japan Meteorological Agency (JMA) have been routinely 88 

determined and contributing to studying the stress field. However, the F-net and JMA 89 

routine systems cannot determine focal mechanisms for Mw ≤ 3.5 offshore 90 

earthquakes. In addition, even for earthquakes with Mw of 3.5–4.0, it is difficult to 91 

determine the focal mechanisms of all detected offshore earthquakes. This is because of 92 

the low signal-to-noise ratio for low-frequency (e.g., 0.02–0.05 Hz) surface waves and 93 

high-frequency first-arrivals at onshore stations. This limited capability of analyzing 94 

small earthquakes reduces the number of obtained focal mechanisms, which decreases 95 

their spatio-temporal densities. The only use of onshore network data also reduces the 96 



spatial resolution of hypocenter determination in offshore regions owing to their far 97 

epicentral distances and insufficient azimuthal coverage. In addition, the spatial 98 

resolutions of F-net MT solutions based on low-frequency surface waves are not 99 

sufficient owing to their wavelengths.  100 

Other than the established focal mechanism catalogs, studies using temporally 101 

deployed short-period ocean bottom seismometers (OBSs) generally determined first-102 

motion focal mechanisms (e.g., Shinohara et al., 2012; Obana et al., 2020). However, 103 

only a few first-motion focal mechanisms were determined in the off Ibaraki region by a 104 

series of OBS observations, including the OBS array used in the present study 105 

(Shinohara et al., 2012). This limitation is possibly because of a low signal-to-noise 106 

ratio due to S and coda waves of the intense aftershock activity, which obstructs manual 107 

phase identifications for reading the first-motion polarities. These technical difficulties 108 

in estimating the focal mechanisms for offshore small-to-moderate earthquakes must be 109 

overcome to elucidate the detailed aftershock activity and stress field in the off Ibaraki 110 

region. 111 

Therefore, we apply CMT inversions to high-frequency (0.4–1.0 Hz) body-112 



wave data obtained from a dense array of short-period OBSs. CMT inversion can 113 

include information on the amplitudes and phases, in addition to the first-motion 114 

polarities. Moreover, manual phase identification is not required in typical grid-search 115 

CMT methods. Despite the advantages of CMT inversion, analysis of waveform data 116 

from OBS networks, such as CMT inversion, has still been limited in offshore region. 117 

Oceanic sediments and seawater layers strongly affect seismic wave propagation (e.g., 118 

Shapiro et al., 1998; Nakamura et al., 2015; Noguchi et al., 2016; Volk et al., 2017). 119 

Especially in subduction zones or large sedimentary basins with heterogeneous bedrock 120 

topography, 3-D seismic velocity structure models are needed to obtain accurate CMT 121 

solutions (e.g., Hejrani et al., 2017; Takemura et al., 2020; Wang & Zhan, 2020). To 122 

accurately obtain CMT solutions of offshore earthquakes with smaller magnitudes, the 123 

use of an appropriate seismic velocity structure model and analysis of higher-frequency 124 

seismograms should be incorporated. Such CMT analysis has become possible through 125 

recent developments in detailed seismic velocity models, numerical simulation codes of 126 

seismic wave propagation, and computational resources.  127 

In this study, we conduct CMT inversions of MW2.5– 4.5 aftershocks of the 128 



2011 Tohoku-oki earthquake in the off Ibaraki region. To achieve higher spatial 129 

resolutions of CMT solutions, we use P-wave data filtered with 0.4–1.0 Hz from the 130 

dense OBS array and Green’s functions with a 3-D seismic velocity structure model. 131 

The dense array and higher-frequency analysis significantly increase the spatial 132 

resolution of the CMT solutions. The obtained CMT solutions reflect heterogeneous 133 

stress field in the off Ibaraki region related to tectonic loading from the Pacific Plate and 134 

the Philippine Sea Plate, the subducting seamount, and the 2011 Ibaraki-oki earthquake. 135 

 136 

2. Data 137 

This study used velocity seismograms from a dense array with 30 OBSs 138 

deployed in the off Ibaraki region, in northeastern Japan along the Japan Trench 139 

subduction zone (Figure 1a). The OBS array is composed of three-component short-140 

period (1 Hz) seismometers (LE-3Dlite, Lennartz) with station intervals of 141 

approximately 6 km (Figure 1b). First, 24 OBSs near the array center were deployed on 142 

October 17, 2010, and the surrounding 11 OBSs were added on February 14, 2011. 143 

After the observation started, on March 11, the 2011 Tohoku-oki earthquake occurred. 144 



Three of the OBSs were recovered about two weeks after the 2011 Tohoku-oki 145 

earthquake to investigate the aftershock activity. Of the OBSs, 28 were recovered in 146 

September 2011, but one of the recovered OBSs had an erroneously low amplitude 147 

level, likely due to a malfunction of its recorder.  148 

To conduct CMT inversions of small-to-moderate earthquakes in the off 149 

Ibaraki region, we selected earthquakes with JMA-scale magnitudes (MJMA) of 2.5–4.0 150 

that occurred within the region covering from 141.3°E to 142.1°E and from 35.7°N to 151 

36.4°N. We used the earthquakes that occurred following the 2011 Tohoku-oki 152 

earthquake and before September 17, 2011.We note that the seismicity was low in this 153 

region before the 2011 Tohoku-oki earthquake, according to the JMA and F-net MT 154 

catalogs. 155 

 156 

3. Method 157 

 In our CMT inversion, we used the vertical component of P-waves. In the 158 

horizontal components, the signal-to-noise ratios were insufficient for the P-waves. We 159 

adopted a frequency range of 0.4–1.0 Hz (i.e., P-wave wavelengths of 2–5 km assuming 160 



