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Abstract 23 

Although deep-seated blind normal faults are common in subduction environments, their 24 

rheology, kinematics and interaction with the upper crust are poorly constrained. A month-long 25 

shallow normal faulting sequence in the Ibaraki-Fukushima prefectural border (IFPB), northeast 26 

Japan, which followed the Mw9.0 Tohoku-Oki earthquake (TOE) and culminated in the Mw6.7 27 

Iwaki earthquake, provides a window into megathrust-to-normal fault interaction. Stress change 28 

calculations clearly indicate that the IFPB earthquake sequence cannot be explained in terms of 29 

direct triggering by the TOE co- and post-seismic slip. In quest for an alternative triggering 30 

mechanism, we analyzed post-TOE GNSS data from eastern IFPB. A key step in this analysis is 31 

the removal of the large-scale post TOE displacement field, after which a distinct highly-32 

localized strain along the coastline becomes apparent. The accumulation of this strain was mostly 33 

aseismic, and migrated with time prior to the Iwaki earthquake in a manner that correlates well 34 

with post-TOE local seismicity. We attribute the pre-Iwaki earthquake strain accumulation to 35 

aseismic slip along low-angle seaward dipping blind normal fault, activated by the TOE. Stresses 36 

transferred by this slip episode accelerated the failure along the IFPB shallow normal faults. This 37 

indirect triggering of the Iwaki earthquake sequence by the TOE highlights the complexity of 38 

stress transfers in subduction environments. 39 

 40 

Plain Language Summary 41 

The March 11th, 2011, Mw9.0 Tohoku-Oki megathrust earthquake (TOE) triggered widespread 42 

seismicity throughout north-east Japan. One of the most intense inland TOE aftershock 43 

sequences occurred along the Ibaraki-Fukushima Prefectural Border (IFPB) during the first 44 

month following the TOE. That sequence, which ended a long period of seismic quiescence in 45 

the IFPB area, culminated with the damaging April 11th, 2011, Mw6.7 Iwaki earthquake. The 46 

IFPB sequence is dominated by shallow normal faulting, suggesting regional extension. Due to 47 

its distance from the TOE slip area, activity in the IFPB cannot be explained solely due to the 48 

TOE co- or post-seismic slip. Here we analyze dense GNSS data and show that early post-49 

seismic aseismic strain that accumulated in the IFPB greatly exceeded the seismic strain due to 50 

shallow normal faulting. We associate that strain with slip along a low-angle seaward dipping 51 

normal fault that is situated between the subduction interface and IFPB. We show that the low-52 

angle normal fault’s response to the TOE static stress change manifested in a month-long slip 53 

transient with an equivalent moment magnitude equal to Mw6.7. We find that slip along the low 54 

angle normal fault greatly enhances the failure of the shallow IFPB normal faults. 55 

1. Introduction 56 

Low angle faults cutting through the near-trench portion of the accretionary wedge are thought to 57 

play an important role in subduction seismogenesis (Park et al., 2002; Moore et al., 2007; Collot 58 

et al., 2008; Strasser et al., 2009) and in generating tsunamis (Baba et al., 2006; Wendt et al., 59 

2009). Some deep-seated faults, however, cut through the portion of the inner forearc adjacent to 60 

the coastline (Plafker, 1965; Berryman et al., 2011; Clark et al., 2015). Those have been inferred 61 
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to slip seismically with subduction earthquakes (Melnick et al., 2012) break during large 62 

immediate off-megathrust aftershocks (Berryman et al., 2011; Ryder et al., 2012) or time-63 

advance as a result of stress transfer due to megathrust slip (Wiseman et al., 2011) Yet, the 64 

rheology of these deep-seated faults, and the fraction of the plate-boundary strain they 65 

accommodate, are poorly constrained. Not only is offshore faulting poorly resolved by on-land 66 

monitoring systems, offshore upper-plate fault slip histories are overwhelmed by inter-, co-, and 67 

postseismic slip occurring along the megathrust. Indeed, only rarely is the off-fault deformation 68 

field captured with sufficient spatio-temporal resolution, allowing one to document upper-plate 69 

faulting in action. 70 

 71 

Figure 1. (a) The tectonic settings of northeast Japan. Yellow stars indicate the hypocenters of 72 

the March 11
th

, 2011, Mw9.0 TOE, the March 11
th

, 2011, Mw7.8 Ibaraki-Oki aftershock, and the 73 

April 11
th

, 2011, Mw6.7 Iwaki earthquakes. The blue contours show the TOE co-seismic slip 74 

distribution (Wei et al., 2012) with black dots representing aftershocks that occurred between 75 

March 11th and April 11th, 2011 (locations are from the JMA catalog). The dashed gray line 76 

indicates the A-A’ depth cross-section shown in Figure 6, and the red rectangle indicates the 77 

IFPB region shown in panel b. (b) IFPB seismicity in the month following the TOE. The black 78 

lines with arrows on both ends indicate the direction of maximum tension inferred from focal 79 

mechanisms in the F-Net catalog compiled by the National Research Institute for Earth Science 80 

and Disaster Resilience (NIED), and the ellipses indicate the 95% confidence interval. The focal 81 

mechanisms of the three largest earthquakes were also taken from that catalog. The dark and 82 

light gray lines indicate the Japanese coast and the Ibaraki-Fukushima prefectural borderline, 83 

respectively. Green lines indicate the surface traces of faults ruptured during the April 11
th

, 2011 84 

Mw6.7 Iwaki earthquake (Kobayashi et. al., 2012). Abbreviations: IF: Itozawa fault ; YF: 85 

Yunodake fault.  86 

 87 

One such case is the March to April, 2011 seismic sequence in the IFPB, northeast Japan, which 88 

occurred shortly after the March 11, 2011, Mw9.0 TOE mainshock (Figure 1a). This giant 89 

earthquake altered the stress field in a region extending well beyond the ruptured fault area, as 90 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

 

was manifested by intense seismic activity within the northeastern Japan forearc, as far as several 91 

hundreds of kilometers away from the epicenter (Hirose et al., 2011; Kato et al., 2011; Toda et 92 

al., 2011). Among the most intriguing post-TOE seismic sequences was the one recorded in the 93 

IFPB (Figure 1), where a long period of seismic quiescence came to an abrupt end (Abe, 1977; 94 

