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The Integrated Ocean Drilling Program conducted Expedition 343 and 343T, named the Japan Trench
Fast Drilling Project (JFAST), to drill through the plate boundary fault that ruptured during the 2011
Mw 9.0 Tohoku earthquake in the area with the largest fault slip displacement near the Japan trench.
Analyses of breakouts observed from borehole C0019B produced postearthquake stress states above
the plate boundary fault between the subducting Pacific plate and overriding North American plate.
To supplement the lack of stress data below the rupture zone of the earthquake, we conducted core-
based three-dimensional stress measurements by the anelastic strain recovery (ASR) method using four
whole-round core samples of sediments, of which three samples were located above, but one sample was
located below the plate boundary fault in borehole CO019E. As a result of the stress measurements, the
postearthquake three-dimensional stress magnitudes at ~802 and ~828 meters below seafloor (mbsf)
across the plate boundary fault at ~820 mbsf reveal a normal faulting stress regime. The differences
between the three-dimensional intermediate principal stress and the minimum principal stress at the
two depths are less than 1 MPa, suggesting a complete release of horizontal tectonic stresses that
accumulated before the earthquake. In addition, the maximum horizontal stress Symax azimuth N115°E
at ~828 mbsf below the plate boundary fault from ASR measurements shows consistency with the Symax
azimuth N139 + 23°E (mean =+ standard deviation) at ~550-810 mbsf from breakout analyses above the
fault. Taken together with the similar stress magnitudes at ~802 and ~828 mbsf, we interpret that the
postearthquake stress states are almost the same in the sediments above and below the plate boundary
fault. In other words, the stress state in terms of both orientation and magnitude is continuous across
the fault. At a shallower depth of ~177 mbsf in the slope sediments, the ASR stress data reveal a “stress
state at rest”, which is likely free from tectonic effects of plate subduction, suggesting that the stress

state was reset by the great coseismic displacement of ~50 m slipped during the Tohoku earthquake.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction fault (Brodsky et al., 2017). However, this exceptionally large rup-
ture appears to have released all of the accumulated stress from
the subduction of the Pacific plate beneath the North American
plate (Hasegawa et al., 2011, 2012; Brodsky et al., 2017).

To understand the mechanisms more clearly for the record-
breaking displacement of the coseismic slip, the Integrated Ocean
Drilling Program (IODP, known as the International Ocean Dis-
covery Program from 2013) conducted Expedition 343 and 343T,
named the Japan Trench Fast Drilling Project (JFAST), to drill
through the plate boundary fault that ruptured during the Tohoku
earthquake mainshock (Mori et al., 2012). This drilling from the
seafloor under an ~7 km water depth was rapidly undertaken by

During the 11 March 2011 Mw 9.0 Tohoku-Oki, Japan, earth-
quake, the plate boundary megathrust ruptured and reached the
sea floor at the axis of the Japan trench (Kodaira et al., 2012). The
earthquake produced a maximum coseismic slip of >50 m close
to the Japan trench, triggering a devastating tsunami (Fujiwara et
al,, 2011; Lay et al., 2011; linuma et al., 2012). Before the 2011
Tohoku earthquake, it was commonly known that each earthquake
generally released only part of the stress driving the seismogenic

* Corresponding author at: Graduate School of Engineering, Kyoto University, C1-
1-109 Kyoto Daigaku Katsura, Nishikyo-ku, Kyoto, Kyoto 615-8540, Japan.
E-mail address: lin@kumst.kyoto-u.ac.jp (W. Lin).
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the drilling vessel (D/V) Chikyu approximately one year after the
earthquake at site C0019 (Chester et al., 2012). The project in-
vestigated the mechanisms of the great coseismic slip that caused
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the devastating tsunami by conducting stress measurements in the
borehole, sampling the plate boundary fault, and making tempera-
ture measurements across the ruptured fault (Mori et al., 2014).

Generally, tectonic stress slowly builds up along a seismogenic
fault until it reaches the fault strength, and then an earthquake oc-
curs by a sudden release of stress at the fault plane and in rock for-
mations around the fault (e.g., Kanamori and Brodsky, 2001). The
amount of coseismic stress release directly determines the release
of elastic energy stored in rock formations around the fault and
governs coseismic displacement along the fault. Knowledge of the
stress state before, during and after a major earthquake enhances
our understanding of the mechanisms of earthquake occurrence
and rupture propagation (e.g., Brodsky et al., 2020). In the JFAST
project conducted after the 2011 earthquake, the postearthquake
stress states based on borehole breakout analyses have been ob-
tained (Lin et al., 2013; Brodsky et al., 2017). Breakouts are bore-
hole wall compressive failures ‘naturally’ induced by drilling under
real in situ conditions and thus are good stress indicators if avail-
able. Absence of a breakout, however, cannot create stress state
data. Unfortunately, breakouts clear enough for analysis did not
form below the plate boundary fault in the JFAST borehole, and
therefore, the stress state could not be determined in the depth
range below the fault (Lin et al., 2013; Brodsky et al., 2017).