P-wave velocity of 5 km/s). This is because observed seismograms from our short-161 

period OBSs have little sensitivity at a frequency lower than 0.4 Hz, and the determined 162 

CMTs from higher-frequency seismograms can be expected to have higher spatio-163 

temporal resolutions (e.g., Wang & Zhan, 2020). At a frequency higher than 164 

approximately 1.0 Hz, the incoherently scattered wavefield becomes dominant (e.g., 165 

Takemura et al., 2016; Sato et al., 2012). We did not use S-waves because most 166 

seismograms were saturated for earthquakes with Mw > 3.5. 167 

Green’s functions were calculated using the Open-source Seismic Wave 168 

Propagation Code (OpenSWPC; Maeda et al., 2017) based on the staggered-grid finite 169 

difference method (FDM). We used the reciprocal method to obtain Green’s functions 170 

at 30 stations from 494710 assumed source grids efficiently. The reciprocal method was 171 

commonly used in previous CMT inversion studies, where the number of the source 172 

grid points was significantly larger than that of the stations (e.g., Hejrani et al., 2017; 173 

Okamoto et al., 2018; Wang & Zhang., 2020). The source grids were set at an interval 174 

of 0.01° (~0.6 km) within the regions from 141.3°E to 142.1°E and from 35.7°N to 175 

36.4°N (Figure 1b). Those along the depth were distributed from 0 to 45 km with an 176 



interval of 0.5 km. In the reciprocal calculations, a model volume of 90 × 90 ×177 

50 km3 was discretized with a uniform grid interval of 0.025 km. We calculated 40 s 178 

of Green’s functions using 32000 time-steps. We assumed the source time function as a 179 

Küpper wavelet with a duration of 0.1 s, which exhibits a flat response in our frequency 180 

range (see Figure 4 of Maeda et al., 2017). The effects of finite-duration source time 181 

functions are expected to be negligible for earthquakes with Mw < 4.5 (Figure S1), 182 

considering a moment–duration relationship (equation (1) of Ekström et al., 2012). The 183 

reciprocal calculations of Green’s functions were conducted using the Oakforest-PACS 184 

system at the Information Technology Center, The University of Tokyo. Each 185 

calculation needs 5.1 Tbyte memory and a wall-clock time of 2.5 hours with 512-node 186 

(33792 cores) parallel computing. 187 

Beneath this region, the Pacific Plate is subducting from the east. Offshore 188 

seismic surveys (e.g., Tsuru et al., 2002; Mochizuki et al., 2008) and ambient noise 189 

studies (e.g., Yamaya et al., 2021) suggest the existence of ~2 km oceanic sediments at 190 

shallower depths. To accurately model seismic wave propagation at the off Ibaraki 191 

region, we used a 3-D seismic velocity structure model. We constructed the 3-D model 192 



(Figure 1c) by combining structures beneath the lower crust from the Japan Integrated 193 

Velocity Structure Model (JIVSM; Koketsu et al., 2012) and above the lower crust from 194 

a detailed local structure (Yamaya et al., 2021). The JIVSM is widely used for CMT 195 

inversions from low-frequency (< ~0.25 Hz) seismograms (e.g., Okamoto et al., 2018; 196 

Takemura et al., 2020, 2021) for evaluating long-period hazard maps for Japan 197 

(https://www.jishin.go.jp/evaluation/seismic_hazard_map/lpshm/12_choshuki/). Here 198 

we note that the Pacific Plate of the JIVSM roughly agrees with other studies of active-199 

source seismic surveys (e.g., Tsuru et al., 2002; Mochiuki et al., 2008; Nakahigashi et 200 

al., 2015). Yamaya et al. (2021) resolved the fine-scale S-wave velocity structure of the 201 

sedimentary and the upper crustal structure of the off Ibaraki region with resolutions of 202 

~0.1–1.0 km vertically and ~10 km horizontally. The lowest S-wave velocity in our 203 

calculations is 0.34 km/s, and consequently, our FDM calculations can precisely 204 

simulate seismic wave propagation for our target frequencies. Such high-resolution 3-D 205 

structures possibly increase CMT resolutions (e.g., Hejrani et al., 2017; Wang & Zhan, 206 

2020). We assumed P-wave velocity and density structures through the empirical 207 

scaling law using equations (1) and (9) in Brocher (2005). Although this scaling law 208 



does not consider unconsolidated sediments, the predicted P-wave velocity from the 209 

very low S-wave velocity (0.34 km/s) is 1.57 km/s. This obtained P-wave velocity is 210 

consistent with those obtained by active-source surveys at the off Ibaraki region (e.g., 211 

Mochizuki et al., 2008) and by the Ocean Drilling Program at Japan Trench off 212 

northeast Japan (Shipboard Scientific Party, 2000). We also assumed the anelastic 213 

attenuation Q-values using the empirical scaling law by equations (5) and (7) in Brocher 214 