Kato et al., 2011; Imanishi et al., 2012; Toda and Tsutsumi, 2013). A vigorous earthquake 95 

sequence, which included 11 Mw>5 shallow normal-faulting earthquakes, struck the area within 96 

one month from the Mw9.0 mainshock. The sequence culminated with the Mw6.7 Iwaki 97 

earthquake, which ruptured a set of sub-parallel shallow normal faults in the Fukushima 98 

prefecture on April 11, 2011 (Imanishi et al., 2012; Kobayashi et al., 2012). Given the region’s 99 

low strain rate (Mochizuki et al., 2008; Loveless and Meade, 2010), its distance from the trench, 100 

and its lack of volcanism, such an intense normal-faulting aftershock activity is puzzling. The 101 

modest Coulomb static stress change imparted by the Mw9.0 mainshock on IFPB (<1.5MPa ; 102 

Toda et al., 2011) appears to be too small to cause such an intense aftershock activity. Moreover, 103 

previous analyses of inter-seismic GPS velocity field (Mazzotti et al., 2001) and pre-TOE focal 104 

mechanisms (Townend and Zoback, 2006) imply that the IFPB is under E-W compression, 105 

thereby suggesting that the stress changes imposed by the TOE cannot overturn the long-term 106 

compressional stress field (Imanishi et al., 2012). Therefore it is difficult to associate IFPB’s 107 

shallow normal faulting with trench-perpendicular extension induced by the Mw9.0 TOE (Kato et 108 

al., 2011; Yoshida et al., 2019).  109 

Another mechanism that may explain the post-TOE IFPB anomalous seismic activity is transient 110 

deformation on a fault situated between the megathrust and eastern IFPB (Imanishi et al., 2012). 111 

According to this scenario, off-megathrust fault creep plays a role similar to the one played by 112 

moderate aftershocks, promoting long-range seismic fault interactions through multiple stress 113 

transfers (Felzer et al., 2002; Ziv, 2006; Inbal et al., 2017), an idea that is in line with the current 114 

understanding of earthquake interaction. Indeed, several independent evidences from 115 

tomographic (Shelly et al., 2006), magnetotelluric and geochemical studies (Umeda et al., 2015) 116 

support the existence of a deep-seated plane of discontinuity situated between the subduction 117 

interface and the IFPB. Unlike portions of the near-coast forearc to the north and south of 118 

Ibaraki, following the TOE, the volume surrounding that discontinuity hosted intense aftershock 119 

activity. Imanishi et al. (2012) proposed that the IFPB anomalous seismic activity was 120 

encouraged by off-megathrust fault slip occurring below the IFPB. That kind of deformation may 121 

be observed geodetically.  However, isolating the signal due to slow post-TOE off-megathrust 122 

slip is complicated by the fact that the early post-TOE deformation field is dominated by 123 

megathrust afterslip, bulk visco-elastic relaxation, and aftershocks occurring along the 124 

megathrust and within the overriding plate. 125 

The objective of this study is to uncover the causes for the post-TOE normal faulting sequence in 126 

the IFPB. In particular, we test whether the geodetic signal in the IFPB area can be attributed to 127 

slip along an off-megathrust structure located off-shore Ibaraki. To this end we analyze dense 128 

GNSS displacement data, and derive the strain field at the mid-points of GNSS site triplets. The 129 

switch from displacement to strain effectively screens out the regional deformation associated 130 

with post-TOE aseismic megathrust afterslip and bulk viscoelastic deformation, and reveals high 131 

concentration of local strain field in the IFPB area. This allows us to investigate the time-space 132 

evolution of the local strain field and the geodetic moment, and constrain the complex 133 

mechanism by which the TOE indirectly prompted normal faulting in the IFPB area. 134 
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2. Data and data processing 135 

2.1. GNSS time series processing 136 

To calculate the cumulative displacement in the IFPB region (Figure 2 and Figures S1, S2), 137 

during the interval between the TOE and the Iwaki earthquake, we used data from 59 GNSS 138 

Earth Observation Network System (GEONET) sites(Table S1), operated by the Geospatial 139 

Information Authority of Japan (Kato et al., 1998; Hatanaka et al., 2003; Sagiya, 2004). The 140 

GNSS time series, spanning the period between March 12
th

, 2009, and April 11
th

, 2011, were 141 

processed by the Nevada Geodetic Laboratory to generate daily station positions (Blewitt et al., 142 

2018), relative to a fixed Pacific Plate coordinate system. To correct for long-term secular 143 

motion, semi-annual and annual motions, we implemented an iterative procedure to model daily 144 

position time-series of a two-year long interval preceding the TOE as (e.g., Williams, 2008; 145 

Montillet and Bos, 2019): 146 

Equation 1. 147 

 148 

where  is the initial location,  is the secular velocity,  and  are the amplitudes of semi-149 

annual and annual modulations with periods  equal to 365.25 and 182.625 days, respectively, 150 

and  accounts for the measurement noise. We visually inspected these data to ensure they do 151 

not contain any significant transient tectonic-deformation signal. We then used the best-fitting 152 

coefficients to extrapolate the secular, semi-annual, and annual motions through the first month 153 

following the TOE, and removed the extrapolated values from these data. The post-processed 154 

displacement time-series are shown in Figure 2 and Figures S1-S2.   155 
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 156 

Figure 2. GNSS displacement data from 6 stations in the IFPB area. Data shown are after 157 

removal of secular, semi-annual, and annual terms (see stations details in Table S1).  (a) 158 

Cumulative displacement between March 12 to April 10, 2011. Station locations are indicated by 159 

red triangles, location of Mw>5 earthquakes are shown with stars. (b)-(g) Displacement as a 160 

function of time. Black and gray dots indicate the east-west and north-south displacement, 161 

respectively. Red and blue vertical lines indicate the time of the March 19
th

, 2011 Mw5.7 and 162 

March 23
rd

, 2011 Mw5.6 earthquakes.  163 

 164 

The post-processed displacement time-series include contributions from various sources. To 165 

examine the nature of these sources, it is useful to decompose the dataset to its spatial and 166 

temporal singular modes. To this end, the displacement time-series were arranged into a matrix, 167 

A, with  rows corresponding to the number of GNSS stations, and  columns corresponding to 168 

the number of days. Singular value decomposition (SVD) of A gives: , with  being an 169 

orthonormal matrix whose columns are the spatial eigenmodes, , being an orthonormal 170 

matrix, whose rows are the temporal eigenmodes, and  being a rectangular diagonal matrix of 171 

singular values. Following SVD, the i
th

 singular component reads as:  , where  and  are 172 

the i
th

 column of  and , respectively, and  is the i
th

 singular value. The fraction of the data 173 

variance explained by the i
th

 mode is calculated as:  174 
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Equation 2. 175 

 176 

The result of the displacement SVD is presented in Figure 3a-c. The displacement data set 177 

decomposition indicates that more than 99.5 percent of the data are due to the first mode (Figure 178 