An applicable core-based three-dimensional method to measure
stress acting on a drill core is the anelastic strain recovery (ASR)
method. We considered this method to be able to supplement
the lack of stress data below the fault. The principle behind the
ASR method is that time-independent elastic strain is released first
instantaneously, followed by a more gradual or time-dependent re-
covering of anelastic strain, also called “relaxation”, after a rock
core is drilled out (e.g., Matsuki, 2008; Gao et al., 2014). The
ASR stress measurement takes advantages of the time-dependent
strain and of a three-dimensional method, and has been success-
fully applied in several IODP expeditions (e.g., Byrne et al., 2009;
Yamamoto et al., 2013; Oohashi et al., 2017) and other drilling
projects (e.g., Matsuki and Takeuchi, 1993; Lin et al., 2006, 2007;
Cui et al, 2014; Nagano et al., 2015; Sun et al, 2017; Zhang
et al., 2022). Here, to determine three-dimensional stress states
both above and below the plate boundary fault after the Tohoku
earthquake, we collected four whole-round core samples from site
C0019 of JFAST and conducted stress measurements by the ASR
method onboard D/V Chikyu. Because the ASR method measures
the anelastic strain caused by the stress release, it determines the
stress state at the time of drilling, namely, the postearthquake
stress in this study.

2. Methods
2.1. Tectonic background

In the Japan trench subduction zone, the Pacific plate is sub-
ducting west-northwestward beneath the North American plate
at a high rate of ~9 cm/yr (e.g., Loveless and Meade, 2010; Ar-
gus et al., 2011). The relatively higher subduction rate induces a
wider cold plate interface extended to great depths, thus resulting
in a wider area of the frictionally coupled portion in the seismo-
genic subduction zone (e.g., Wang and Suyehiro, 1999). Before the
2011 Mw 9.0 Tohoku earthquake, M7-class earthquakes typically
repeated there in approximately 30-year intervals (Yamanaka and
Kikuchi, 2004).

As a result of the convergence direction of the Pacific and
North American plates, contraction in margin normal direction
is widely observed in northeast Japan by geodetic measurements
(e.g., Yoshida et al., 2015). This suggests a margin normal (i.e.,
parallel to the direction of the plate convergences) compressional

Earth and Planetary Science Letters 601 (2023) 117888

stress environment in the Japan trench subduction zone. In sub-
duction zones, especially in offshore areas, the stress state is
mainly evaluated by focal mechanisms and/or geodetic data anal-
yses (e.g., Townend and Zoback, 2006; Terakawa and Matsu'ura,
2010; Hasegawa et al., 2011, 2012; Yoshida et al., 2012). Except for
previous studies conducted in the JFAST project (Lin et al., 2013;
Brodsky et al., 2017), stress-related reports from borehole drilling
are limited in the offshore area (e.g., Lin et al,, 2011).

2.2. JFAST (IODP Expedition 343) and core samples

The drilling site C0019 of JFAST (IODP Expedition 343) is lo-
cated in an area of the largest coseismic slip zone of more than
50 m, ~93 km seaward of the epicenter of the Mw 9.0 Tohoku
earthquake mainshock and ~6 km landward of the Japan trench
axis (Fig. 1). Site C0019 is located directly above a horst block, ap-
proximately 1.2 km west of a normal fault boundary between the
horst and adjacent graben centered under the trench (Fig. 2). The
water depth at site C0019 is 6889.5 m (Expedition 343/343T Sci-
entists, 2013b). At this location, three boreholes C0019B, D and E
drilled within a narrow area of <30 m on the seafloor successfully
penetrated the plate boundary fault between the subducting Pacific
plate and the overriding North American plate. The three boreholes
thus enabled geophysical logging (Logging While Drilling, LWD),
long-term temperature monitoring and core sampling (Expedition
343/343T Scientists, 2013a; Lin et al., 2013; Fulton et al., 2013;
Chester et al., 2013; Ujiie et al., 2013).

The borehole CO019E dedicated to coring retrieved a total of 21
cores, resulting in a total of 51 m long cores from both the hang-
ing wall and the footwall of the plate boundary fault (Fig. 3). An
approximately one-meter-long section of the scaly clay unit was
recovered in core 17R (343_C0019E-17R-1) from depths of 821.50
to 822.65 meters below seafloor (mbsf) and was interpreted as the
subduction plate boundary fault ruptured during the Tohoku earth-
quake mainshock (Chester et al., 2013). The intensely sheared fault
itself was not completely recovered but has a maximum thickness
of <4.86 m, and the top of the plate boundary fault was identi-
fied at ~820 mbsf in CO019E (Rowe et al., 2013 and Chester et al.,
2013).