(2008). Other technical details (e.g., seawater, air layer, and boundary conditions) are 215 

the same as shown in Maeda et al. (2017).  216 

We applied the P-wave time windows for the CMT inversions as follows: For 217 

each source grid, we selected the P-wave arrivals of the synthetic seismograms when 218 

these absolute amplitudes first exceeded 5% of the maximum absolute amplitude. Then, 219 

we determined a 3-s time window starting 1.5 s before the P-wave arrival. We applied 220 

the same time window to the observed seismograms. The data saturated within 5 s from 221 

the beginning of the time window were excluded from the analysis. Because the lower 222 

frequency data (< 0.4 Hz) is less sensitive to the earthquake signal than the 223 

instrumental noise at the short-period OBS, we convolved the synthetic seismograms 224 



with the instrumental response function.  225 

To constrain the grid-search range of the centroid location for CMT inversion, 226 

we determined an initial centroid location. The initial centroid location and time were 227 

roughly determined from the P-wave arrival times by a grid search. For this purpose, we 228 

automatically detected the arrival times of observed seismograms using the kurtosis 229 

gradient functions (e.g., Langet et al., 2014) applied to the waveform data filtered 230 

between 4.0 and 10.0 Hz (Figure S2). The redetermined hypocenters and origin times 231 

were consistent with those of Shinohara et al. (2011, 2012), but differed from those 232 

routinely determined by JMA, which relied solely on onshore stations. 233 

We selected Green’s functions at the source grids located horizontally within 234 

a 0.24°×0.24° rectangle centered on the initial hypocenter and vertically within depths 235 

of 1–45 km. The grid search for centroid time was conducted at every 0.1 s within -1 to 236 

1 s from the initial centroid time, which is the redetermined origin time. Note that we 237 

did not apply any station corrections, such as shifting the time window differently for 238 

each station as used in the previous studies of hypocenter relocations with the OBSs 239 

(e.g., Shinohara et al., 2011; 2012). 240 



A moment tensor inversion was conducted for each spatial and temporal grid. 241 

In this study, we fixed the isotropic component of the moment tensor to be zero. 242 

Following Sipkin (1982), the seismogram of the 𝑘-th station is written as 243 

𝑢𝑘(𝑡) = ∑ 𝑚𝑛 ∗ 𝐺𝑘𝑛(𝑡),5
𝑛=1 (1) 244 

where 𝑚𝑛 is the 𝑛-th component of the moment tensor, and 𝐺𝑘𝑛(𝑡) is Green’s 245 

functions. We solved this equation using the least-squares method and then calculated 246 

the variance reduction (VR) between the observed and synthetic seismograms, which is 247 

written as 248 

VR =  [1 − ∑ ∫ (𝑢𝑘obs(𝑡) − 𝑢𝑘syn(𝑡))2 𝑑𝑡𝑁𝑘=1∑ ∫ (𝑢𝑘obs(𝑡))2 𝑑𝑡𝑁𝑘=1 ] × 100 %, (2) 249 

where 𝑢𝑘obs(𝑡) and 𝑢𝑘syn(𝑡) are the observed and synthetic seismograms, respectively, 250 

and 𝑁 is the number of the used stations. 251 

We discarded possibly occurring cycle-skipping solutions when the difference 252 

in arrival times between the observed and synthetic seismograms was larger than 0.35 s. 253 

The arrival times of the observed seismograms were estimated following Langet et al. 254 

(2014) as noted above. As already mentioned, those for the synthetic seismograms were 255 



measured when these absolute amplitudes first obtained a maximum absolute amplitude 256 

of 5%. Then, we determined the best CMT solution with the highest VR (VRbest) from 257 

the remaining CMT solutions.  258 

 Finally, for the obtained CMT solutions, we estimated the uncertainties of the 259 

moment tensor solutions using a bootstrap method (e.g., Efron, 1992; Zhan et al., 2011). 260 

We randomly selected stations that were used in CMT inversions, which allowed for 261 

overlapping and made 10000 sets of bootstrap samples. We performed the CMT 262 

inversion for each bootstrap samples, with a hypocenter fixed at the best CMT solution. 263 

We estimated the 68% confidence interval of the Kagan angle (Kagan, 2007) from the 264 

distribution of these CMT solutions.  265 

 266 

4. Result and discussion 267 

We discarded CMT solutions whose VRbest was less than 40% (Figures 2ac) 268 

and whose 68% confidence interval of the Kagan angle by bootstrap results was larger 269 

than 30° (Figures 2bd). We obtained 536 CMT solutions for 2.5 ≤ Mw ≤ 4.5 270 

earthquakes. Additionally, 87 of our CMT solutions achieved VRbest larger than 80%, 271 



although we did not use any station corrections such as shifting the time windows or 272 

changing the amplitude factors. We obtained relatively small values of VRbest for 273 

earthquakes with smaller (Mw ≤ 3.5) moment magnitudes because of the lower signal-274 

to-noise ratio, even when the centroids were close to the OBS array. Successive 275 

occurrences of aftershocks within very short intervals following the 2011 Tohoku-oki 276 

earthquake could also cause noise in our single-event CMT inversion. The 68% 277 

confidence interval of the Kagan angle did not depend on the moment magnitude but on 278 

the spatial location. This Kagan angle tends to be large for earthquakes that occurred far 279 

from the OBS array because of the insufficient coverage of the OBS stations. 280 

We significantly increased the spatial resolution by using high-frequency 281 

data. Figure 3 shows an example of the inversion results for an earthquake that occurred 282 

on 9:06, March 16, 2011 (JST). Our solution was consistent with the F-net MT solution. 283 

The spatial distribution of VRs shows that the centroid was well constrained, with ~1 284 

km for VRs exceeding 90% of VRbest (e.g., Kubota et al., 2017). This depth 285 

resolution is higher than that of > 10 km from low-frequency CMT analysis using a 3-286 

D seismic velocity model (e.g., Figures 3 and 4 in Takemura et al., 2020). The depths 287 



were also constrained for earthquakes of other mechanisms (Figures S3–6).  288 

The synthetic seismograms of our best CMT solution well reproduced the 289 

observed seismograms (Figure 4), not only for the P-wave in our 3-s CMT time 290 

windows but also for subsequent waves. For this earthquake, we did not use station #05 291 

because of the saturation immediately after the time window, as noted in Section 3, but 292 

the direct P-wave observed in station #05 was reproduced by our CMT solution.  293 