3c). This mode exhibits large-scale temporal and spatial decays (Figure 3a-3b) that are 179 

attributable to the TOE postseismic slip and/or viscoelastic relaxation. This mode completely 180 

masks all other – smaller magnitude – local signals, and therefore hinders further investigation 181 

into the interaction between local aseismic and seismic slip.  182 

2.2. Extracting the local aseismic strain field 183 

To extract the local deformation from the large-scale regional geodetic deformation signal, we 184 

calculated the strain field common to neighboring GNSS sites. We used Delaunay triangulation 185 

to group the GNSS sites into triplets (Figure S1). The i
th

 displacement component measured at 186 

location  may be expressed as: 187 

Equation 3. 188 

  189 

where  are the rigid-body translations between location  and ,  is the infinitesimal 190 

strain tensor,  is the infinitesimal rigid-body rotation tensor, and  is the inter-station 191 

distance measured along direction . Vertical displacement components were neglected, as 192 

interstation height differences are 2 to 3 orders of magnitude smaller than the horizontal 193 

distances, and therefore including them in the inversion leads to unstable results. The horizontal 194 

displacement data from each GNSS triplet may be used to formulate a set of equations for the 195 

translation, horizontal strain, and rotation. We solve this system of equations independently for 196 

each triplet and each day. The outputs are time-series containing the two horizontal rigid-body 197 

translations, the three independent components of the infinitesimal strain tensor, and the 198 

infinitesimal rotation representative of the polygon enclosed by the GNSS triplet.  199 

The GNSS data contain noise which are mapped onto the calculated strains. Note that long-200 

wavelength GNSS measurement errors, such as common-mode errors, are removed in the 201 

displacement-to-strain conversion step. To estimate strain uncertainties due to noise affecting the 202 

station triplets that was not removed during the differentiation, we take an empirical approach 203 

which relies on GNSS data recorded prior to the TOE. We calculated the strain accumulated in 204 

the IFPB region for 10000 randomly selected 1-30 day-long intervals extracted from the two 205 

years preceding the TOE. We assume that the total pre-TOE strain accumulating in the IFPB 206 

region during such short intervals is negligible, and use the pre-TOE strain uncertainties for 207 

estimating the uncertainties in the post-TOE strain time-series (see Supporting information for 208 

more details).    209 

The effect of the displacement-to-strain conversion is illustrated by comparing the SVD spectra 210 

of the displacement time-series with that of the strain time-series. In contrast to the displacement 211 

data set, the strain data set is not dominated by any single mode. In fact, the first 7 modes 212 

together account for ~90 percent of the data (Figure 3f). Additionally, the cumulative effect of 213 

the first 7 spatial modes is highly localized in the IFPB region (Figure 3d). Thus, this analysis 214 

confirms that the displacement-to-strain conversion very effectively removes the large-scale 215 

deformation field. The sum of the first 7 temporal modes reveals two notable peaks, that are 216 
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coeval with the March 19
th

 Mw5.7 and the March 23
rd

 Mw5.6 earthquakes (Figure 3e). Those 217 

earthquakes show notable offsets in the daily time series (Figure 2b and 2e), that are due to the 218 

combined effect of co- and post-seismic slip during each of these events.  219 

 220 

 221 

Figure 3. Comparison between the GNSS displacement and the inferred strain, and the effects of 222 

the March 19
th

 and the March 23
rd

, 2011 earthquakes on the strain field. Stars are for earthquakes 223 

with Mw>5.5 that occurred between March 12
th

, 2011 and April 11
th

, 2011. The columns show 224 

the spatial mode of the data set (indicated by U), temporal mode of the data set (indicated by V), 225 

and the explained variance ratio of the singular values (Equation 2). (a) The displacement first 226 

spatial mode. The circles indicate the GNSS station locations, and the colors indicate the 227 
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amplitude of the reconstructed field from the eigen-modes. (b) The displacement first temporal 228 

mode. (c) The displacement singular values explained variance ratio. The first displacement 229 

mode accounts for more than 99% of the displacement variance. (d) The sum of the first seven 230 

strain spatial modes. Triangles indicate the locations of the GNSS triplets used to calculate the 231 

strain, and colors indicate the amplitude of the re-constructed field. (e) The sum of the first seven 232 

strain temporal modes (f) The strain singular values explained-variance ratio. The sum of the 233 

first seven strain modes accounts for ~90% of the strain data. (g) The sum of the first ten co-234 

seismic free strain spatial modes. (h) The sum of the first ten coseismic-free strain temporal 235 

modes. (i) The coseismic-free strain singular values explained-variance ratio. The sum of the 236 

first ten coseismic-free strain modes accounts for ~90% of the coseismic-free strain data. Red 237 

and blue vertical lines in panels e and h indicate the times of the Mw5.7 March 19
th

, 2011 and the 238 

Mw5.6 March 23
rd

, 2011 earthquakes, respectively. 239 

 240 

To remove the contribution of the coseismic offsets, we used sub-daily, 30-second GNSS time-241 

series during the respective earthquakes (Periollat et al., 2022a; Periollat et al., 2022b). We used 242 

these solutions to subtract the coseismic offsets at stations surrounding the March 19
th

 Mw5.7 and 243 

the March 23
rd

 Mw5.6 earthquakes, with ten-minute time windows centered about the epoch of 244 

the events. We calculated the strain time-series of the seismic-free displacement data set. 245 

Inspection of the spatial and temporal eigenmodes of the seismic-free strain time-series indicates 246 

that the imprint of the co-seismic deformations due to the March 19
th

 and 23
rd

 earthquakes were 247 

largely removed from the strain data set (Figure 3g-3i). Inspection of the strain time-series and 248 

uncertainties confirms that the 5-day strain estimates are well above the daily strain noise level. 249 

In a later part, we use these strain time-series as input for the fault slip inversion procedure. 250 
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 251 

Figure 4. The IFPB strain field and moment accumulation. (a) Strain within the IFPB region 252 

accumulated between March 12
th

, 2011 and April 10
th

, 2011. Black arrows indicate the GNSS-253 

inferred principal strains. Red and blue polygons indicate the IFPB and a reference region, 254 

respectively. The areal extent of the two regions is approximately equal (the IFPB areal extent is 255 

2174 km
2
 and the reference region’s areal extent is 2223 km

2
). (b) The geodetic moment 256 

accumulated between March 12
th

 to April 10
th

 up to 20 km depth. The red curve corresponds to 257 

the IFBP, and the blue curve corresponds to the reference region. The location of the two regions 258 

is shown in panel a. 259 

 260 

 261 
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3. Time-space evolution of the strain field and 262 

geodetic moment 263 

The resolved geodetic strain is highly localized in the Ibaraki-Fukushima coastline, and its 264 

principal directions are consistent with the ones favoring the faulting observed during the March-265 