The four whole-round core samples used for ASR stress mea-
surements (called ASR-1 - ASR-4) were collected from C0019E-
1R1 (~177 mbsf), CO019E-5R1 (~697 mbsf), CO019E-13R1 (~802
mbsf) and CO019E-19R2 (~828 mbsf) (Fig. 3 and Table 1). The
three core samples at shallower depths were retrieved from the
hanging wall of the fault. The shallowest core, ASR-1, was from
the slope sediments, whereas ASR-2 and ASR-3 were from the
wedge sediments (the frontal prism) of the overriding North Amer-
ican plate. In contrast, the deepest core sample ASR-4 was from
the underthrust sediments, a few meters below the plate bound-
ary fault. All four core samples (see their photos shown in Fig.
S1 in the supplemental material of this paper) are mudstone with
relatively high porosities from ~45 to ~67% and lower wet bulk
densities of 1.52-1.92 g/cm? (Table 1). All the ASR samples are
visually homogeneous and isotropic. The same four core samples
after ASR measurements in this study were reused for thermal
property measurements; the results revealed that very slight dif-
ferences were recognized between the thermal conductivities in
the axial and radial directions of the core samples measured in
an anisotropic mode (Lin et al., 2014). Differences between ther-
mal conductivities in the orthogonal directions of the four samples
remained small, and the maximum difference was seen in ASR-2
among the four samples, to be ~4% of the mean thermal conduc-
tivity in the two directions. In addition, onboard P-wave velocities
(Vp) measured in vertical and horizontal directions of cubic sam-
ples from the same core No. 5R, 13R and 19R as ASR-2, 3 and 4,
respectively showed that relative difference of V, in the two di-
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Fig. 1. Location of drilling site C0019 of JFAST and Spmax orientation above the plate boundary fault. Red solid and dashed lines show the mean Symax orientation in Log unit
IIb and one standard deviation (SD), respectively (after Lin et al., 2013). Green circles and lines indicate ODP sites drilled in 1999 and their Symax orientations prior to the
2011 Tohoku earthquake (after Lin et al., 2011). Red star shows the epicenter of the 2011 earthquake mainshock, the gray arrow shows relative plate motion (Argus et al.,
2011). The white line around site C0019 indicates the location of Fig. 2. This map was modified from Lin et al., 2013 and Lin et al., 2014. (For interpretation of the colors in

the figure(s), the reader is referred to the web version of this article.)
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Fig. 2. Interpreted inline seismic profile (HD33B) crossing site C0019 (after Chester et al., 2013). It shows the location of the boreholes (red vertical lines), frontal prism and
trench, the normal-faulted basal pelagic sediments and oceanic basalt, and the interpreted location of the plate boundary fault and associated faults in the sediments. mbsl:

meters below sea level; V.E.: vertical exaggeration. Subducting Pacific plate dips gently

rections defined as “(Vp.verticat = Vp-horizontal)/Vp-mean” Were ~5%
for 5R and 1-2% for 13R and 19R (Expedition 343/343T Scientists,
2013b). Therefore, we consider that the ASR samples used in this
study are almost isotropic.

2.3. ASR measurements

To measure recovery of the anelastic strain caused by stress
release accompanying drilling of the core samples in at least six
independent directions, we glued strain gauges on the core cylin-
drical surface in the same layout shown in Fig. S2 as our previous
studies (e.g., Lin et al., 2007; Byrne et al., 2009; Yamamoto et al.,
2013; Nagano et al.,, 2015; Sun et al,, 2017). Because the anelas-
tic stain recovery rate decreases with time after in situ stress
release, we must conduct ASR measurements as soon as possi-
ble after core samples are retrieved. Therefore, we performed the
measurements onboard D/V Chikyu. After minimum core handling

~5°; landward lower trench slope dips ~7° (Lin et al., 2013).

procedures, including X-ray CT scanning and MSCL (multisensor
core logger) measurement, we immediately began sample prepa-
rations for the ASR measurements using the cores. As a result, we
started ASR measurements three-five hours after the core sam-
ple was “on deck” mainly depending on their core handling time,
corresponding to six-eight hours from the in-situ stress release.
The ASR measurements were conducted continuously for approx-
imately three weeks for ASR-1, which was retrieved earlier, and
approximately two weeks for the others. The same ASR measure-
ment system as our previous IODP studies (e.g., Byrne et al., 2009;
Yamamoto et al., 2013; Oohashi et al., 2017) was used, with a total
of 120 strain measurement channels to enable ASR measurements
for six core samples simultaneously (Figs. S3 and S4).

To observe the strain recovery caused by stress release, it is
important to exclude deformation (strain) caused by temperature
change for long-term (approximately three or two weeks) mea-
surements. Thus, we set the ASR core samples in a constant tem-
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Fig. 3. Borehole CO019E and locations of core samples ASR-1-4 used in this study. Graphical representation of hole penetration, with intervals of the borehole cored on
seismic section Line HD33B (modified from Expedition 343/343T 2013a, Yang et al., 2013 and Lin et al.,, 2014). Inset indicates coring run numbers from 4R to 21R; black bar
in a coring depth range shows the total length of the recovered cores and the white part denotes the length of the core not recovered. Lithology determined on the basis of
visual core description is represented in color within the lithologic column. Thick red line and ‘PBF’ show the depth of the plate boundary fault. Seismic units A (the frontal
prism), B (chert below the decollement), and C (oceanic crust) are shown with brown, yellow, and green shading, respectively. VE and mbsl are the same as those in Fig. 2.