We also calculated the VRs with various dip, strike, and rake angles to 294 

examine the estimation errors of the focal mechanisms (e.g., Takemura et al., 2020). 295 

Synthetic seismograms were calculated assuming double-couple sources and fixing 296 

centroids and seismic moments. Figure 5 illustrates the experiment. Although there is a 297 

trade-off between the rake and strike angles for this thrust earthquake, the dip angle was 298 

constrained. Higher VRs for dip angle in dip-rake and dip-strike planes ranged from 8° 299 

to 24°, where the VRs were larger than 90% of the maximum. The optimal dip angle is 300 

16°. For other types of mechanisms, similar characteristics of VR distributions were 301 

obtained (Figures S7–8). 302 

 The spatial distributions of the obtained CMT solutions are illustrated in 303 



Figure 6. In the northeastern region, most of our CMT solutions of the earthquakes had 304 

thrust mechanisms (Figures 6a-c, group A). Their mechanisms (dip and strike angles) 305 

and depths were consistent with the plate interface of the JIVSM, which suggests that 306 

these earthquakes can be considered as interplate earthquakes. We found several 307 

shallow (10–15 km) earthquakes of normal-fault mechanisms at approximately 141.8°E 308 

and 36.1°N (Figures 6ac, group B). These normal-fault earthquakes are located 309 

shallower than thrust earthquakes. Although F-net MT solutions did not have sufficient 310 

depth resolution to distinguish between groups A and B, our high centroid resolution 311 

revealed the evident separation between the source regions of these normal-fault (group 312 

B) and interplate earthquakes (group A). In the other region, fewer earthquakes of thrust 313 

mechanisms occurred at the plate interface. Instead, in the northern region, our CMT 314 

solutions had strike-slip mechanisms at 25–35 km depths (Figures 6ab, group C), which 315 

are deeper than the plate interface. In the southwestern region, the earthquakes were 316 

characterized by normal-fault mechanisms within a depth range of 25–35 km (Figures 317 

6ad, group D), which are also deeper than the plate interface. The earthquakes in the 318 

southernmost region are characterized by various types of mechanisms (Figures 6ae, 319 



group E). The group-E earthquakes are widely distributed in the vertical direction, in 320 

contrast to most Group A earthquakes, which are concentrated as the interplate 321 

earthquakes.  322 

 323 

4.1 Comparison with previous focal-mechanism catalogs 324 

We obtained 536 CMT solutions from 2.5 ≤ Mw ≤ 4.5 earthquakes whereas 325 

209 F-net MT solutions were available in our analyzed period. The small number of F-326 

net MT solutions is because F-net routine system based on the analysis of low-327 

frequency (≤ 0.05 Hz) surface waves could not include Mw ≤ 3.5 earthquakes. In our 328 

CMT inversion, using high-frequency data enabled us to obtain CMT solutions for 329 

smaller earthquakes.  330 

For the 54 earthquakes, the CMT solutions were obtained in both the F-net 331 

MT analysis and this study. F-net MT has been routinely operated since 1997 in a 332 

consistent manner. Although the spatial resolutions of F-net MT solutions are not high 333 

owing to the use of low-frequency waves, their focal mechanisms are expected to be 334 

less sensitive to the heterogeneous structure. To examine the stability of our CMT 335 



solutions, we calculated the Kagan angle between the F-net MT and the corresponding 336 

CMT solutions. Since F-net routine MT analysis provides lower depth resolution and is 337 

conducted on the fixed epicenter determined by JMA, we focused only on the 338 

differences in the focal mechanisms between F-net MT and our CMT solutions. The 339 

obtained Kagan angles were smaller than 30° for most earthquakes, which suggests that 340 

our CMT solutions are consistent with F-net MT solutions (Figure 7). However, large 341 

Kagan angles were obtained at approximately 142.1°E and 36.1°N. In addition to the 342 

insufficient azimuthal coverage, the focal depths of these earthquakes were presumably 343 

shallow, considering the subduction geometry. Thus, focal sphere coverage may be 344 

insufficient for accurate CMT estimation. In the following discussion, we discarded the 345 

CMT solutions obtained in this region.  346 

Our centroid distribution mostly agrees with the hypocenters of Shinohara et 347 

al. (2011, 2012). The hypocenters were determined using the P- and S-wave arrival 348 

times. It is known that the only use of the P-wave arrival times yields a lower depth 349 

resolution. However, our depths were consistent, although we did not include S-waves. 350 

This might be the result of including information on the amplitudes and a well-351 



constrained 3-D structure model (Yamaya et al., 2021). The number of CMT solutions 352 

is larger than that of first-motion focal mechanisms by Shinohara et al. (2012), who 353 

used more OBS stations. Our CMT solutions were more consistent with the subducting 354 

Pacific Plate than their first-motion solutions. Directly following the 2011 Tohoku-oki 355 

earthquake, it was more difficult to read the first-motion polarities because of the coda 356 

waves from successive aftershocks. The intense aftershock activity caused a low signal-357 

to-noise ratio, which obstructed manual phase identification for reading the first-motion 358 

polarities. Misreading of the first-motion polarities cause large uncertainty in the focal 359 

mechanisms, especially for the strike-dip mechanisms (Hardebeck & Shearer, 2002). 360 