April sequence (Figures 3 and 4). We find up to 20�� orientation difference in the principal strain 266 

axis directions across the study area, with maximum extension changing from primarily east-267 

west in the south near the March 19
th

 earthquake hypocenter, to 108
o
 east of north near the 268 

March 23
rd

 earthquake hypocenter (Figure 5d). The principal strain directions and systematic 269 

rotation, which are also apparent in the seismologically-derived tension axes (Figure 1b), and the 270 

near-coast strain localization suggest that the observed IFPB strain field is not the result of slip 271 

along the subduction interface. To better understand the aseismic strain evolution and seismicity 272 

pattern in the IFPB, we examine the geodetic moment time-series. These were obtained using the 273 

approach of Savage and Simpson (1997), according to which the geodetic moment at a given 274 

volume is a function of the principal strains: 275 

Equation 4. 276 

 , 277 

where  is the shear modulus, H is the crust thickness, assumed to be 20 km, A is the surface 278 

area covered by the GNSS triplets and  and  are the principal strains. We employed Equation 279 

4 to calculate the daily geodetic moment during a 30-day-long time span starting on March 11
th

, 280 

2011 (Figures 4 and 5). Additionally, we compared our geodetic moment calculation for the 281 

IFPB region with that of a similar size reference region (Figure 4). We found that between 282 

March 12
th

 and April 10
th

, the geodetic moments in the reference and IFPB regions were 283 

 and  Nm, respectively.  284 

The geodetic moment time-series reveal spatio-temporal variations in the rate of geodetic 285 

moment accumulation (Figure 5a). We observe rapid aseismic moment accumulation north and 286 

south of the Iwaki earthquake rupture, at rates that are initially higher than in the Iwaki 287 

earthquake area. The highest aseismic deformation rates are observed early in the sequence south 288 

of the Iwaki earthquake rupture area, and persist until March 19
th

. This deformation episode is 289 

associated with an increase in the rate of shallow microseismicity occurring both to the south and 290 

north of Iwaki earthquake (inset in Figure 5c), suggesting that the seismic activity there is being 291 

driven by aseismic fault slip. The deformation rates decreased around March 23
rd.  

to a level that 292 

is nearly constant along the Ibaraki-Fukushima coast, but slightly larger in the Iwaki earthquake 293 

area than in adjacent areas. Similar to afterslip induced by large earthquakes, the accumulated 294 

moment exhibits a logarithmic dependence on time (Marone et al., 1991; Bürgmann et al., 1997; 295 

Hearn et al., 2002). Its temporal behavior is however complex, and is best described by the 296 

superposition of two logarithmic functions, with the first initiating on March 11
th

 and the second 297 

on March 19
th

 (Figure 5b). The absence of a large local earthquake in the IFPB on March 11
th

 298 

suggests that this uni- or bi-logarithmic moment accumulation resulted from interaction with an 299 

aseismically deforming structure. 300 

The moment released aseismically in the IFPB during the first month following the TOE (Figure 301 

5b) is about three times larger than that released seismically. The amplitude and distribution of 302 

the aseismic geodetic strain associated with this moment may neither be explained by shallow 303 
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aseismic slip along the steep normal faults hosting the Mw>5 pre-Iwaki earthquake earthquakes 304 

(see section 4.3), nor by slip along the megathrust interface (Figures 3 and 4). Thus, in order to 305 

explain the excess strain in the IFPB, some unknown localized source of deformation should be 306 

considered. In the following section, we model the strain field and associate the source of 307 

deformation with a seaward dipping structure located off-shore the IFPB. We simultaneously 308 

solve for the structure’s geometry and slip time-history, and show that the strains are consistent 309 

with transient slip along a low-angle normal fault underlying the eastern IFPB. 310 

 311 

 312 

Figure 5. The temporal evolution of aseismic moment and seismicity in the IFPB area between 313 

March 12
th

 and April 10
th

, 2011. Red and blue vertical lines indicate the times of the Mw5.7 and 314 

the Mw5.6 IFPB earthquakes. (a) The geodetic moment per area accumulated between March 315 

12
th

, 2011, and April 10
th

, 2011. The colors correspond to the three polygons in panel d. Light 316 

colors indicate the 2-sigma confidence intervals around the mean. (b) The geodetic moment 317 

within the three polygons combined. The dashed and solid black curves represent the geodetic 318 

moment prior to and after the removal of the coseismic steps associated with the Mw5.7 and the 319 

Mw5.6 earthquakes. The red dashed line is for a model assuming moment accumulating 320 

logarithmically with time starting from March 12
th

, 2011, and the pink dashed curve is for a bi-321 

logarithmic model, with the first starting on March 11
th

, 2011 and the second on March 19
th

, 322 

2011. The blue circles indicate the moment calculated from the low-angle normal fault slip 323 

model (Figure 9). (c) The cumulative number of earthquakes with Mw>2 per area as a function of 324 

time. Curve colors correspond to the ellipses indicated in panel d. The black arrows and dates in 325 

the inset figure indicate the onset of seismicity rate acceleration (see discussion in Section 326 
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4.2). (d) Location map showing the polygons sub-dividing the IFBP. Strain within the IFPB 327 

coastline region accumulated between March 12
th

, 2011 and April 10
th

, 2011 is indicated by the 328 

black arrows. 329 

 330 

4. Uncovering of a deep-seated low-angle normal 331 

fault and its triggering effect on the IFPB aftershock 332 

sequence 333 

To uncover the source of elastic strain in the month preceding the Iwaki earthquake, we model 334 

the geodetic strain field. The assumption underlying our model is that the strain field in that area 335 

results mainly (but not solely) from slip along a single planar dislocation. In this section we 336 

invert the strains to obtain the dislocation geometry and slip distribution, and then examine the 337 

potential triggering effect that this source of deformation may have had on the normal faulting 338 

earthquake sequence in the IFPB area. We then compare the style of interaction between inverted 339 

dislocation and the shallow IFPB normal faulting sequence with previous models of IFPB fault 340 

interactions. 341 

4.1. Fault geometry and slip inversion scheme 342 

We perform a two-step fault slip inversion. In the first step we solve for the fault’s location and 343 

geometry, and in the second step we solve for the fault’s 2D slip distribution. We obtain the fault 344 

geometry by inverting the final horizontal strain distribution accumulated between March 12
th

 345 

and April 10
th

. Although the co-seismic offsets of the March 19
th

 Mw5.7 and the March 23
rd

 346 

Mw5.6 earthquakes were already removed from the GNSS data, the strain still includes 347 

contributions from pre- or post-seismic slip occurring along the Mw5.6 and Mw5.7 faults. To 348 

account for this possibility, we simultaneously solve for the geometry (location, dimensions, 349 

strike, dip, and rake) and slip along a deep seated dislocation (Wright et al., 1999; Funning et al., 350 

