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Abstract

Megathrust systems hold important clues for our understanding of long-
and short-term plate boundary dynamics, and the 2011 M9 Tohoku-oki
earthquake provides a data-rich case in point. Here, we show that the F-net
moment tensor catalog indicates systematic changes in crustal stress in the
years leading up to the M9, due to the co-seismic effect, and for the last
few years due to viscous relaxation. We explore the match between imaged
stress change and the perturbations that are expected from 3-D, mechanical
models of the visco-elastic relaxation and afterslip effects of the M9. While
these models were constructed based on geodetic and structural seismol-
ogy constraints alone, they match many characteristics of the seismicity-
inferred stress change. This provides additional confidence in the modeling
approach, and new clues for our understanding of plate boundary dynam-
ics for the Japan trench. The success of deterministic approaches for explor-
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ing crustal stress change also implies that joint inversions using stress from
focal mechanisms and geodetic constraints may be feasible. Such future
efforts should provide key insights into time-dependent seismic hazard in-
cluding earthquake triggering scenarios.

Keywords: crustal stress; megathrust; earthquake cycle; Tohoku-oki M9;
visco-elastic relaxation

1. Introduction

Understanding the hazard posed by megathrust fault systems in sub-
duction zones requires a comprehensive understanding of the degree to
which the deformation of the crust and mantle can be modeled mechan-
ically with deterministic models, and how much of that deformation is
mapped into seismic strain release and hence fault interactions. The megath-
rust deformation cycle can be conceptually divided into long-term tectonic
loading, co-seismic rupture, a short (few years) period of afterslip close
to the fault zone, and longer term (decades) viscous relaxation within the
lower crust or mantle asthenosphere (e.g. Wang et al., 2012). However, a
range of intermediate time-scale phenomena that are not captured by a
simple stick-slip megathrust cycle have been discovered more recently, in-
cluding slow slip events and non-volcanic tremor (e.g. Peng and Gomberg,
2010; Obara and Kato, 2016).

Studying the perturbations that are induced by major subduction zone
earthquakes presents an opportunity to refine our understanding of the
multi-faceted plate boundary system. The major, destructive March 11,
2011 Tohoku-oki M9 event in Japan is a recent example (e.g. Simons et al.,
2011). Analysis of geodetic time-series for GPS stations indicate that this
earthquake was preceded by a remarkable modification of the effective
plate boundary deformation starting ~ 9 years before the event (Suito et al.,
2011; Ozawa et al., 2012; Mavrommatis et al., 2014; Yokota and Koketsu,
2015; Johnson et al., 2016; Loveless and Meade, 2016; linuma, 2018). This
pre-M9 modification of the plate boundary system can alternatively be in-
terpreted as an exceptionally long slow-slip event or perhaps a preparatory
process related to the M9.

Given the large spatial extent of the fault plane and magnitude of co-
seismic slip (Figure 1), the post-seismic response is expected to occur on a
length scale comparable to the upper mantle, and the good spatial cover-
age of geodetic constraints both on and offshore has already motivated a



number of afterslip (e.g. Perfettini and Avouac, 2014) and visco-elastic re-
laxation or combined studies (e.g. Sun et al., 2014; Hu et al., 2016; Freed
etal., 2017).

Here, we focus on the stress and strain-rate field for Japan as inferred
from crustal earthquake moment tensors and how it has changed in the
~decade before and after the 2011 M9 earthquake. Major earthquakes are
known to affect the seismically imaged stress field around them in ways
that are accessible to continuum mechanics modeling (e.g. Hardebeck and
Okada, 2018). In particular, rotations of inferred major compressive stress
axes have been documented for the co-seismic effect near the fault zone of
the Tohoku-oki event (Hasegawa et al., 2011; Hardebeck, 2012), and have
been used in joint stress inversions (Yang et al., 2013). These studies sug-
gested near-complete shear stress drop along the fault due to the M9, indi-
cating ~ 10 MPa pre-earthquake deviatoric stress levels close to the fault
interface (Hasegawa et al., 2012; Hardebeck, 2012), and closer to ~ 50 MPa
in the upper crust (Yang et al., 2013).

Yoshida et al. (2012) studied the change in seismicity in the northern
Honshu area before and right after the M9 and compared results with esti-
mates from coseismic stress modeling. From changes in seismicity-inferred
deviatoric stress patterns, the authors inferred that pre-M9 stress levels
were regionally variable, and a triggering scenario of co-seismic stress change
implied shear stress levels lower than ~ 1 MPa regionally before the earth-
quake. This is a low value, but of the same order of magnitude as estimates
from strike-slip faults which suggest background stresses of ~ 65% the co-
seismic stress drop (Hardebeck and Hauksson, 2001).

Here, we focus on the temporal evolution of crustal stress in a larger re-
gion around the megathrust and compare inferred temporal change before
and after the co-seismic effect with that predicted from our earlier visco-
elastic relaxation model (Freed et al., 2017). This provides an independent
test of the mechanical relaxation model, and puts the local, co-seismic stress
change into a more comprehensive context.