Our CMT inversion that includes the amplitude information in addition to the first-361 

motion polarities might provide better constraints to the focal mechanisms without 362 

reading the first-arrival polarities.  363 

 364 

4.2 Tectonic interpretations  365 

Owing to the high-frequency analysis and the dense OBS array, we increased 366 

the number of CMT solutions for the aftershocks in the off Ibaraki region. Their spatial 367 



resolutions were also improved compared with conventional low-frequency CMT 368 

analysis. Consequently, the densities and accuracies of the focal mechanisms increased 369 

in both space and time. In this section, we discuss the tectonic interpretations of the 370 

aftershocks following the 2011 Tohoku-oki earthquake.  371 

Most of the aftershocks occurring in the northern region of the OBS array are 372 

characterized by thrust mechanisms (group A in Figure 6). To discuss the lateral 373 

distribution of the interplate earthquakes, we selected earthquakes with the thrust 374 

mechanisms whose Kagan angles with a typical interplate earthquake (strike = 195°, 375 

dip = 13°, rake = 90°) are less than 30°. The selected earthquakes can be interpreted 376 

as interplate earthquakes (Figure 8a). Their distributions were consistent with the region 377 

where the active seismicity at the plate interface was obtained (Nakatani et al., 2015). 378 

These thrust earthquakes occurred in locations separated from the large slip area of the 379 

2011 Ibaraki-oki earthquake (e.g., Kubo et al., 2013). The low seismicity of the thrust 380 

earthquakes at the large slip area of the 2011 Ibaraki-oki earthquake suggests that this 381 

earthquake released sufficient accumulated strain at the plate interface and consequently 382 

prohibited thrust earthquakes within the large slip area. These thrust earthquakes were 383 



also observed in locations separated from the tectonic tremors, which were estimated to 384 

occur at the up-dip side of the subducting seamount (e.g., Nishikawa et al., 2019; Kubo 385 

& Nishikawa, 2020). Tectonic tremors are slow earthquakes that are observed in the 386 

high-frequency (2–8 Hz) range (summarized in Obara & Kato, 2016). These separations 387 

of interplate regular and slow earthquakes have also been reported in various subduction 388 

zones (e.g., Dixon et al., 2014; Takemura et al., 2020; Plata-Martínez et al., 2021). Slow 389 

earthquakes tend to be concentrated in the regions with weak locking strengths (e.g., 390 

Takemura et al., 2019). Our results agree that the tremor region can be considered as a 391 

weak locked zone and consequently accumulated stress may be insufficient to activate 392 

thrust-type regular earthquakes. 393 

We colored the mechanism types not classified as the interplate earthquakes 394 

according to Frohlich (1992), as shown in Figure 8b. The strike-slip mechanisms (group 395 

C) were obtained in the northern region, which is the northern part of the fault area of 396 

the 2011 Ibaraki-oki earthquake (MW 6.8). From the east to the west region of this 397 

group, the northwest-southeast orientation of the maximum compressional axes rotates 398 

to the northeast-southwest. The systematically rotated principal axes seem to reflect the 399 



static stress change caused by the 2011 Ibaraki-oki earthquake. Previous studies have 400 

suggested that large earthquakes can rotate the orientation of the principal stress axes 401 

around their fault areas (e.g., Asano et al., 2011; Hasegawa et al., 2011; 2012; Yoshida 402 

et al., 2014). Recently, the spatio-temporal changes in the principal stress axes of focal 403 

mechanisms have revealed the initial differential stresses, which inform the fault 404 

strengths or the coupling strength at plate boundaries (e.g., Hardebeck & Okada, 2018). 405 

Further investigation may provide us with insights into the original stress state before 406 

the 2011 Ibaraki-oki earthquake.  407 

We obtained normal-fault earthquakes at depths greater than 20 km in the 408 

western region (Group D in Figures 8bc). These centroid depths are deeper than the 409 

plate interface. We note that the F-net MT solutions also listed such normal-fault 410 

earthquakes with Mw ≥ 3.5 following the 2011 Tohoku-oki earthquake. We propose a 411 

possible effect on these normal-fault earthquakes due to subduction of the Philippine 412 

Sea Plate. In this region, the northeastern edge of the Philippine Sea Plate has been 413 

estimated (e.g., Uchida et al., 2010; Nakahigashi et al., 2015). For other subduction 414 

zones, normal-fault earthquakes have been reported in the incoming oceanic plate prior 415 



to subduction. This is possibly due to the tensional stress field caused by plate bending 416 

of the subducting plate (e.g., Ranero et al., 2005; Obana et al., 2012; 2021). Similarly, 417 

the overriding Philippine Sea Plate might also cause plate bending of the Pacific Plate 418 

beneath, and consequently normal-fault earthquakes occur within the subducting Pacific 419 

Plate.  420 

The most southern region, where the subducting seamount is imaged (e.g., 421 

Mochizuki et al., 2008), has various focal mechanisms (group E in Figure 8b). 422 

Bootstrap analysis supported that the stable estimation of various focal mechanisms 423 

(Figure 2d). Previous studies have also determined various types of focal mechanisms 424 

in the regions surrounding the subducting seamount (e.g., Bilek & Engdahl, 2007). 425 

These observations suggest that a subducting seamount generates 3-D complex fractures 426 

in the overriding and subducting plates (e.g., Wang & Bilek, 2011, 2014; Contreras-427 

Reyes et al., 2015; Chesley et al., 2021). The existence of complex fractures is 428 

consistent with the complex topography of the upper crust of the overriding plate 429 

(Yamaya et al., 2021).  430 

Our study found shallow (10–15 km) earthquakes of normal-fault 431 



mechanisms, which may also highlight the effect of the subducting seamount (group B 432 

in Figure 8b). These earthquakes are tightly clustered, and the thrust fault earthquakes 433 