2005), as well as for the slips on a pair of shallow dislocations whose location and geometry 351 

were determined by previous studies of the Mw5.7 and Mw5.6 earthquakes (Kobayashi et al., 352 

2012; Fukushima et al., 2018). We employ a Bayesian approach that uses a stochastic Monte 353 

Carlo Markov Chain (MCMC) procedure (Fukuda and Johnson, 2008; Minson et al., 2013), and 354 

construct a discrete view of the “true” probability density function (PDF). We allowed the 355 

dislocation geometry to vary freely, but constrained the slip direction to be in fault dip direction.  356 

In the second step of the analysis, we inverted for distributed slip along a dislocation with a fixed 357 

geometry by setting the dislocation optimal geometry according to the mean expected value of 358 

 MCMC iterations performed in the first step (Figure S4). We model the strain data using  359 

coplanar elastic dislocations representing the low-angle normal fault obtained in the first step. 360 

The slip inversion is set up to minimize the L2-norm of the differences between the observed and 361 

modeled strains: 362 

Equation 5. 363 

 364 

 365 
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where  is a vector that contains the output slip model, and  is a vector whose first n entries 366 

contain the observed strains and the remaining are set equal to zero. The matrix  contains the 367 

elastic Green’s functions (Okada, 1992) and smoothing kernel, and is written as: 368 

Equation 6. 369 

, 370 

 371 

where  is the elastic kernel,  is a first-order derivative spatial operator, and  is the smoothing 372 

coefficient. Equation 6 is solved by imposing non-negativity constraints on the slip model using 373 

the algorithm of Lawson and Hanson (1974).  374 

4.2. Inversion results 375 

The best fit slip distribution, fault geometry and location are presented in Figure 6. These results 376 

indicate that the strain concentration in the IFPB may be explained by creep along a blind low-377 

angle normal fault located offshore. The optimal dislocation interface is dipping seaward at 378 

 with a strike of 28.4𝑜 ± 13𝑜 and a dimension of  by  kilometers. 379 

Our slip distribution (Figure 6a) shows peak aseismic slip of up to 23 cm off-shore southern 380 

Fukushima over the first month following the TOE. The derived slip distribution fits the data 381 

reasonably well with a 52% residual variance reduction. The residuals variance reduction is 382 

increased to 65% when considering only GNSS triplets whose centers lie east of 140.3, 383 

generally corresponding to triplets whose strain is well above the noise level (Figure S4). Our 384 

model suggests that the low-angle normal fault underlying the IFPB accumulated a geodetic 385 

moment equal to  Nm, equivalent to a moment magnitude equal to 6.7. 386 

Additionally, the moments we recover for the March 19
th

 and March 23
rd

 earthquakes faults are  387 

 and  Nm, respectively. The aseismic moment associated with the 388 

northern shallow fault was released after the March 23
rd

 Mw5.6 earthquake, and its magnitude is 389 

equal to about 10% of the co-seismic moment of that earthquake (Kobayashi et al., 2012). In 390 

contrast, the aseismic moment near the southern shallow fault was released pre-seismically 391 

during the 3-4 days preceding the March 19
th

 Mw5.7 earthquake (Figures 2e and Figure 6), and 392 

its magnitude is comparable to the coseismic moment of that earthquake.  393 

The geometry we recover is consistent with previous studies, which proposed a large structure 394 

underlying the IFPB. Imanishi et al. (2012) analyzed the IFPB aftershock sequence, and 395 

concluded that the stresses imparted on the IFPB faults by the TOE mainshock were too small to 396 

activate the IFPB faults if pre-TOE compressional stresses had persisted in the IFPB area. They 397 

also noted that the distribution of hypocenters below ~10 km is localized off-shore the IFPB, 398 

without extending much to the north or to the south of the IFPB. To explain the anomalous IFPB 399 

activity and the clustering of deep (> 10 km) earthquakes off-shore IFPB, Imanishi et al. (2012) 400 

proposed that a seaward-dipping low-angel normal fault beneath the IFPB was activated due to 401 

stress imparted by the TOE. This structure also aligns with major discontinuities resolved in 402 

tomographic and magnetotelluric inversions (Shelly et al., 2006; Umeda et al., 2015; Zhao, 403 

2015). 404 

 405 
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The on- and off-shore post-TOE hypocentral location and moment distributions are presented in 406 

Figure 7. Hypocenters occurring off the megathrust are found to cluster around the inferred low-407 

angle normal fault plane, especially near the northern and southern edges of the fault, at depths 408 

between 20 to 30 km. The peak of seismic moment accumulated off-shore above the megathrust, 409 

shown in Figure 7g, also coincides with the location of the low-angle normal fault. The spatial 410 

clustering and seismic moment distribution suggest there is causal relationship between the low-411 

angle normal fault slip and the aftershocks occurring above the megathrust. Note that we solve 412 

for the fault geometry that best fits the geodetically-derived surface strain data without imposing 413 

constraints (informed for example by the hypocentral distribution), and so the spatial correlation 414 

with seismicity lends further support to the inferred geometry. Also, note that the low-angle 415 

normal fault slip is generally larger at shallower depths than at deeper depths, a trend that is 416 

opposite to the one observed for the off-megathrust aftershocks, and which is consistent with the 417 

notion that the seismic to aseismic transition is controlled by a depth-dependent rheology. The 418 

complementarity between the aseismic slipping segment and intraplate seismic activity may have 419 

persisted long after the post-TOE first-month transient resolved here. Inspection of seismicity 420 

occurring between 2016 and 2022 in a catalog compiled using the Seafloor Observation Network 421 

for Earthquakes and Tsunamis (S-net, 2017) stations located offshore the IFPB reveals 422 

earthquake clustering in close proximity to low-angle normal fault plane (Figure S13). The near-423 

low-angle fault earthquakes are mostly aftershocks of the November 2016 off-Fukushima Mw6.9 424 

earthquake, which ruptured a low angle normal fault (Gusman et al., 2017; Kubota et al., 2021), 425 

located adjacent to the aseismic segment we found.    426 

 427 
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 428 

Figure 6. (a) The IFPB strain field inversion results. Modeled and observed principal strains are 429 

indicated by blue and light-gray arrows, respectively. The modeled low angle normal fault’s 430 

surface projection is indicated by the black rectangle encompassing the cumulative slip 431 

distribution. Blue and red stars mark the epicenters of the March 19
th

 2011 Mw5.7, and the March 432 

23
rd

 2011 Mw5.6 earthquakes, respectively. (b) Depth cross section of the IFPB region and the 433 
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offshore Japanese forearc with 1:3 vertical exaggeration. Black dots indicate aftershocks that 434 

occurred in the first month following the TOE mainshock within a strip extending out to 50 km 435 

on either side of the A-A’ profile (see Figure 1a for location). The subduction interface (Hayes, 436 