Table 1

Sample ID, Core ID, depth, lithology, basic physical properties and core reorientation results by using rock remanent magnetization of the four ASR core samples.

Sample  Core Depth Lithology" Physical properties Core reorientation by using remanent magnetization
ID ID? (mbsf) Wet bulk  Grain Porosity Number Declination  Inclination  ags Polarity Orientation
density density (%) of Sub- ®) ®) of ASR line
(g/cm?3) (g/cm?3) samples®
ASR-1 CO019E-1R-1, ~177 olivegray 1.52 2.60 67.3 8 248.5 43.7 3.0 Normal N111.5°E
18-34 cm siliceous
mudstone
ASR-2 CO019E-5R-1, ~697 gray 1.89 2.63 45.2 6 354.1 56.6 2.8 Normal N5.9°E
102-117 cm mudstone
ASR-3 CO019E-13R-1, ~802 gray 1.92 2.66 44.7 5 230.5 —16.0 43 Reversed -
50-60 cm mudstone 5 2424 —10.4 7.0 Reversed -
ASR-4 CO019E-19R-2, ~828 brown 1.86 2.54 45.4 7 67.1 49.6 24 Normal N292.9°E
73-86 cm mudstone

4 Core ID denotes borehole, core and section numbers, top and bottom depths of the core sample in the section.

b Lithologies of the core samples are after Expedition 343/343T Scientists (2013b).

¢ Subsamples were formed as ~2.5 cm cube, divided from a 2.5 cm thick core disk cut from the ASR samples. Usually, eight cubic subsamples were used for each remanent
magnetization measurement. Number of Subsamples here denotes the numbers of successful measurement.

perature chamber filled with water that was circulated between a
circulator and the chamber (a water bath) and cooled/heated to
keep the temperature constant in the circulator (Figs. S3 and S4).
Fig. S5 shows the results of temperature change during the ASR
measurement duration. Although room temperature in the labo-
ratory in D/V Chikyu changed in a wide range of ~21-27°C, the
temperature in the water bath where the ASR samples were in-
stalled varied in a very narrow range of 23.7-23.9°C. In addition,
to monitor the strain measurement system state, we also measured
strain variation using a dummy sample that did not have anelastic
strain occurring by stress release. The measured strain data did not

have a distinct change with time, suggesting that no drift in our
strain measurement system occurred during the duration (Fig. S6).

2.4. Core reorientation

To restore stress orientations determined from ASR core sam-
ples to the geographic coordinate system, we carried out paleo-
magnetic measurements in a shore-based laboratory after the ASR
measurements using the same procedure proposed by Sugimoto
et al. (2020). Stepwise alternating field demagnetization of natural
remanent magnetization revealed that three core samples ASR-1,
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Fig. 4. Raw data of anelastic strain recovery with time elapsing of core samples ASR-1-4, respectively. Labels of capital letters beside the curves indicate measurement

directions of anelastic strains shown in Fig. S2.

2 and 4 from ~177, ~697 and ~828 mbsf, respectively, record
paleomagnetic inclinations that are in reasonable agreement with
the inclination of 57.3° expected from the geocentric axial dipole
field at the latitude of drilling site C0019 (37.9°N, Table 1 and Fig.
S7 (a-c)). Sedimentary rocks are known to record paleomagnetic
fields by averaging out secular variations in the geomagnetic field.
Thus, the paleomagnetic direction of the rocks corresponds to the
direction of the magnetic field generated by the geocentric axial
dipole, the declination of which is equal to zero everywhere on the
globe. Thus, it is considered that declinations determined by pale-
omagnetic measurements can be used to restore core orientation
for these three samples. In contrast, the palaeomagnetic inclination
determined for core sample ASR-3 from ~802 mbsf was not con-
sistent with the latitude of the sample recovery site. This suggests
that the sediments have rotated since deposition; therefore, the
directions of natural remanent magnetization in ASR-3 reflect the
orientation before its rotation (e.g., at the time of its deposition)
rather than the current direction. Thus, the reorientation result is
difficult to be used to restore core sample ASR-3. To confirm this
result, we conducted the same paleomagnetic measurement again
using the other disc-shaped subsample cut from the same core
sample ASR-3, which showed a similar result (Table 1 and Fig. S7
(d and e)).