2. Methods

2.1. Catalog analysis

We base our crustal stress analysis on the National Research Institute
for Earth Science and Disaster Resilience (NIED) F-net moment tensor cat-
alog (Okada et al., 2004). The catalog is complete with Gutenberg-Richter,
frequency-magnitude distribution b value of ~ 0.98 down to M,, ~ 4 for



gev
ov'
| gvv
N
oM

S—Cm, ; cm/yr

] lu/

Pacific plate

Figure 1: Seismotectonics of Japan. Moment tensors are gCMT solutions with M,, > 6.5 and
centroid depth < 50 km (catalog 1976 —01/2018; Ekstrom et al., 2012), scaled by magnitude,
and colored by the normalized horizontal strain, €, (eq. 1), with blue and red indicating
extensional and compressional strain, respectively. Contours are inferred top of intraslab
seismicity from Gudmundsson and Sambridge (1998) and colored by depth, for zgeig >
50 km. The M., = 9.1 Tohoku-oki 2011 event and selected geographic features are labeled,
ISTL: Itoigawa-Shizuoka Tectonic Line. Heavy cyan line close to the Japan trench shows
the > 5 m co-seismic slip area of the M9 from Hashima et al. (2016) for reference. Plate
motions (orange vectors) are from Argus et al. (2011), with respect to the Amur plate, and
plate boundaries (heavy blue lines) for the Pacific and Philippine Sea plate from Bird (2003).
Light blue triangles show Holocene volcanoes from the compilation of Siebert and Simkin
(2002-).



our region of interest (Figure 2), but we allow for events M, > 3 for in-
creased coverage while maintaining relatively robust moment tensor solu-
tions. Our basic data consist of this catalog from 1997 through 10/2017,
from which we use centroid depths and moment tensor inferred magni-
tudes. (The Tohoku-oki 2011 event is here referred to as the “M9”, but it
is My, ~ 9.1 in the gCMT (Ekstrém et al., 2012) and M,, ~ 8.7 in the F-net
catalogs, respectively.)

We seek to primarily analyze the depth-integrated response of the crust
and treat all earthquakes as being representative of a single layer, which
we define as consisting of all events shallower than 36 km depth. This
value is intended to capture the entire crust on the overriding plate on land,
but will extend into the mantle and slightly into the subducting plate in
oceanic domains. Using the original F-net centroid depths, the distribution
of catalog events in our study region peaks at ~ 15 km between 0 and 36 km
depth, with median depths between ~ 10 and 15 km on land, and ~ 15 to
25 km in oceanic domains (Figure 2).

Fairly good depth resolution is possible within the trench regions (e.g.
Hasegawa et al., 2011; Hardebeck, 2012). However, centroid depths are
relatively uncertain in general, and inferred depths from the F-net catalog
may at least regionally have some bias, e.g. due to 3-D velocity structure
(e.g. Nakamura et al., 2016; Takemura et al., 2016). We therefore assume
that a layer average provides meaningful information in lieu of more de-
tailed depth analysis, comment on some depth-dependence below, and fur-
thermore assume that any mislocation bias in the catalog will be temporally
stationary.

Individual focal mechanisms provide direct information on the strain
released in the co-seismic deformation (Kostrov, 1974), but the interpreta-
tion in terms of their relationship to the stresses driving the faulting de-
pends on assumptions about frictional behavior and/or mechanical aniso-
tropy (e.g. McKenzie, 1969; Twiss and Unruh, 1998; Hardebeck, 2006). We
therefore consider two ways of inferring the normalized stress state, with
no amplitude information included in either:

1. We infer “stress” by means of a normalized Kostrov (1974) summa-
tion which assumes that the average strain(-rate) tensor from binning
of normalized moment tensors (per arbitrary unit time), irrespective
of their scalar moment, is aligned with the stress tensor isotropically
(e.g. Platt et al., 2008; Bailey et al., 2009).

2. We use a Michael (1984) inversion for the stress state that best fits the
assumption that slip of all events considered was in the direction of
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Figure 2: Shallow F-net moment tensors (Okada et al., 2004) for the study region through
te = 2007 with M,, > 3 and centroid depth z < 36 km (colored) as used for the long-
term stress estimate of Figure 3. Dashed blue line shows the offshore continuation of
the Itoigawa-Shizuoka Tectonic Line (Figure 1) used for subsetting seismicity. Inset fig-
ure shows a binned frequency-magnitude distribution of the selected events with red line
denoting the estimated b-value (slope) of 0.98.



maximum shear stress in a given fault plane. For this approach we
use the two fault planes of the best-fitting double couple component
of the moment tensors, applying a Monte Carlo method to randomly
sample 5,000 different possible fault plane combinations without any
tectonic prior information (Michael, 1987) to estimate the mean tensor
and uncertainties.

Becker et al. (2005) showed that Kostrov summations predict very similar
principal axes alignment compared to a spatially-smoothed stress inver-
sion (Hardebeck and Michael, 2006) for southern California. While we will
focus on the Michael (1984) type stress inversions, we consider it instruc-
tive to also compare with the simpler Kostrov summations here. Overall
results are consistent, but temporal trends appear more stable in Kostrov
summations, as discussed below.

We use binning of the F-net moment tensors on a regular grid in longi-
tude and latitude at spacing Az = 1° by default to map out the stress fields,
requiring a minimum of three events per bin. This low cut-off in terms of
numbers will make stress inferences somewhat noisy, but we found that the
patterns detected are consistent and mainly smoothly varying from neigh-
boring bins when compared with larger event number binning. For an es-
timate of the “stationary” pre-M9 stress, we consider all catalog events up
to some end time, ¢, = 2007 by default.