2018) is represented by a dashed gray line, and the low-angle normal fault and the shallow 437 

Mw>5.5 faults by the red lines. The sense of slip is indicated by the green arrows. The dashed red 438 

curve indicates the inferred geometry of the deep extent of the low angle normal fault, which is 439 

unresolved in our model.  440 

 441 

4.3. Low-angle normal fault slip evolution and its triggering effect on the IFPB 442 

earthquake sequence 443 

We calculate the Coulomb failure function (CFF) change imparted by the TOE on the low-angle 444 

normal fault according to: Δ𝜏 − 𝜇(Δ𝜎𝑛 − Δ𝑃), where  is the shear stress change,  is the 445 

friction coefficient,  is the normal stress change (positive in compression) and  is the 446 

change in pore pressure. For computing the stress changes, we used Okada's dislocation 447 

equations (Okada, 1992) and the TOE slip distribution of Wei et al., (2012). Figure 8 presents the 448 

stress changes imposed by the TOE on the low-angle normal fault. The stress changes resolved 449 

on the low-angle normal fault vary between 0.4 and 1.2 MPa, thereby encouraging normal slip. 450 

The shallow stress change level increases toward the north, in a trend similar to the along-strike 451 

slip distribution at this depth range (Figure 6), such that the peak shallow slip and peak stress 452 

change are almost collocated. 453 

Next, we examine the contributions of the TOE co-seismic slip and the low-angle normal fault 454 

slip to the stress field in the IFPB region. The results are presented in Figure 8, which shows the 455 

TOE- and low-angle normal fault induced extension in the IFPB area and the seismologically-456 

derived principal horizontal tension directions (T-axis). The TOE peak extension is found to be 457 

an order of magnitude smaller than the low-angle normal fault slip induced extension in the IFPB 458 

area. Thus, the latter source is much more important for unclamping the IFPB shallow normal 459 

faults. In addition, whereas the TOE induces extension uniformly throughout the IFPB, the low-460 

angle normal fault induced along-coast extension is localized near the IFPB faults, and especially 461 

near the northern seismicity cluster (blue ellipse in Figure 6) and two of the largest earthquakes 462 

in that sequence (the March 23, 2011 Mw5.6 and the April 11, 2011 Mw6.7 Iwaki earthquake; see 463 

Figure 8). We also find that the direction of maximum extension rotates by approximately 40
o
, 464 

from 69° east of north in the southernmost section of the IFPB to 111° east of north in the 465 

northern section of the IFPB. The sense and amplitude of rotation of the modeled maximum 466 

extensions are similar to the ones inferred from the F-net moment tensor solution catalogue 467 

compiled by the National Research Institute for Earth Science and Disaster Prevention (NIED), 468 

and shown by the thin black arrows in Figure 8. On average, the moment tensors of the southern 469 

and northern IFPB seismicity clusters are associated with maximum extension oriented 76
o
 and 470 

111
o
 east of north, respectively, within less than 20

 o
 of the observed strains in these two areas.  471 

The agreement between the geodetically-derived principal strains and seismically-derived 472 

tension axes indicate the aseismic and seismic deformations are likely the result of a common 473 

source, which is identified here with slip along the low-angle normal fault. 474 
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 475 

Figure 7. The distribution of Mw>2 earthquakes in northeast Japan between March 11
th

, 2011 and 476 

April 11
th

, 2011. Earthquakes were divided to three groups according to their location. Blue dots 477 

indicate primarily on-shore shallow seismicity associated with the IFPB sequence, red dots 478 

indicate off-shore events associated with the megathrust, and black dots indicate off-shore off-479 

megathrust earthquakes occurring at depths larger than 20 km. The subduction geometry is from 480 

Hayes (2018).  (a) Map view of the northeast Japan seismicity. Black lines indicate the location 481 
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of the trench-perpendicular profile presented in panels b-f. (b-f) Trench-perpendicular profiles 482 

corresponding to the locations in panel a. (g) Cumulative seismic moment of the off-shore off-483 

megathrust seismicity (black dots in panels a-f). Gray dashed lines indicate the location of the 484 

profiles shown in panel (a) and red line indicates the location of the suggested low angle normal 485 

fault. 486 

 487 

Figure 8. The stressing regime in the IFPB area following the TOE. The rectangle represents the 488 

low-angle normal fault and is colored according to the amplitude of the static CFF stress changes 489 

due to the TOE co-seismic slip (color scale at the right). The black contours and the thick black 490 

arrows indicate the magnitude and direction of the maximum extension induced by the TOE co-491 

seismic slip at 5 km depth. The colors indicate the amplitude (color scale at the top) and thin blue 492 

lines indicate the direction of the maximum extension induced by slip along the low-angle 493 

normal fault. The thin black lines with arrows on both ends indicate the mean direction of 494 

maximum tension inferred from focal mechanisms in the F-net moment tensor solution catalogue 495 

compiled by the National Research Institute for Earth Science and Disaster Prevention (NIED), 496 

and the ellipses indicate the 95% confidence interval. Yellow stars show the location of Mw>5.5 497 

earthquakes. 498 

 499 
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 500 

Figure 9. Snapshots of the low-angle normal fault slip distribution between March 12 to April 501 

10, 2011. The intervals and equivalent moment magnitudes are indicated at the upper-right 502 

corner of each panel. Blue, red, and yellow stars are for the March 23
rd

 Mw5.6, the March 19
th

 503 

Mw5.7, and the April 11
th

 Mw6.7 Iwaki earthquakes, respectively. Green lines indicate the faults 504 

ruptured during the Mw6.7 Iwaki earthquake.  Black dots indicate the location of seismicity that 505 

occurred during each time interval. (a) March 12
th

 to March 18
th

. (b) March 19
th

 to March 24
th

. 506 

(c) March 25 to April 10. 507 

 508 

To further investigate the low-angle normal fault slip and stress field evolution in time and space, 509 

we inverted the slip distribution in three consecutive intervals as follows: March 12
th

 to March 510 

18
th

, March 19
th

 to March 23
rd

, and March 24
th

 to April 10
th

 (blue circles in Figure 5b and Figure 511 

9). We find that the slip transient migrated along the fault strike in a manner that correlates 512 

strongly with spatio-temporal evolution of the shallow seismicity in that area (Figure 5c inset). 513 