3. Results
3.1. Anelastic stain recovery (ASR)

The anelastic strains measured in nine directions shown in Fig.
S2, including six independent directions, for all four core samples
were extensional. All strain-time curves varied convexly upward
and similarly with increasing time (Fig. 4). The magnitudes of the
anelastic strains were dependent on the strain measurement di-

rections and had a typical value of several hundred microstrains
(10~%) measured for approximately two weeks. Generally, the val-
ues of anelastic strains in the vertical direction for the four core
samples (labeled “Z” in Fig. 4 (a-d)) were higher than those in the
other directions (refer to Fig. S2). This observation implies that the
stress component in the vertical direction may be large in com-
parison with those in the other directions. With regard to a com-
parison between the recovered anelastic strain values at the same
elapsed time (e.g., approximately 350 hours), the strain in the Z
direction as a representative strain of ASR-1 (~177 mbsf) reached
approximately twice that of the other three samples because the
mudstone from the much shallower formation was weakly com-
pacted and had lower density and higher porosity (Table 1).

During the three weeks covering whole ASR measurement du-
rations for the four samples, the temperature of core samples in
the constant temperature chamber (the water bath) varied in a
small range of ~0.2 °C. Nevertheless, the anelastic strain curves re-
vealed some abrupt changes (e.g., ~390, ~300, ~240, ~200 hours
for ASR-1, 2, 3, 4, respectively) caused by the temperature change
(Fig. 4, especially (b) and (c)). This influence from the temperature
change on each core sample was approximately the same and thus
was recognized clearly for ASR-2 and ASR-3 at a smaller anelastic
strain scale (350 microstrains at full scale in Fig. 4 (b) and (c) but
not clear for ASR-1 at the larger scale (Fig. 4(a)). Although such
minor influences by temperature change were recognizable locally,
the overall trends of anelastic strain recovery were not influenced,
and there is no need to conduct corrections, as Lin et al. (2006)
did. Therefore, principal anelastic strains and the mean strain can
be calculated for the four ASR core samples from the raw anelastic
strain data (Fig. 5).
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Fig. 5. Three-dimensional principal anelastic strains (&1, €2, €3) and the mean strain (&) versus time elapse. These data were analyzed from the raw data shown in Fig. 4

for the four ASR core samples.

3.2. Stress orientations

For isotropic and liner viscoelastic materials, the principal stress
orientations are the same as the principal anelastic strain orien-
tations (Matsuki, 1991). Therefore, the three-dimensional princi-
pal stress orientations and two-dimensional stress azimuths in the
horizontal plane were determined from the ASR measurements for
the four core samples from four depths at site C0019 (Fig. 6 and
Table S1). This stress dataset shows the stress state at the time of
core stress release (the time of drilling of IODP Expedition 343;
14th _ 22nd May 2012), ie., the stress state after the 2011 To-
hoku earthquake. The orientations of maximum stress o; at the
three depths of ASR-1, 3, 4 are approximately vertical, and their
intermediate stress o and the minimum stress o3 are in the hori-
zontal plane (Fig. 6 (a), (c) and (d)). The result of ASR-2 shows that
o1 and o7 are oblique with a similar dip (plunge), but o3 is hori-
zontal. Overall, at the C0019 site, the maximum principal stress is
approximately in the vertical direction. The stress state after the
earthquake is in a normal faulting stress regime. This stress state
from ASR measurements is consistent with the results of borehole
breakout originally analyzed by Lin et al. (2013) and reanalyzed by
Brodsky et al. (2017).

Except for ASR-3, where the horizontal stress orientation cannot
be restored to geographic coordinates, the maximum horizontal
stress Symax azimuths range from WNW-ESE to NNW-SSE. Gener-
ally, these Symax azimuths show good consistency with the stress
data obtained by Lin et al. (2013) (see the red lines in Fig. 1).

3.3. Stress magnitude

Based on two assumptions similar to our previous studies (Lin
et al., 2007; Yamamoto et al, 2013), we estimated the three-

dimensional principal stress magnitudes and the two horizontal
principal stress magnitudes for the four depths where the ASR core
samples were retrieved (Table 2). For the details of the calculation
method, including equations, see the methodology chapter in Ya-
mamoto et al. (2013). First, we assumed that the total stress mag-
nitude Sy in vertical direction is equal to the total weight above
the depth, including both rocks (sediments) and seawater, i.e., the
integral of the density (in the case of rocks, water saturated bulk
density) from the sea surface to depth. Second, the ratio of the
two ASR compliances of volumetric and shear deformation modes
was assumed to be a constant, i.e., Jay(t)/Jas(t) = constant. Based
on results of laboratory experiments under uniaxial compression,
Matsuki (2008) found that the ratio of J,(t) and Jas(t), regardless
of the rock type, approaches an almost constant value that con-
verges in a narrow range (0.64 + 0.14) as time elapses. Therefore,
we estimated the stress magnitudes based on Jay(t)/Jas(t) = 0.50,
0.64 and 0.78 (see Table 2). Similar to the result of a simulation
to examine the effect of the ratio variation of J,,(t)/Jas(t) from 1/3
to 1 by Lin et al. (2006), the estimated stress magnitudes in this
study did not change significantly.

Because the density log failed and only limited core samples
were available at site C0019 of the JFAST drilling project, Expe-
dition 343/343T Scientists (2013b) established depth profiles of
porosity and density based on resistivity log data (Fig. S8). We esti-
mated the Sy magnitudes for the four depths by this density depth
profile and hydrostatic pore pressure pg based on an average sea
water density of 1.040 g/cm? as in Lin et al. (2013) (see estimated
po and Sy values in Table 2).