Given the spatio-temporally clustered nature of seismicity, each spatial
bin’s inversion or summation result might be dominated by large earth-
quake aftershock series, for example. For the long-term stress estimates,
we therefore weigh each earthquake within a sliding, two-month window
by the inverse of the total number of events in that window before inverting
to achieve a better approximation of the stationary background stress. For
time-variable stress, we use a sliding window weighing all events equally
within each bin before the nominal time of consideration for better tem-
poral resolution, with temporal bin width of At = 3 yrs by default. Any
time-dependent quantity analyzed here refers to the end time of the At in-
terval. We explore variations in At and Az below.

2.1.1. Analysis of stress and strain tensors

There are a range of ways of examining stress tensors, o, but we find it
helpful to plot moment tensor symbols and indicate their stress types with
color by their mean, horizontal stress component
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where E and N are East and North directions, respectively. Negative and
positive values indicate horizontal compression and tension, respectively,
with shear in between. We also show major, compressive axes for the hor-
izontal stress components, o3, and the square root of the second tensor in-
variant,
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as an indication of shear stress, with U for the up direction.
Seismicity derived tensors here do not contain magnitude information
and are normalized such that

o =1,
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i

and i,j = {E, N,U}. If we denote normalized tensors as

with tensor norm
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)
o]
then typically o = &, and for normalized stress tensors, o,, € [—-0.5;0.5].
(Moment tensor, M, components relate to scalar moment M, = % |M|.)
We quantify the difference of inferred stress at each time, o(t), com-
pared to the long term stress, 0%, in two ways. We compute the stress
anomaly,
Ao (t) = o(t) — o,

or, based on normalized tensors for our analysis,
Ac(t) =6&(t) — 6. (4)

We then plot Ao as log-scale moment tensors, to illustrate all stress anomaly
tensor components, and we also show Ao, based on the EE and NN com-
ponents of Ac in analogy to eq. (1).

We also show an interpolated field representation where the similarity
between current stress and long-term is further reduced to a single, orien-



tational difference metric, the normalized tensor dot product

bg
bg E ..
-0 i,j JZJJij

= = =6(t) 6%, 5
ollo®] ~ Jollots] 1@ ©)

Values of similarity of # = 1 and —1 then correspond to perfect alignment
and complete stress-state reversal, respectively. We also evaluate the spatial
mean of 0, (f), and the standard deviation from the mean. Stress in egs. (1)-
() is replaced by the strain or strain-rate tensor, €, for Kostrov summations.

2.2. Mechanical model

To compare the seismicity-based stress estimates with predictions from
a physical model, we use the afterslip and visco-elastic relaxation contri-
butions (from co- to post-seismic) estimated from two visco-elastic, 3-D fi-
nite element (FE) models. Hashima et al. (2016) explored co-seismic slip
inversions for Tohoku-oki and computed elastic Green’s functions in the
presence of heterogeneity. The resulting slip distribution and the Green'’s
functions for the effect of slip on the plate boundary interface were also
used to infer the afterslip component for Freed et al. (2017). Freed et al.
fit the cumulative post-seismic geodetic displacements three years after the
M9 event using a superposition of static afterslip and a time-dependent
component due to visco-elastic relaxation.

The two FE models are near-identical in their structure, but we noticed
that the elastic shear moduli used in these models require the visco-elastic
contribution’s moduli to be scaled up by a factor of 1.5 for stress consis-
tency, partly due to small geometric differences. This correction does not
affect any homogeneous medium slip inversions (since geodetic displace-
ments, rather than stress-based quantities were used as data), and even in
the presence of strong heterogeneity, inversion results for slip should be af-
fected by < 10% (Hashima et al., 2016). The visco-elastic model of Freed
et al. (2017) was thus recomputed with both shear modulus and viscosities
scaled up by 1.5 to have the same Maxwell decay time as in the original
model.

Besides the rescaling of the visco-elastic contribution, we also modify
the details of the afterslip contribution from that used in Freed et al. (2017)
since it had no explicit time-dependence. Moreover, we noticed an artifact
due to poorly constrained and likely unrealistic afterslip on the Izu-Bonin
trench segment. Our new inversion for afterslip suppresses this slip con-
tribution but leads to near identical geodetic displacements. We use this
cleaned up version of the afterslip stress contribution.



For the time-dependence, afterslip-related stresses are here assumed to
approach their full amplitude from Freed et al. by means of an asymptotic
relaxation function

at) =1 — exp(=t/tp), (6)

where the relaxation time, ¢,, is chosen as 3 yrs, for simplicity. The ¢, value
had not been constrained geodetically and is, in a first step, only meant
to explore some time-dependence during the time-period of consideration.
Other choices for t, and an alternative, logarithmic form for a(t) are ex-
plored in Supplementary Figure 1. These choices play a minor role since
afterslip only affects a limited region of the overall crustal stress field, as
shown below.

We will refer to this modified mechanical model set as the modified
model based on Freed et al. (2017) subsequently, noting that it is fully con-
sistent with the geodetic inversion and conclusions of the original work.