Prior to the March 19
th

 Mw5.7 earthquake, slip on the low-angle normal fault occurred mainly 514 

around its southern section, directly to the east of the Mw5.7 fault, thereby increasing the CFF on 515 

that fault by 1.3 MPa. Between March 19
th

 and March 23
rd

, slip migrated northward along-strike, 516 

where it was accommodated mostly along two fault patches located in the central and northern 517 

shallow part of the normal fault interface. Given the along-strike dimension, we estimate that the 518 

creep front propagated at a minimum average speed of 8-10 km/day, similar to the along-strike 519 

propagation speed of some slow slip events in Cascadia (Ghosh et al., 2010; Gomberg et al., 520 

2010; Bartlow et al., 2011) and southwest Japan (Obara, 2002). Propagation at a similar rate is 521 

inferred from the local seismicity data, as is manifested by a 3-day delay in the onset of seismic 522 

activity between the northern Ibaraki to southern Fukushima sections (Figure 5c). Slip between 523 

March 19
th

 and March 23
rd

 increased the CFF on the fault hosting the March 23
rd

 Mw5.6 southern 524 

Fukushima earthquake by about 10.3 MPa, thereby significantly promoting its failure. Between 525 

March 24 and April 10, slip occurred mainly along the central portion of the normal fault, 526 

directly to the east of the Mw6.7 Iwaki earthquake hypocenter, hence imparting unclamping 527 

stresses on the source region. We estimate that the fault, which broke during the Mw6.7 Iwaki 528 

earthquake, experienced about 7 MPa CFF change, 4.3 MPa due to slow normal fault slip 529 

between March 19
th

 to March 23
rd

, and an additional 2.9 MPa due to slow normal fault slip in the 530 

central section until April 10
th.

. 531 

 532 
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The total CFF imparted on the Iwaki earthquake faults by five deformation sources are compared 533 

in Figure 10. The deformation sources considered are: the TOE co-seismic (Wei et al., 2012) and 534 

post-seismic (Ozawa et al., 2011) slips, the Mw7.8 off Ibaraki-Oki subduction interface 535 

aftershock (Kubo et al., 2013), and the Mw5.7 and Mw5.6 shallow IFPB earthquakes (with slip as 536 

obtained from our inversion). This comparison indicates that the stress induced by the low-angle 537 

normal fault at the site of the Iwaki earthquake faults is by far the largest source of stress 538 

affecting those faults (Figure 8, 10). Furthermore, the 7 MPa total CFF imparted by the low-539 

angle normal fault is notably larger than the 1.7 MPa median stress drop reported in Oth (2013) 540 

for intraplate earthquakes in Japan. We therefore conclude that the stress changes imparted by 541 

aseismic slip on the low-angle normal fault can be considered as the main source of stresses 542 

driving shallow normal faulting activity in the IFPB region. 543 

 544 

Figure 10. The CFF static stress change on the Itozawa and Yunodake Mw6.7 Iwaki earthquake 545 

faults (see Figure 1b for location). See main text for further details. 546 

 547 

Shallow deformation rates in the IFPB area remained elevated long after the TOE, as was 548 

manifested by the occurrence of a Mw5.8 earthquake in the southern IFPB area on 2016, along 549 

the same fault associated with the March 19
th

, 2011, Mw5.7 earthquake. Fukushima et al. (2018) 550 

examined geodetic data, and proposed that significant post-seismic slip occurring after 2011 near 551 

the Mw5.7 source was responsible for shortening the recurrence interval between the Mw5.7 and 552 
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Mw5.8 southern IFPB earthquakes. Our inversion results are consistent with Fukushima et al. 553 

(2018)’s model, and suggest significant pre- and/or post-seismic slip on the southern IFPB 554 

Mw5.7 and Mw5.8 fault. Yet, slip along the low-angle fault plane seems to be important for 555 

explaining the geodetic dataset across the IFPB region. We found that removing the dislocation 556 

associated with the low angle normal fault from the model worsen the over-all fit to the data, 557 

resulting in a 30% decrease in the model’s explained variance (Figure S8). Locally, however, 558 

Fukushima et al. (2018) model provides better fit to the data. Presumably, Fukushima et al. 559 

(2018) fit to the southern IFPB geodetic data is better than ours because they only used data near 560 

the 2011 Mw5.7 and 2016 Mw5.8 fault, and because they assumed a more complicated fault 561 

geometry. It is also possible that a mechanism similar to the one proposed by Fukushima et al. 562 

(2018) operated in the northern IFPB area, with contribution from afterslip following the March 563 

23
rd

, 2011, Mw5.6 earthquake driving seismicity near the 2011 Mw5.6 source. Whereas some 564 

triggering around the Mw>5.5 faults may be ascribed to afterslip in vicinity of the rupture, that 565 

mechanism cannot explain the widespread distribution of post-TOE seismicity in the IFPB area, 566 

especially near the source of the Mw6.7 Iwaki earthquake, where evidence of afterslip is lacking. 567 

This conclusion is also supported by the observed temporal correlation between the low angle 568 

normal fault slip evolution and seismicity (Figure 7), and the correspondence between the 569 

geodetically-derived extension and seismologically-derived tension direction and sense of 570 

rotation (Figure 8). Other possible sources contributing to seismogenic behavior in the IFPB area 571 

may include the migration of lower-crustal fluids into the shallow crust, as indicated by the 572 

presence of low velocity zones beneath the study region (Kato et al., 2013; Umeda et al., 2015) 573 

and supported by geochemical evidence (Umeda et al., 2015). This process may be facilitated by 574 

permeability enhancement around the core of the low angle fault. 575 

 576 

 577 

5. Implications of trench-parallel normal faulting 578 

offshore IFPB 579 

 580 

The presence of a major deep-seated trench-parallel normal fault offshore IFPB implies a long-581 

term trench-normal extensional regime in that area. Yet, the standard back-slip approach 582 

(Savage, 1983), with slab geometry, convergence rate and locking depth as in Suwa et al., 583 

(2006), yields inter-seismic CFF (using a friction coefficient that is equal to 0.4) rates on the 584 

low-angle normal fault of -12 to -1 KPa/yr, where the minus sign indicates stresses acting to 585 

discourage normal slip. Not only does this model implies an unfavorable stress regime for 586 

normal faulting offshore IFPB, it sets a threshold for triggering normal slip - namely, that the 587 

CFF induced by the TOE on the low-angle normal fault may be large enough to offset the 588 

negative CFF inferred from the back-slip model. That triggering threshold may be calculated if 589 

the repeat time of the TOE is known. Given that the previous megathrust earthquake on the TOE 590 

segment occurred 400 or more years ago (Uchida and Bürgmann, 2021), this result indicates a 591 