To consider the stress magnitudes at the four depths, we plot
the maximum and minimum horizontal stresses on stress poly-
gons at each depth in Fig. 7. The fundamental concept of the stress
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Fig. 6. Lower hemisphere, equal area projections of principal stress orientations determined by ASR measurements. Open and solid diamonds for each principal stress (o7q,
03, 03) show the orientation at the start and end of the ASR measurement, respectively. Mean orientations of the principal stresses are shown by larger circles. The labels of
“X" and “Y” in (c) denote local coordinate system of the core sample, meaning that core reorientation for ASR-3 failed.

Table 2

Stress magnitude measurement results of the four core samples by the ASR method. Stress magnitudes
calculated vary slightly with assumed values of Jav(t)/Jas(t). The magnitudes shown in bold numbers for

Jav(t)/Jas(t)=0.64 were used as their representatives.

Sample ID Depth Po Sv Jav(t)/ o1 02 03 SHmax Shmin
(mbsf) (MPa) (MPa) Jas(t) (MPa) (MPa) (MPa) (MPa) (MPa)
ASR-1 ~177 721 73.0 0.50 731 72.5 724 72.5 72.5
0.64 731 72.4 724 72.4 724
0.78 731 72.3 723 723 723
ASR-2 ~697 774 82.1 0.50 83.0 81.6 79.7 824 79.8
0.64 83.2 815 79.1 82.5 79.2
0.78 834 814 78.6 82.6 78.7
ASR-3 ~802 78.5 83.9 0.50 84.1 824 81.7 82.5 81.8
0.64 841 821 81.2 82.2 813
0.78 84.1 81.2 80.8 81.9 80.9
ASR-4 ~828 78.7 84.4 0.50 84.6 82.8 82.6 82.9 82.6
0.64 84.6 82.5 82.2 82.6 82.2
0.78 84.6 82.1 81.8 823 81.8

polygon showing limits of the stress magnitude is that the possible
stress magnitude acting on rocks cannot exceed the rock’s failure
criterion for which the Mohr-Coulomb criterion is usually applied
(Zoback, 2007). Certainly, the size of the stress polygon is depen-
dent on the rock internal frictional coefficient (see Fig. S9). Here,
we take a value of 0.6 (the same as that used in Lin et al., 2013)
for the rock internal frictional coefficient to draw the stress poly-
gons shown in Fig. 7. As a result, the Andersonian stress state in
which one principal stress axis is vertical stress at the four depths
is located in the area of the normal faulting stress regime (ASR-1,
3 and 4) or very close to the area (ASR-2). Although vertical stress
of ASR-2 was not one of the three principal stresses, we conve-
niently indicated its two horizontal principal stresses Symax and
Shmin Which are nearly equal to three-dimensional maximum and

minimum principal stresses o7 and o3, respectively (see Table 2)
on the stress polygon (Fig. 7(b)).

4. Discussion and implication of ASR stress data
4.1. Comparisons of stress orientations with previous breakout data

In the LWD borehole C0019B ~6 m away from the coring
borehole CO019E, where core samples for ASR measurements
were retrieved (Expedition 343/343T, 2013b), abundant breakouts
(drilling-induced compressive failures) as stress indicators were
observed from the borehole wall resistivity images (Lin et al., 2013;
Brodsky et al., 2017). The cumulative length of all borehole break-
outs reached approximately 96 m, corresponding to approximately

SRS aros o N e

KURENAI

earch Information Repository

L




Y At b N

%/ KYOTO UNIVERSITY

W. Lin, Y. Yamamoto and T. Hirose

(a) ASR-1
80
78 -
< _ [
A 76
S
£ 74l
E " SS
< [N
72
- ASR
70-|||||||||||||||||||
70 72 74 76 78 80
Shmin(MPa)
(c) ASR-3
100_
952_
— N
£90:
s
~ L
£ 85 L NF
I SV
80F ASR
75:||||||||||||||||||||||||
75 80 85 90 95 100
Shmin(Mpa)

Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

Earth and Planetary Science Letters 601 (2023) 117888

(b) ASR-2
100
os .
~ r
] -
a. 90 -
g
~ -
> -
Zes5[A
T
v L
80 :_
75:Illlllllllllllllllllllll
75 80 85 90 95 100
Spmin (MPa)
(d) ASR-4
100 -
9 |
~ C
© C
2 90 -
& L
~ -
< -
£ 85
E 0L
%) r
80 :_
L Normal faulting limit
75 Lo v bovwa b a bunay
75 80 85 90 95 100
Spmin (MPa)

Fig. 7. The plot of Symax and Spmin Mmagnitudes by ASR measurements in stress polygon domains. Stress polygons are based on the Anderson theory of faulting with coefficients
of internal friction of 0.6 (Lin et al., 2013). As the stress state must lie inside the polygon defined by the vertical stresses (Sy) and assumed coefficients of internal friction,
only a restricted area of values of Symax and Spmin is possible. Three triangle areas labeled as RF, SS and NF in the polygons show the reverse faulting (RF), strike-slip faulting

(SS) and normal faulting (NF) stress regimes, respectively.