3. Results and discussion

Figure 1 reviews some general seismo-tectonic indicators for the wider
study region for context. Subduction of the Pacific and Philippine Sea
plate occurs underneath NE Japan encompassing northern Honshu and
Hokkaido and the Japan and Kuril trenches. Based on large events in the
gCMT catalog (Ekstrom et al., 2012) (Figure 1) this setting displays the clas-
sic pattern of outer rise extension and transition into thrust faulting, as one
moves from the oceanic plate across the trench to the overriding plate. This
deformation pattern transitions to right-lateral shear deformation on land
toward the SW along Shikoku and Kyushu (e.g. Seno, 1999; Terekawa and
Matsu'ura, 2010; Loveless and Meade, 2010). While the central part of the
Nankai trough has seen large earthquakes historically, it appears relatively
devoid of thrust events over the past few decades (Figure 1).

3.1. Long-term, reference stress-state of the crust pre M9

Figure 3 shows a zoom-in of more detailed, long-term crustal stress in-
ference based on a Az = 1° binning of normalized moment tensors from
all F-net events with M > 3 up to 2007 (Figure 2) for a Kostrov summation
(a) and when using the same events to infer stress using a Michael (1984)
inversion (b), each weighted by the inverse of event number within two
month bins over time. As seen for the large events of Figure 1, most of NE
Japan is inferred to have been under horizontal compression before the M9.
Relative, long-term rigid plate convergence provides a good first guess for
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Figure 3: Long-term, pre-M9 crustal stress from F-net moment tensors (Okada et al., 2004)
(depths z < 36 km, Figure 2), binned on a Az = 1° grid, up to 2007. We use all spatial bins
with at least three events and weigh each event inversely to the number of events per two
month temporal bin. a) shows a normalized Kostrov (1974) summation, b) a Michael (1984)
stress tensor inversion. Moment tensors are colored with the mean horizontal strain/stress,
em and o, respectively. Symbol sizes scale with 1 + log(N) with N > 1 the event number
per bin (a) and inversely with the square root of the norm of the uncertainties of the stress
tensor inferred from a Monte-Carlo estimate swapping likely fault planes (b, cf. Michael,
1987). Black sticks denote the orientation of the major compressive strain/stress axis, &3,
of the horizontal components. Gray arrows are MORVEL (Argus et al., 2011) plate motions
with respect to the Amur plate. Gray sticks on land are major compressive strain-rate ori-
entations inferred from computing gradients of 1° averaged geodetic velocities. Velocities
were computed by linear fits of GEONET GPS daily solutions up to 2007. Magenta contour
outlines the > 5 m co-seismic slip area for Tokoku-oki M9 from Hashima et al. (2016) for
reference.
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the orientation of the major compressive axis of the horizontal components
that is inferred here (e.g. Terekawa and Matsu’ura, 2010).

Convergent zones such as large parts of Japan are clearly not rigid plates
on the scales of Figure 1, however, but show significant crustal deformation
over hundreds of kilometers away from the trench. On land, we can thus
further compare the crustal stress state with geodetically inferred strain-
rates, whose style is shown in Figure 3 based on Geospatial Information
Authority (GSI) GEONET (Sagiya, 2004) time-series up to 2007. Orienta-
tions of inferred &3 on land are overall comparable to the geodetic strain-
rate 53 (e.g. Sagiya, 2004; Townend and Zoback, 2006; Terekawa and Matsu’ura,
2010; Loveless and Meade, 2010), with some regional exceptions such as on
Hokkaido and Kyushu (Savage et al., 2016).

An overall match between stress from seismicity and strain-rates from
geodesy is often found in tectonically active regions with distributed de-
formation. However, it is expected to be perturbed temporally by both
regional earthquakes (e.g. Becker et al., 2005) and the megathrust earth-
quake cycle in subduction zones (e.g. Wang, 2000), including aforemen-
tioned variations in the loading at the plate boundary (e.g. Loveless and
Meade, 2016), for example.

From comparing the normalized Kostrov summations and stress inver-
sions (Figures 3a and b), we can see that the orientations of the major hori-
zontal compressive axes of strain and stress tensors are overall aligned very
well, as expected. This implies that the effects of mechanical anisotropy are
generally minor on the averaging scales of analysis. The mean horizontal
normal components (moment tensor coloring in Figure 3) are more vari-
able between the analysis methods, however. This likely reflects the differ-
ent assumptions inherent in the binning of normalized moment tensors vs.
resolving stress on a set of heterogeneous fault planes from a double cou-
ple approximation. In limited regions, the stress field as visualized by the
moment tensor symbols in Figure 3b indicates a large non-double couple
component (e.g. uniaxial compression or (ex)tension “doughnut” girdles
close to the Japan trench at ~ 38.5°N). This does, of course, not mean that
deformation is locally necessarily accommodated in this style, but rather
that a superposition of different shear type of faulting overall amounts to
such a stress state when averaged over large spatial scales (cf. Bailey et al.,
2010).