(group A) occurred at several kilometers below this cluster (Figure 6c). The fault 434 

mechanisms of groups A and B were mostly reversed. It is known that such reversal 435 

fault slips (thrust and normal-fault earthquakes) with short separation distances rarely 436 

occur, but the first-arrival polarities also support this occurrence (Figure 9). 437 

We propose the effect of the subducting seamount on the generation of these 438 

normal-fault earthquakes. Recent numerical studies simulating mechanical coupling and 439 

hydrological processes have suggested that a simple shape of a subducting seamount 440 

can create a tensional stress field in the overriding plate (e.g., Sun et al., 2020). The 441 

compression of the overriding plate by a subducting seamount can increase the normal 442 

stress. In more detail, the observed normal-fault earthquakes are localized compared to 443 

the lateral size of the subducting seamount. A chain of seamounts existing on the 444 

incoming Pacific Plate seaward of the trench have a more complex shape than that 445 

assumed in the simulation by Sun et al. (2020). A more detailed shape of the seamounts 446 

may need to be considered to explain the localized normal-fault earthquakes.  447 



 448 

4.3 Influence of array configuration on CMT inversion 449 

 In this study, we used a dense OBS array with a station interval of 450 

approximately 6 km. This station interval is smaller than that of a typical OBS array of 451 

10–20 km. To examine the effect of array density, we conducted CMT inversion by 452 

changing the array density. The obtained CMT solution from the sparse array (12 km 453 

interval) agrees with that obtained using the dense OBS array (Figure 10a). However, 454 

the CMT results exhibited high VRs over wider areas compared to those of the original 455 

dense array (Figures 10b–d). This wider spatial distribution of the high VRs suggests 456 

that the CMT solutions determined by the sparser array reduce the spatial resolution to 5 457 

km, which is five times longer than that of the original dense array. In this resolution, 458 

we could not discuss the depth distribution between the earthquakes of groups A and B. 459 

Despite the low spatial resolution, the CMT analysis with the sparser array 460 

can provide accurate focal mechanisms, using P-wave arrival times to reject the cycle-461 

skipping solutions. This examination suggests that CMT solutions can be obtained with 462 

short-period OBS arrays with typical station intervals. The analysis of OBS data to 463 



obtain focal mechanisms has conventionally been only the first-arrival polarities, but 464 

CMT inversion can take the place of the first-arrival analysis. Recent developments in 465 

detailed seismic velocity models, numerical simulation codes of seismic wave 466 

propagation, and computational resources have enabled us to conduct CMT inversions 467 

without reading first-arrival polarities. Our CMT inversion can be conducted without 468 

precise first-arrival pickings. By using our CMT inversion, the systematic monitoring of 469 

offshore small-to-moderate earthquakes can be accomplished. 470 

As OBS networks of both temporary and permanent placement have been 471 

developed along subduction zones (e.g., Cascadia Initiative: Toomey et al., 2014; 472 

DONET, S-net: Aoi et al., 2020), CMT analysis of the OBS networks will reveal more 473 

detailed stress fields beneath the ocean in the future. In this study, we only used P-474 

waves because S-waves are mostly saturated owing to the insufficient dynamic range of 475 

the OBSs. These saturated data compelled us to exclude S-waves from the analysis, but 476 

in general, incorporating S-waves will allow us to better constrain CMT solutions. 477 

Improving wider dynamic ranges of the OBSs or including other types of the 478 

seismometers, such as seismic accelerometers, will provide to use both P- and S-waves 479 



in waveform analysis.  480 

 481 

Conclusion 482 

We determined CMT solutions of the aftershocks of the 2011 Tohoku-oki 483 

earthquake using the dense array of short-period OBSs in the off Ibaraki region. Our 484 

method based on Green’s functions in the 3-D seismic velocity model can obtain CMT 485 

solutions for offshore earthquakes with Mw of 2.5–4.5. Our CMT solutions included 486 

smaller magnitude earthquakes than those obtained by the conventional low-frequency 487 

CMT method. Consequently, we obtained 536 CMT solutions, which were larger than 488 

those in the catalogs of previous publications. Our CMT solutions reflect the complex 489 

stress field in the off Ibaraki region.  490 

The obtained CMT solutions are as follows: (1) thrust-type interplate 491 

earthquakes in locations separated with the fault area of the 2011 Ibaraki-oki earthquake 492 

and the tremors; (2) intraslab strike-slip earthquakes located north of the fault area of 493 

the 2011 Ibaraki-oki earthquake; (3) intraslab normal-fault earthquakes, which suggest a 494 

tensional stress field at the subducting Pacific Plate due to the plate bending by the 495 



overriding Philippine Sea Plate; (4) various mechanisms of earthquakes above the 496 

subducting seamount, which suggest 3-D complex fractures caused by the subducting 497 

seamount; and (5) shallow normal-fault earthquakes possibly caused by the subducting 498 

seamount. Our CMT inversion using short-period OBSs can be applied to other offshore 499 

regions, which has sufficient potential to reveal the detailed stress fields in offshore 500 

regions. 501 
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Figure legends 769 

Figure1: (a) The study area with the slip distribution of the 2011 Tohoku-oki earthquake 770 

within a grey square (Lay et al., 2011), as well as the 2011 Ibaraki-oki earthquake 771 

within a black square (Kubo et al., 2013). The grey triangles show the stations of the 772 

OBS array in the off Ibaraki region. The blue circle shows the subducting seamount 773 

(Mochizuki et al., 2008). The green line shows the northeastern limit of the Philippine 774 