11% of the total borehole length (Lin et al., 2013). Breakouts were
observed in the depth range of ~44-813 mbsf which is ~7 m
above the plate boundary fault at ~820 mbsf that ruptured during
the 2011 Mw 9.0 Tohoku earthquake but no clear breakouts were
identified below the plate boundary fault (Lin et al, 2013). It is
suggested that breakout-like structures and/or washouts occurred,
which also form by compressive failure, but their occurrence and
width were inconsistent not allowing stress analysis (Fig. S10). To
compare the ASR stress orientations and the breakout data, we
plotted the maximum horizontal stress (Symax) azimuths of ASR1,
2 and 4 on the azimuth depth profile from breakout analysis by
Lin et al. (2013) in Fig. 8(a).

The Symax azimuth by breakout data looks to have a systematic
change above ~140 mbsf, but the Symax azimuth is highly vari-
able from ~140 to ~450 mbsf, i.e., in the bottom part of Log unit
[ (slope sediments) and upper part of Log unit II (Log unit Ila).
The ASR measurement at ~177 mbsf (ASR-1) reveals an Symax az-
imuth approximately parallel to the plate motion direction (Fig. 8).
More importantly, its intermediate principal strain (&) and the
minimum strain (¢3) in the horizontal plane are almost the same,
resulting in the same Symax and Spmin at a resolution of 0.1 MPa
(Fig. 5(a) and Table 2). Although only one core sample was ob-
tained and used for ASR measurement, these ASR data support
the interpretation that Symax and Spmin are close in magnitude,
therefore localized stress perturbations can be responsible for the
scattered distribution of the Symax azimuth suggested by Lin et al.
(2013).

At a depth of ~697 mbsf of ASR-2 in Log unit IIb, the az-
imuth of Symax as one of the two-dimensional principal stresses

by ASR measurements is completely consistent with the breakout
analyses. In addition, the three-dimensional principal stresses o
and o, plunge within 39-49° from the horizontal plane. This re-
sult likely reflects the stress state at depths of ~120 m above the
plate boundary fault in the wedge sediments in the frontal ac-
cretionary prism. Although the small test number (only one) may
have some uncertainty, the availability to determine the inclined
01 axis is an advantage of the three-dimensional ASR method over
two-dimensional methods.

At a depth of ~828 mbsf of ASR-4, which is slightly below
the plate boundary fault, the Symax azimuth from the ASR mea-
surements is nearly consistent with that of the breakout analyses
above the fault (Fig. 8(a)). This depth of ASR-4 was defined as in
Log unit Il by geophysical log data and in Lithologic unit 5 (brown
mudstone) by the lithology of core samples and was interpreted as
underthrust sediments, i.e., representing the underthrust incoming
plate (Expedition 343/343T Scientist, 2013b). To date, no directly
measured result has been obtained by JFAST drilling or other stud-
ies that reveal the stress state below the plate boundary fault
in the Japan trench both before and after the 2011 Mw 9.0 To-
hoku earthquake. Therefore, this new data in the upper part of
the incoming Pacific plate showing a normal faulting stress regime
with a nearly parallel Symax orientation with the plate conver-
gence direction may be valuable in deepening our understanding
of the mechanisms of great subduction zone seismogenesis and to
simulate coseismic fault rupturing and propagating behavior and
tsunamigenesis in the Japan trench.
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Fig. 8. Comparison between (a) Symax azimuths determined from ASR (black open circles) and breakouts (red dots) and (b) Symax and Spmin magnitudes of ASR data (red
circles and blue triangles) and breakout data (red and blue bars). Blue solid and dashed vertical lines in (a) show the mean and SD of Symax azimuth (mean + SD: 139 +
23° or 319 £ 23°) in the Log unit IIb above the plate boundary fault obtained by breakout analyses (Lin et al., 2013). Stress magnitude Sy (black) in (b) was calculated
from the rock formation density distribution shown in Fig. S8; hydrostatic pressure was calculated based on a sea water density 1.040 g/cm>. Symax and Spmin ranges were
constrained from breakout (BO) widths and rock compressive strengths by Lin et al. (2013).

4.2. Comparisons of stress magnitudes with previous breakout data

In addition to Table 2 providing the magnitudes of three-
dimensional principal stresses and Fig. 7 showing the plots of
two-dimensional horizontal principal stresses in stress polygon do-
mains, we drew a depth profile of the horizontal principal stresses
estimated from ASR measurements for comparison with the previ-
ous breakout data (Fig. 8(b)).