CFF threshold of 2.5 MPa. Thus, to offset the inter-seismic stress deficit requires either a ~1 592 

MPa larger TOE stress change, or a larger pre-TOE CFF stress level on the low-angle normal 593 
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fault. As the stress change imparted on the low-angle normal fault by the TOE is quite well-594 

constrained, and only weakly sensitive to the details of the TOE near-trench slip distribution, we 595 

conclude that the pre-TOE stress acting on the low-angle normal fault must have been larger than 596 

the one predicted from the back-slip approach. It thus follows that the inter-seismic stress regime 597 

offshore IFPB is subject to additional stress inducing mechanisms, which operate to relieve the 598 

contraction imparted by the back-slip model. 599 

This inference is also supported by seismological analysis of the November 2016 Mw6.9 off- 600 

Fukushima overriding plate normal-faulting earthquake, which ruptured a segment whose 601 

geometry is similar to the deep-seated aseismic low-angle normal fault resolved in this study. 602 

The seismic segment is located approximately along the deep-seated low-angle normal fault 603 

strike and to the north, manifesting a rheological transition in the off-Fukushima intraplate 604 

environment. Kobuta et al. (2021) used the dense S-net ocean-bottom network to obtain a source 605 

model for the 2016 Mw6.9, and found the Mw6.9 stress drop was considerably larger than the 606 

static stress change imparted by the TOE on the Mw6.9 source area. Based on this observation, 607 

and on seismological analysis suggesting horizontal extension prevailed in the overriding plate 608 

following the TOE (Asano et al., 2011; Hasegawa et al., 2012; Yoshida et al., 2012), Kobuta et 609 

al. (2021) suggested the overriding plate was under horizontal extension also before the TOE.           610 

Extensional stress regime within the overriding plate may be the result of oceanward trench 611 

retreat, often referred to as trench rollback. This situation arises due to the negative buoyancy of 612 

the subducting plate relative to the surrounding mantle, when the vertical velocity of the 613 

downgoing slab exceeds the convergence rate (Garfunkel et al., 1986). Trench rollback is 614 

widespread along the western border of the Pacific plate (Sdrolias and Müller, 2006), and is 615 

believed to be responsible for the formation of some back-arc basins (Uyeda and Kanamori, 616 

1979). This mechanism is thought to induce both contraction and extension within the overriding 617 

plate (Sdrolias and Müller, 2006), depending on the location relative to the trench. The distance 618 

over which the contraction, which prevails near the trench, transform to extension, is a function 619 

of the coupling, convergence rate, slab dip and along-strike curvature. Geodynamic models 620 

suggest that the transition occurs within 150 to 400 km landward of the trench (Capitanio et al., 621 

2010), well within the range of the IFPB from the Japan trench. Indeed, previous studies suggest 622 

that the regional east-west contraction of northeast Japan induced by the subduction of the 623 

Pacific plate is non-uniform (Sagiya, 1999; Suwa et al., 2006; Loveless and Meade, 2010; 624 

Uchida and Matsuzawa, 2011). Focal mechanism solutions from the Ibaraki and Kanto coastline 625 

areas suggest that these areas underwent extension before the TOE (Imanishi et al., 2012; 626 

Yoshida et al., 2015; Hashima et al., 2020). This inference is also supported by paleoseismic 627 

data, indicating up to several meters of slip on the Iwaki earthquake faults during moderate-to-628 

large normal-type earthquakes (Kobayashi et al., 2012; Toda and Tsutsumi, 2013; Miyashita, 629 

2018). In summary, we conclude that the presence of a deep-seated trench-parallel normal fault 630 

offshore IFPB is consistent with recent geodynamic models of trench-rollback, with the inter-631 

seismic focal mechanism analysis, and the shallow normal faulting in the adjacent coastline. 632 

 633 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

 

6. Summary and conclusions 634 

The post-TOE earthquake sequence in the IFPB cannot be attributed solely to the stress 635 

modifications imparted by the co- and post-seismic slips of the TOE. To uncover the cause for 636 

this unusual seismic activity, we analyzed data recorded by a dense GNSS network. We showed 637 

that the post-TOE displacement field in eastern Japan is dominated by a large-scale eastward 638 

motion that decays with time and distance from the TOE. Focusing on the local deformation field 639 

within IFPB, we transformed the displacement field into strain field. The effect of this 640 

transformation is to remove the regional deformation due to the TOE postseismic relaxation 641 

process. The strain field is then used for the calculation of the geodetic moment within the IFPB 642 

crust volume, which indicates that the aseismic moment released in the IFPB area during the first 643 

month following the TOE was ten times larger than the seismic moment.  644 

We suggest that the aseismic component of the deformation field was the result of a month-long 645 

slip transient on a deep-seated seaward dipping low-angle normal fault. The transient imparted a 646 

several-MPa static stress change on the Itozawa and Yunodake faults, ultimately leading to their 647 

failure, which resulted in the damaging Mw6.7 Iwaki earthquake. The inversion also indicates 648 

that slip migrated along the low-angle normal fault strike at a rate of 8 km/day, similar to the rate 649 

inferred from the local seismicity data. This correlation is manifested by a 3-day delay in the 650 

onset of seismic activity between the northern Ibaraki to southern Fukushima sections. Thus, 651 

aseismic and IFPB seismicity exhibit space-time correlations, highlighting the important role of 652 

stresses induced by low-angle normal fault slip in triggering that earthquake sequence.   653 

The presence of such a major trench-parallel extensional structure offshore IFPB implies a long-654 

term trench-normal extensional regime in that area. This extensional stress regime may be the 655 

result of a trench rollback. In summary, our spatio-temporal strain analysis and fault slip 656 

modeling strongly suggest that the TOE triggered a month-long aseismic slip transient on the 657 

low-angle normal fault, and that stresses induced by that slip transient encouraged normal 658 

faulting within IFPB. This mechanism explains the unusual post-TOE normal faulting sequence 659 

observed in that area. 660 

 661 

Open Research 662 

The daily GNSS solutions can be obtained from the Nevada Geodetic Laboratory (Blewitt et al., 663 

2018; refer to Table S1 for station IDs). For sub-daily GNSS solutions, the data from the GNSS 664 

kinematic position solutions in Japan is used (Periollat et al., 2022). The hypocentral catalog 665 

used in this study is provided by the Japan Meteorological Agency (Japan Meteorological 666 

Agency, 2024), and the moment tensor catalog is sourced from the National Research Institute 667 

for Earth Science and Disaster Resilience CMT solutions (NIED, 2024).The geometry of the 668 

Japanese subduction interface is based on the United States Geological Survey Uncertainty 669 

estimation for strain data (Hayes, 2018). 670 
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