Sea Plate (Uchida et al., 2010). (b) The distribution of seismicity and OBS stations. The 775 

white triangles show OBS stations. The circled white triangles show the stations which 776 

were recovered approximately two weeks after the 2011 Tohoku-oki earthquake 777 

occurred. The colored circles show the earthquake hypocenters determined by JMA 778 

with their color indicating their depth. The red rectangle represents the region where the 779 

Green’s functions were calculated. (c) Seismic velocity structure model along profile A-780 

–A’ in (b). The region shallower than ~10 km was constructed by Yamaya et al. (2021), 781 

and deeper by Koketu et al. (2012). 782 

 783 

Figure 2: (a) The moment magnitudes of the obtained CMT solutions against the VRs, 784 



and (b) the 68% confidence interval of Kagan angle by bootstrap results. (c) The spatial 785 

distribution of the VRs and (d) of the 68% confidence interval of Kagan angle. 786 

 787 

Figure 3: The result of the CMT inversions for the earthquake (Mw4.0) that occurred at 788 

9:06, March 16, 2011 (JST). (a) Centroid location of the earthquake and the OBS array. 789 

The red star shows the horizontal location of the best centroid with 14.5 km depth. The 790 

red focal mechanism shows the moment tensor of the best CMT solution. The black star 791 

indicates the horizontal location of the F-net MT solution with 11.0 km depth. The 792 

black focal mechanism shows the moment tensor of the F-net MT solution. The grey 793 

triangles show the stations of the OBS array. (b) Horizontal resolution of the CMT 794 

solution. The color of the focal mechanisms shows the VR. The region surrounded by 795 

the black line shows VR more than 90 % from our best. (c) Depth resolution with 796 

longitudinal direction, and (d) with latitudinal direction. 797 

 798 

Figure 4: Comparison of observed and synthetic seismograms for the earthquake (Mw =799 

4.0) that occurred at 9:06, March 16, 2011 (JST). The black and red lines show 800 



observed and synthetic seismograms, respectively. The station numbers are shown in 801 

Figure 1b. The white-colored area shows the used time windows. Note that we did not 802 

use station #05 because the raw seismogram before applying the band-pass filter was 803 

saturated in 5 s from the beginning of the time window.  804 

 805 

Figure 5: The distribution of the VRs for the earthquake (Mw = 3.8) that occurred at 806 

14:36, March 12, 2011 (JST), shown in the left top panel. Synthetic seismograms were 807 

calculated assuming double-couple sources, and fixing centroids and seismic moments. 808 

The strike, dip, and rake for the cross sections are the thrust fault of the obtained CMT 809 

solution. 810 

 811 

Figure 6: (a) Spatial distribution of the obtained CMT solutions. The color of the focal 812 

mechanisms shows their depth. (b–e) Cross-sections with the profiles of A–A’, B–B’, 813 

C–C’, and D–D’, respectively. The thin lines of the cross-sections show the bathymetry, 814 

the upper surface and oceanic Moho of the Pacific Plate, and the upper surface of the 815 

Philippine Sea Plate (Koketsu et al., 2012).  816 



 817 

Figure 7: Spatial distribution of Kagan angles between F-net MT and obtained CMT 818 

solutions. (a) Kagan angles with obtained and (b) with F-net MT solutions. 819 

 820 

Figure 8: (a) The spatial distribution of the thrust mechanisms. The black squares show 821 

the tremors detected by Nishikawa et al. (2019). The slip area of the 2011 Ibaraki-oki 822 

earthquake (Kubo et al., 2013) is also shown. The cyan circle shows the subducting 823 

seamount (Mochizuki et al., 2008). The green line shows the northeastern limit of the 824 

Philippine Sea Plate (Uchida et al., 2010). (b) The spatial distribution of the non-thrust 825 

mechanisms. The color of the focal mechanisms shows their type: red mechanisms are 826 

normal faults, blue mechanisms are reverse faults, and green mechanisms are strike-slip 827 

faults. (c) The cross-section of the E-E’ line, in which the point E is at 140.9°E and 828 

34.9°N. 829 

 830 

Figure 9: Reversal fault pairs. (a) The black and red stars show locations of the thrust 831 

and normal-fault mechanisms for the earthquakes that occurred on April 12 and 30, 832 



2011 (JST), respectively. The depths were 15 km and 12 km, respectively. (b) The raw 833 

seismogram comparison between the earthquakes. Black lines show the raw 834 

seismograms for the thrust mechanism, and red lines show the reversal amplitudes of 835 

those for the normal-fault mechanism. 836 

 837 

Figure 10: The result of the CMT inversions for the earthquake that occurred at 9:06, 838 

March 16, 2011 (JST), using sparse OBS stations. Notations are the same as Figure 3. 839 

 840 

Additional file 841 

Figure S1: Effect of the source time function. (a) Seismograms filtered with 0.4–1.0 Hz. 842 

Black lines show the synthetic seismograms using delta-function-type source time 843 

function. Red lines show those using the finite-duration source time function, which is 844 

evaluated using the empirical scaling low against moment magnitudes (Ekstrom et al., 845 

2012). (b) Assumed duration through moment magnitudes. 846 

 847 

Figure S2: (a) Observed seismograms filtered with 4.0–10.0 Hz and obtained its 848 



kurtosis gradient at station #07 for the earthquake that occurred at 17:27, October 25, 849 

2010 (JST). (b) Zoomed-in view of the same waveforms around the selected arrival 850 

time. 851 

 852 

Figure S3: The result of the CMT inversions for the earthquake that occurred at 11:01, 853 

March 16, 2011 (JST). Notations are the same as Figure 3. 854 

 855 

Figure S4: The result of the CMT inversions for the earthquake that occurred at 21:51, 856 