At a shallow depth of ~177 mbsf in the slope sediments, the
ASR data show a “stress state at rest” in which the vertical stress
Sy is almost the same as the maximum principal stress o1, and oy
(equal to SHmax) and o3 (Spmin) are the same (Table 2, Figs. 7 and
8(b)). This stress state is an state caused by gravitation only but
without the effects of tectonic loading of plate subduction. We are
considering that the result is probably caused by two mechanisms.
First, the ~50 m coseismic displacement during the 2011 Mw 9.0
earthquake resulted in a complete release of the tectonic horizon-
tal stresses. Similarly, a model of shallow viscoelastic relaxation
caused by coseismic stress release was proposed to explain tension
cracks induced by megathrust earthquakes observed in Chile-Peru
forearc (Luo et al,, 2019). The second possibility is that the weak
slope sediment formation with a high porosity of ~67% and prob-
ably a lower elastic Young’'s modulus does not accumulate tectonic
stress accompanying plate subduction. We prefer to interpret the
first one as the dominant reason, probably with some effects of
the second.

Around the depth of ASR-3 in the wedge sediments close to
(~18 m above) the plate boundary fault ruptured during the 2011
Tohoku earthquake, Sgmax and Spmin show a similar stress mag-
nitude, having only a small differential stress (Sgmax - Shmin) Of
<1 MPa by the ASR method for different compliance ratios (Ta-
ble 2 and Fig. 8(b)). The ASR stress magnitudes are within the
stress range estimated by Lin et al. (2013) and are more consis-
tent with those proposed by Brodsky et al. (2017). Brodsky et al.
(2017) reanalyzed the same breakout data as Lin et al. (2013) by
incorporating new and more robust laboratory constraints on rock
strength and then determined a narrower stress magnitude distri-
bution than that of Lin et al. (2013).

At a depth of ~828 mbsf in the underthrust sediments (~8
m below the plate boundary fault), the ASR stress magnitudes
of Symax and Spmin Show very similar values, and the differen-
tial stress between them (SHmax - Shmin) i <0.5 MPa (Table 2 and
Fig. 8(b)). We interpret that such small differential stress after the
earthquake indicates that the tectonic stresses accumulated prior
to the thrust earthquake were completely released coseismically.
This interpretation is consistent with previous studies (Hasegawa
et al., 2011; Lin et al, 2013; Brodsky et al., 2017). In addition,
this stress state is very close to that of ASR-3 above the fault al-
though orientation for ASR-3 is unknown. Therefore, the results of
ASR-3 and ASR-4, including both the normal faulting stress regime
and the horizontal principal stress magnitudes, suggest that the
postearthquake stress states across the plate boundary fault rup-
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tured during the 2011 Mw 9.0 earthquake are almost the same.
However, it can be considered that the stress state in the oceanic
crust (basalt) could differ from that in the narrow underthrust sed-
iments indicated as the result of ASR-4.

5. Conclusions

The JFAST borehole penetrated the plate boundary fault be-
tween the subducting Pacific plate and overriding North American
plate ruptured during the 2011 Mw 9.0 Tohoku earthquake in the
area with the largest fault slip displacement close to the Japan
trench. To supplement the lack of stress data below the rupture
zone of the earthquake, we conducted core-based stress measure-
ments by the anelastic strain recovery (ASR) method using four
whole-round core samples of sediments retrieved from depths of
~177, ~687, ~802 and ~828 below sea floor (mbsf) called ASR-1
to —4, respectively, in borehole CO019E. In particular, stress data
at ~828 mbsf can be analyzed for the first time from the foot wall
of the fault. Consequently, the conclusions obtained in this study
are helpful in enhancing our understanding of the mechanisms of
great subduction zone earthquake occurrence and to simulate co-
seismic fault rupturing behavior.

(1) The postearthquake three-dimensional stress magnitudes at
~802 and ~828 mbsf across the plate boundary fault reveal a
normal faulting stress regime in both the hanging wall and foot-
wall of the plate boundary fault. The differences between the
three-dimensional intermediate principal stress o, and the mini-
mum principal stress o3 at the two depths are less than 1 MPa,
suggesting a complete release of horizontal tectonic stresses accu-
mulated before the earthquake. In addition, the two-dimensional
stress magnitudes of the maximum horizontal stress Symax and the
minimum horizontal stress Spmin at the two depths also show sim-
ilar results as the three-dimensional data.

(2) The Sgmax azimuth N115°E at ~828 mbsf below the plate
boundary fault from ASR measurements is consistent with the
Sumax azimuth N139 =+ 23°E (mean =+ standard deviation) at
~550-810 mbsf belonging to Log unit IIb immediately above the
fault. Taken together with the similar stress magnitudes at ~802
and ~828 mbsf, we interpret that the postearthquake stress states
are almost the same in the sediments above and below the plate
boundary fault. In other words, the stress state in terms of both
orientation and magnitude is continuous across the fault.

(3) At a depth of ~177 mbsf in the slope sediments, the ASR
stress data reveal a “stress state at rest”, which is free from the tec-
tonic effects of plate subduction. This fact could likely be attributed
to the reset of the stress state by the great coseismic displacement
of ~50 m slipped during the Tohoku earthquake.
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