Considering the distribution of event numbers, N (Figure 3a) or un-
certainties inferred from randomly choosing the active fault plane from
a double-couple pair (Figure 3b), patterns for these two measures of ro-
bustness for strain/stress estimates are overall consistent with stress un-

12
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Figure 4: Time evolution of crustal background stress anomaly before the M9 Tohoku-oki
earthquake on March 11, 2011. Inference is based on a At = 3 yr, sliding time-window
Michael (1984) stress inversion on a Az = 1° grid. Moment tensor symbols indicate the
stress tensor difference, Ao (eg. 4), from long-term (Figure 3b), with the horizontal nor-
mal stress anomaly component, Ao, colored, using a log-scaling for the size of moment
tensors. Labels indicate the end-time of each window relative to the occurrence of the M9,
with ¢t = 0.0 yr (c) just before the earthquake. Background shows the normalized tensor dot
product, 0 of eq. (5), for the similarity between time-local stress inference and the long-term
stress (unity indicating perfect alignment). Cyan contour is the inferred > 5 m co-seismic
slip region of the M9 from Hashima et al. (2016) for reference, and magenta box denotes the

site selected for analysis in Figure 6. See Figures 7a-c for temporal perturbation due to and
after the M9.

certainty scaling roughly with the inverse of log?(N). There are some dif-
ferences in estimates of robustness in regions where large event numbers
mask redundancy of information about the stress state. Coverage is poor
in northernmost Honshu and Hokkaido, adequate in central Honshu, and
best in regions of clustered seismicity such as around the future M9 fault
area.

3.2. Time-dependent crustal stress

Figure 4 shows three snapshots of the inferred differences between the
time-dependent stress state and the long-term, pre-M9 state of Figure 3,
evaluated at 5 and 2 years before the 2011 M9, as well as just before, re-
spectively. The maps of Figure 4 are based on using a sliding, At = 3 yr
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window of catalog seismicity for the stress binning, implying much lower
numbers of events in each bin compared to the long-term estimate. Earth-
quakes whose deformation patterns do not match the long-term estimate
of Figure 3 perturb the regional stress field slightly at all times, reflect-
ing the spatio-temporally clustered nature of seismicity. This leads to large
variability and complicates establishing meaningful trends somewhat. The
standard deviation of tensor similarity, 6 of eq. (5), is ~ 0.2 for the maps
shown in Figure 4 (cf. Figure 5). However, the fluctuations of the stress-
state in terms of the mean, horizontal stress anomaly component is modest,
with Ao, < 0.15 typically.

Besides these fluctuations in pre-M9 stress whose tectonic or volcanic
significance is unclear, there also appears to be a subtle trend of decreasing
similarity to the long-term stress state around the future Tohoku-oki fault
plane, indicated by a region where 6 is decreased to ~ 0.75 throughout
much of NE Japan (Figure 4c), relative to stress inferred up to 2007. Here,
we define NE Japan as the Amur plate region East of the Itoigawa-Shizuoka
Tectonic Line and its offshore extension (Figure 2) and Northern Honshu as
the on-land subset of that region South of 41°N.

To explore this subtle change in stress state further in a more statisti-
cal way, Figure 5 shows the spatially averaged tensor dot product, (¢), of
sliding time window estimates of stress compared to long-term, as in Fig-
ure 4, for £7 yrs around the M9 based on stress inversions and moment
tensor summation at Az = 1° and At = 3 yr. The progressive deviation of
the match to long-term stress before the M9 close the eventual fault plane
is seen in a near-monotonous decrease of (f) for NE Japan by ~ 0.1 (Fig-
ures 5b and e).

Clear trends of type of change in stress state (e.g. horizontal tension to
compression) before the M9 are hard to reliably detect in much of the study
region. However, a bin on top of the future M9 fault slip area shows a
subtle, but systematic increase in Aoy, i.e. a trend toward larger degrees
of tension (magenta box in Figure 4). Figure 6 tracks the total, normalized
stress state for this location over time, and explores a range of At values
for which the deviation from long-term compression is seen to consistently
commence around 2007. A similar change of stress before the M9 is seen to
the SW of this particular bin (Figure 4).

Such a pre-M9 stress field modification might relate to the change in
geodetically inferred deformation state of the overriding plate close to the
M9 as analyzed by Ozawa et al. (2012) and Mavrommatis et al. (2014), and
recently explored in terms of temporal evolution of coupling by linuma
(2018). Another contribution to the stress field change as seen in Figure 6