March 30, 2011 (JST). Notations are the same as Figure 3. 857 

 858 

Figure S5: The result of the CMT inversions for the earthquake that occurred at 19:57, 859 

April 8, 2011 (JST). Notations are the same as Figure 3. 860 

 861 

Figure S6: The result of the CMT inversions for the earthquake that occurred at 11:53, 862 

April 13, 2011 (JST). Notations are the same as Figure 3. 863 

 864 



Figure S7: The distribution of VRs for the earthquake (Mw = 3.7) that occurred at 865 

21:51, March 20, 2011 (JST). The strike, dip, and rake for the cross sections are the 866 

high dip-angle fault of the obtained CMT solution. Notations are the same as Figure 5. 867 

 868 

Figure S8: The distribution of VRs for earthquake (Mw = 4.2) that occurred at 11:29, 869 

April 15, 2011 (JST). Notations are the same as Figure 5. 870 

 871 

 872 

 873 

 874 



Figures

Figure 1

(a) The study area with the slip distribution of the 2011 Tohoku-oki earthquake within a grey square (Lay
et al., 2011), as well as the 2011 Ibaraki-oki earthquake within a black square (Kubo et al., 2013). The grey
triangles show the stations of the OBS array in the off Ibaraki region. The blue circle shows the
subducting seamount (Mochizuki et al., 2008). The green line shows the northeastern limit of the
Philippine Sea Plate (Uchida et al., 2010). (b) The distribution of seismicity and OBS stations. The white
triangles show OBS stations. The circled white triangles show the stations which were recovered
approximately two weeks after the 2011 Tohoku-oki earthquake occurred. The colored circles show the
earthquake hypocenters determined by JMA with their color indicating their depth. The red rectangle
represents the region where the Green’s functions were calculated. (c) Seismic velocity structure model
along pro�le A –A’ in (b). The region shallower than ~10 km was constructed by Yamaya et al. (2021), and
deeper by Koketu et al. (2012).



Figure 2

(a) The moment magnitudes of the obtained CMT solutions against the VRs, and (b) the 68% con�dence
interval of Kagan angle by bootstrap results. (c) The spatial distribution of the VRs and (d) of the 68%
con�dence interval of Kagan angle.



Figure 3

The result of the CMT inversions for the earthquake (MW4.0) that occurred at 9:06, March 16, 2011 (JST).
(a) Centroid location of the earthquake and the OBS array. The red star shows the horizontal location of
the best centroid with 14.5 km depth. The red focal mechanism shows the moment tensor of the best
CMT solution. The black star indicates the horizontal location of the F-net MT solution with 11.0 km
depth. The black focal mechanism shows the moment tensor of the F-net MT solution. The grey triangles



show the stations of the OBS array. (b) Horizontal resolution of the CMT solution. The color of the focal
mechanisms shows the VR. The region surrounded by the black line shows VR more than 90 % from our
best. (c) Depth resolution with longitudinal direction, and (d) with latitudinal direction.

Figure 4

Comparison of observed and synthetic seismograms for the earthquake (MW = 4.0) that occurred at 9:06,
March 16, 2011 (JST). The black and red lines show observed and synthetic seismograms, respectively.
The station numbers are shown in Figure 1b. The white-colored area shows the used time windows. Note
that we did not use station #05 because the raw seismogram before applying the band-pass �lter was
saturated in 5 s from the beginning of the time window. 



Figure 5

The distribution of the VRs for the earthquake (MW = 3.8) that occurred at 14:36, March 12, 2011 (JST),
shown in the left top panel. Synthetic seismograms were calculated assuming double-couple sources,
and �xing centroids and seismic moments. The strike, dip, and rake for the cross sections are the thrust
fault of the obtained CMT solution.



Figure 6

(a)  Spatial distribution of the obtained CMT solutions. The color of the focal mechanisms shows their
depth. (b–e) Cross-sections with the pro�les of A–A’, B –B’, C–C’, and D–D’, respectively. The thin lines of
the cross-sections show the bathymetry, the upper surface and oceanic Moho of the Paci�c Plate, and the
upper surface of the Philippine Sea Plate (Koketsu et al., 2012). 



Figure 7

Spatial distribution of Kagan angles between F-net MT and obtained CMT solutions. (a) Kagan angles
with obtained and (b) with F-net MT solutions.



Figure 8

(a) The spatial distribution of the thrust mechanisms. The black squares show the tremors detected by
Nishikawa et al. (2019). The slip area of the 2011 Ibaraki-oki earthquake (Kubo et al., 2013) is also
shown. The cyan circle shows the subducting seamount (Mochizuki et al., 2008). The green line shows
the northeastern limit of the Philippine Sea Plate (Uchida et al., 2010). (b) The spatial distribution of the
non-thrust mechanisms. The color of the focal mechanisms shows their type: red mechanisms are
normal faults, blue mechanisms are reverse faults, and green mechanisms are strike-slip faults. (c) The
cross-section of the E-E’ line, in which the point E is at 140.9 E and 34.9 N.



Figure 9

Reversal fault pairs. (a) The black and red stars show locations of the thrust and normal-fault
mechanisms for the earthquakes that occurred on April 12 and 30, 2011 (JST), respectively. The depths
were 15 km and 12 km, respectively. (b) The raw seismogram comparison between the earthquakes.
Black lines show the raw seismograms for the thrust mechanism, and red lines show the reversal
amplitudes of those for the normal-fault mechanism.



Figure 10

The result of the CMT inversions for the earthquake that occurred at 9:06, March 16, 2011 (JST), using
sparse OBS stations. Notations are the same as Figure 3.
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