14
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Figure 5: Spatially-averaged, normalized tensor dot product ((#), eq. (5), solid lines) and
fractional area fill (dashed lines) compared to long-term for a Az = 1°, At = 3 yr sliding
window for the whole region as in Figure 4 (a and d), when limited to the NE Japan region
(b and e, defined as N of the ISTL and its offshore extension, Figure 2), and when further
spatially limited to regions on land and south of 41°N (c and f, “Northern Honshu”, cf.
Figure 1). End of long-term summation values, t., of 2005 and 2007 are shown. Shaded
background range indicates £0.5 the spatial standard deviation of 6 from (6). Plots a)-
c) are for Michael (1984)-type stress inversions, and d)-f) for normalized Kostrov (1974)
summations. See Supplementary Figure 2 for other choices of spatial and temporal binning.
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Figure 6: Mean horizontal stress, 0., vs. time, ¢, for an example location on top of the M9
fault slip area (see magenta box in Figures 4 and 7) from Michael (1984) type inversion,
for At = [3,5] yrs (stress anomaly shown in Figures 4 and 7a-c is for At = 3 yr). Note
deviation from presumed long-term, pre M9 compressive state (lower dashed lines show
mean o, for ¢t < —4 yr, cf. Figure 3b) starting at ~ 2007 (cf. Figure 5b), large jump due to
the co-seismic effect of the M9 (cf. Yoshida et al., 2012; Hasegawa et al., 2012), indication of a
short term-transient further increase of o, over ~ 1 yr until a plateau is reached at ¢t ~ 1 yr
(upper dashed lines show mean o,, for 1 < ¢t < 3 yr), and ongoing reduction of tension and
possible eventual recovery of the compressive long-term state starting at ~ 2015.
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might be a series of large earthquakes between 2003 and 2011 whose contri-
butions to geodetically detected deformation was analyzed by Suito et al.
(2011) and Johnson et al. (2016). It remains to be determined if the asso-
ciated stress change of those events would be large enough to explain the
post 2007 stress field modification, and if these events should be considered
independent of any change in plate boundary coupling.

The biggest signal in the time-dependent stress change of Figures 5-7
is, as expected, due to the M9 itself. The Tohoku-oki earthquake is seen to
have changed the stress field from the long-term abruptly by a drop of (¢)
of A(f) ~ 0.1...0.2. This modification of the crustal stress was not just lim-
ited to regions close to the rupture, but is also seen regionally onshore in
Honshu, for example (Figures 5c and f, 7a and b), substantiating the analy-
sis of Yoshida et al. (2012) and Hasegawa et al. (2012). Temporal trends be-
tween stress inversions and Kostrov summations are generally consistent
(Figure 5), but somewhat less spiky and apparently more clearly related to
the M9 in the Kostrov summations. The standard deviation fluctuations for
similarity, 6, seen in map view for Figure 4 are represented by large fluctua-
tions around the mean, (¢), (shading in Figure 5). Those are reduced when
shrinking the region of averaging from the whole study domain, to the NE
Japan region, and further to northern Honshu (Figures 5a through c). This
indicates that (#) is a more meaningful metric on those smaller scales.

One of the complications of such a time-dependent stress field analy-
sis is that any crustal earthquakes that are not reflective of the long-term
stress as defined in Figure 3 and their aftershocks will offset the stress field
in ways that are possibly unrelated to the M9. Another problem arises be-
cause the coverage of the time-variable stress maps is variable to some ex-
tent, as shown in the dashed lines in Figure 5, compared to the long-term
area fill of Figure 3. There is some correlation of trends in (#) with the frac-
tional area coverage, particularly when considering the whole study area
(Figures 5a and d). However, the sign of this correlation is not always the
same (i.e. a decrease in (#) can be accommodated by both an increase or de-
crease of spatial coverage), and the more regionally focused analysis (Fig-
ures 5c and f) of (¢) appears mostly independent of time-variable spatial
coverage.

Keeping such complexities in mind, we can attempt to interpret the
inferred changes in stress-state beyond the co-seismic step-modification.
Considering NE Japan, we can see a long-term drop of the stress and strain
similarity compared to long-term starting around 2007 and continuing to
the M9 event (Figures 5b and e), as was discussed for Figure 4 and perhaps
best illustrated by Figure 6. When considering northern Honshu, the drop
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and potential intermediate recovery of 6 is less clear. The details of any
such trends will depend on choices of At and Az whose resulting spatio-
temporal volume govern the trade-off between robust, potentially over-
smoothed, and noisy, possibly under-constrained estimates. Any binning
or smoothing of stress inferences based on seismicity may also lead to a
sampling bias if the stress state is heterogeneous (e.g. Yang et al., 2013) and
different fault systems are activated by the M9 and its aftershock that were
not reflected in the pre-M9 stress. Supplementary Figure 2 shows the range
of At =1...7yrand Az = 0.5...2. We selected Az = 1° to avoid over
smoothing spatially (cf. Figure 4), and At = 3 yr because further exten-
sion of the temporal bins led to smoother, but generally consistent, trends
compared to Figure 5.

Besides choices on spatio-temporal binning, any comparison of time-
dependent stress with some “stable” reference will of course depend on
the definition of the stable time period, as is the case for GPS time-series.
Comparing t. cases for 2005 and 2007 for the whole study region (Figure 5a
and d), the end point of summation does indeed control the start time of de-
viation of (#) from ~ 0.8 to ~ 0.6 before the M9. However, focusing on NE
Japan and northern Honshu (Figure 5b, ¢, e, f), the (f) trends are consistent
for different choices of summation end times (the t. = 2009 case behaves
similarly, c¢f. Supplementary Figure 2). This implies that the finding of
stress-state modification on a system wide level due to M9 is robust. Close
to the fault zone, geodetically determined decadal transients (e.g. Ozawa
et al., 2012; Mavrommatis et al., 2014) therefore appear accommodated by
a likely related crustal stress-state transient before the M9.

Considering the time-dependence of inferred crustal stress after the M9,
we can see a sustained offset from the long-term stress (decrease in (6)),
particularly for NE Japan (Figures 5b and d), with a possible indication
of a reversal and recovery of the pre-M9 stress state around 2015 (partic-
ularly clear in Figure 5e and f). This might indicate loading of the crust
in a style consistent with co-seismic slip due to afterslip on short (~ one
year) timescales, and then perhaps dominance of visco-elastic relaxation
on longer timescales. This observation motivates our comparison of the
inferred stress state with model predictions from the modified mechanical
model of Freed et al. (2017), and is shown in map view in Figures 7a-c (in
continuation of Figure 4).

Comparing the stress anomalies, it is clear that Ao amplitudes are much
larger, and presumably significant, for the co- and post-seismic sequence
than the lead up to the M9 (see, e.g., Aoy, values). The region between
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northern Honshu and the Japan trench that were previously strongly com-
pressive in the horizontal stress component (Figure 3) are much more in
tension after the M9, and there is an ellipsoidal region around the M9 fault
plane within northern Honshu that indicates tension mixed with stress that
would lead to shear. The stress modification due to the M9 is, as expected
from our understanding of the megathrust cycle within a geodetic context
(e.g. Wang, 2000; Wang et al., 2012), large enough to not only produce ten-
sional normal stress change, Ao,,, in the horizontal as in Figure 7a-c, but
the total mean horizontal stress, o,,, jumps into tension as well (Figure 6).

Besides the flip in the sign of ¢, this M9-proximal location analyzed in
Figure 6 also nicely illustrates that the stress-state as inferred from seismic-
ity changed before the M9 starting at ~ 2007, and that there appears to be
an indication of possibly visco-elastic recovery of the long-term state com-
mencing at ~ 2014, as was discussed for Figure 5. While perhaps too subtle
a feature to conclusively interpret, Figure 6 also shows a ~ 1 yr transient
just after the M9, possibly related to afterslip. This behavior is overall ro-
bust with respect to the choices of At for the range that enhances temporal
smoothness (At > 3 yrs as in Figure 6), besides some dependence on At
because of edge effects of the M9 and time-series limitations.

Considering the spatial patterns of 0, the low (f ~ 0) anomalies that
indicate significant stress tensor reorientation within the crust start close
to the M9 fault plane for the co-seismic effect (Figure 7a), and then spread
onto northern Honshu NW five years after the M9 (Figure 7b). At the end of
our study period, the region with 6 ~ 0 is somewhat narrower (Figure 7c),
indicating slightly reduced # anomaly along the outer rise, and a shift of
reduction in 6 toward the south along the Izu-Bonin trench. There, the
region south of 31°N is affected from a presumably unrelated earthquake
before the M9 (Figure 4c), making it difficult to distinguish cause and effect.

3.3. Modeled stress change due to the M9 event

The significant changes in crustal stress as imaged by seismicity due to
both co- and post-seismic effects motivate us to compare the observations
discussed in the previous section to modeling results. Given the aforemen-
tioned problems with potential sampling bias of seismicity and complex-
ities in the interpretation of stress inversions, we do not expect that all of
the apparent stress state modification is due to mechanical loading changes
from the M9. Nonetheless, it is instructive to explore which aspects of the
inferences may be linked to deterministic modeling in lieu of more detailed
information on fault structures and the possible rheological heterogeneity
in the crust.
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Figures 7d-i show time-dependent stress from the visco-elastic plus af-
terslip approach of the modified Freed et al. (2017) model, evaluated for
the first seven years after the M9. These stresses would be perturbations
to the background stress and are expected to lead to a differential effect,
comparable to our stress anomaly inferences of Figures 7a-c if the crustal
background stress is of comparable amplitude, which we discuss further
below.

Tracking the expanding front of significant, M9 related shear stress, 777
of eq. (2), at shallow depths (5 km in Figures 7d-f), we can see how the
deeper viscous relaxation within the mantle leads to an elastic loading of
the shallow crust with perturbations of order ~ 1 MPa within Honshu. The
initially mainly tensional stress perturbation (o, 2 0.2) in the W and E of
the M9 rupture shows reduced o,, over time, and visco-elastic reloading
turns the modeled stress state into more of a strike-slip character (e.g. box
3 in Figures 7d-f).

There is also a spatial widening of the modeled shear stress, 77, pertur-
bation toward the south along the Izu-Bonin trench due to viscous stress
redistribution (e.g. box 1 and south of it). The afterslip contribution leads
mainly to perturbations offshore and close to the M9 fault plane (Figure 8).
Supplementary Figure 1 shows that different choices for the afterslip time-
scale t,, or a logarithmic form for the afterslip time-dependence, «(t), lead
to very similar results, with the most pronounced difference perhaps in the
inferred o, state toward the south of the M9 rupture.

Neither the visco-elastic nor afterslip time-dependence are meant to di-
rectly match the stress field inferences for our study. We are mainly con-
cerned with the overall process and defer a more detailed attempt to match
the stress field evolution to later visco-elastic modeling work which cap-
tures the GPS geodetic time-series fully, rather than considering cumulative
post-seismic displacements as was done by Freed et al. (2017).

Considering the modeled stress perturbations at larger depths (30 km
in Figures 7g-i) we see the opposite behavior compared to 5 km depth, as
expected from visco-elastic modeling of megathrust post-seismic deforma-
tion: the co-seismic stress is relaxed westward of the M9 rupture (within
the hanging wall), and the stress perturbation shifts seaward behind the
fault over time. Comparing the stress state, the deeper layers are predicted
to have less of a strike-slip type component than the shallow crust but the
general patterns, e.g. of major compressive axes, are similar except close to
the M9 fault plane.

When comparing the stress anomaly from seismicity with our model
results, the depth distribution of the F-net catalog (Figure 2) leads us to
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expect that the 36 km layer average of Figures 7a-c to be dominated by
shallower seismicity on land (e.g. boxes 2-4 in Figures 7d-f) and deeper
events offshore (e.g. box 1 and east of the slip area in Figures 7g-i). With
this possible bias in mind, we find that both observations and model show
the major signal of relative tension due to the M9 co-seismically close to the
fault plane, and subsequent reduction in tensional stress (Figure 6).

Additional similarities exist in the major compressive axis, 7’3, orienta-
tions (e.g. boxes 2-4). The region that is inferred to have been put under
relative tension appears somewhat more N-S oriented in the observations
compared to the model. South of the rupture zone, the shift of stress field
modification toward the Izu-Bonin trench (Figure 7¢) is likewise found in
both stress inversions and model results, with similar &3 orientations (e.g.
box 1). On land in northern Honshu, there is also a broad match between
inferred and predicted stress change &3 such as within box 2 of Figure 7,
and box 4 of Figures 7b and ¢, where the ellipsoidal trajectories of the model
stress perturbation appear reflected in a change of the style of seismicity.

We therefore suggest that both co- and post-seismic stress change as
predicted by the modified model of Freed et al. (2017) (and, by inference,
any similar model that is able to match the geodetic constraints) provides
a good first-order description of the change in crustal stress seen immedi-
ately due to and after the Tohoku-oki earthquake. This implies that joint
geodetic and stress inversions for deformation models may be meaningful
even in megathrust settings (cf. Becker et al., 2005). Of course, this is only
true if the perturbations due to the model actually modify crustal stress or
stressing-rates significantly. If we assume that Michael (1984) type focal
mechanism inversions do indeed image stress, rather than stressing-rate as
has sometimes been suggested (Twiss and Unruh, 1998; Smith and Heaton,
2011), this means that the background stress levels are comparable to the
far-field perturbations, which are only fractions of a MPa across parts of
Honshu (e.g. Figure 7f).

Figure 8 shows how the long-term stress would be affected in the whole
region and northern Honshu in terms of the mean tensor dot product, (¢),
for comparison with the actual variations of Figure 5. The postseismic
stress state is computed by adding the long-term stress state tensors, e.g. as
in Figure 3, scaled by absolute stress values to Freed et al.’s (2017) modified
model stress perturbations, e.g. as in Figure 7d-i, assuming linear superpo-
sition is applicable. We then process the stress state in the same way as for
the seismicity inferred stresses (e.g. Figures 4 and 5).

As would be inferred from the perturbations alone (Figures 7d-i), the
shallow levels of the crust are predicted to experience a long-term modi-
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fication of stress with transients in Figure 8b mainly due to the assumed
afterslip accumulation. Deeper levels of the crust and upper mantle are al-
ready experiencing significant reduction of the M9 effect (Figure 8c) given
the effective Maxwell time of Freed et al.’s (2017) visco-elastic model pa-
rameters. Models with afterslip contributions predict only a slightly larger
perturbation of the stress field than visco-elastic effects alone, consistent
with the analysis of Figure 7 that showed that the afterslip related stress
modification is mainly seen in limited regions offshore.

Using the regional, NE Japan region co-seismic drop of stress field sim-
ilarity to long-term of A(#) ~ 0.2 (Figure 5b) as a guide, we would infer
a background stress level between ~ 1...5 MPa from the modeled visco-
elastic perturbation. This estimate is in line with inferences from co-seismic
stress change studies for the M9 (Yoshida et al., 2012) and elsewhere (e.g.
Hardebeck and Hauksson, 2001). Figure 8 also reemphasizes that it is the
deeper levels of the crust that experience stress evolution curves that are
sensitive to the visco-elastic relaxation, providing a potentially useful tar-
get for the focus of future, refined inversions.

4. Conclusions

We substantiate that the crustal stress field surrounding the 2011 To-
hoku-oki M9 earthquake appears to have changed systematically on a re-
gional scale due to the co-seismic rupture effect. We newly find systematic
changes in the stress state of the crust over ~ 4 yrs before the earthquake,
which might be related to geodetically-detected transient coupling along
the plate boundary. Following the M9, afterslip appears to enhance the
co-seismic stress change locally in diagnostic ways over ~one year. Me-
chanical models of visco-elastic relaxation and afterslip based on prior in-
versions of geodetic constraints capture several of the patterns of stress per-
turbations and suggest low background deviatoric stress levels of ~ 5 MPa
or less.

At least locally, there is also some indication that ~four years after the
M9, the stress field change has started a trend that appears related to slow
reversal and redistribution of the co-seismic M9 perturbation, likely related
to viscous relaxation in the crust and mantle. These findings indicate that
the crustal stress state as inferred from moment tensor summation or focal
mechanism inversion could be inverted jointly with geodetic constraints
for comprehensive deformation models of the megathrust cycle. Such ef-
forts have the potential to advance our understanding of time-dependent
seismic hazard.
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