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Abstract 

Rotations of the principal stress axes due to great subduction zone earthquakes have been used to infer low differ-
ential stress and near-complete stress drop. The spatial distribution of coseismic and postseismic stress rotation as a 
function of depth and along-strike distance is explored for three recent M ≥ 8.8 subduction megathrust earthquakes. 
In the down-dip direction, the largest coseismic stress rotations are found just above the Moho depth of the overrid-
ing plate. This zone has been identified as hosting large patches of large slip in great earthquakes, based on the lack 
of high-frequency radiated energy. The large continuous slip patches may facilitate near-complete stress drop. There 
is seismological evidence for high fluid pressures in the subducted slab around the Moho depth of the overriding 
plate, suggesting low differential stress levels in this zone due to high fluid pressure, also facilitating stress rotations. 
The coseismic stress rotations have similar along-strike extent as the mainshock rupture. Postseismic stress rotations 
tend to occur in the same locations as the coseismic stress rotations, probably due to the very low remaining differ-
ential stress following the near-complete coseismic stress drop. The spatial complexity of the observed stress changes 
suggests that an analytical solution for finding the differential stress from the coseismic stress rotation may be overly 
simplistic, and that modeling of the full spatial distribution of the mainshock static stress changes is necessary.
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Introduction
The stresses in the Earth’s lithosphere are the driving 
forces of crustal deformation. The stresses acting on the 
subduction zone plate interface influence the dynam-
ics of great megathrust earthquakes, as well as seismic 
and aseismic deformation throughout the seismic cycle. 
Direct measurement of stress in boreholes is costly and 
limited to relatively shallow depths, so indirect measure-
ments must also be used. Earthquake moment tensors 
can be inverted for the orientation and relative ampli-
tude of the principal stress axes, but cannot determine 
the absolute amplitude of the differential stress. Coseis-
mic stress rotations due to major earthquakes are one 
way to indirectly measure the differential stress level: If 
the differential stress is on the order of earthquake stress 

drop we would expect to see a coseismic stress change 
expressed as a stress rotation, while if the differential 
stress is substantially larger we would not expect any 
observable stress changes.

Rotations of the principal stress axes have been 
observed following recent great subduction zone earth-
quakes (e.g., Hasegawa et al. 2011, 2012; Hardebeck 2012; 
Chiba et al. 2012; Yang et al. 2013). These rotations usu-
ally take the form of a change in the plunge of the maxi-
mum compressive stress axis, σ1, and can also involve a 
horizontal rotation of the trend of the sub-horizontal σ1 
axis. These stress rotations imply that the absolute stress 
level in subduction zones is low, on the order of earth-
quake stress drops of ~10  MPa, and that stress drop in 
great earthquakes is nearly complete. Stress rotations 
would not be observed if the differential stress was on the 
order of 100  MPa, as predicted from laboratory obser-
vations of fault frictional strength assuming hydrostatic 
pore pressure. Low differential stress may be related to 
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high pore fluid pressure or other mechanisms reducing 
the frictional strength of faults. Relating stress rotations 
to other properties of subduction zones may therefore 
lead to further understanding of the role of elevated fluid 
pressure and near-complete stress drop in subduction 
zone dynamics.

Lay et al. (2012) propose a depth-dependent model of 
the slip behavior of subduction megathrust faults. The 
topmost zone, called zone A, extends from the trench to 
15  km depth and produces long-period tsunami earth-
quakes. Zone B, from 15 to 35  km depth, hosts large 
patches of large slip in great earthquakes, with little high-
frequency radiated energy. Zone C, from 35 to 55  km 
depth, exhibits moderate coseismic slip and radiates 
more high-frequency energy from smaller slip patches. 
Zone D, which hosts tremor and slow slip events, exists 
in only some subduction zones and overlaps zone B and 
zone C at 30–45  km depths. The boundary between 
zones B and C roughly corresponds to the Moho depth 
in the overriding plate. There is seismological evidence 
that high fluid pressure exists in the slab at and above 
the Moho depth of the overriding plate (e.g., Shelly et al. 
2006; Audet et al. 2009). Hardebeck (2012) observed that 
M ≥ 8 subduction zone earthquakes in zone B generally 
exhibit stress rotations, while those in zone C generally 
did not, potentially linking stress rotations to both radi-
ated energy and fluid pressure. However, that study was 
limited by assigning a single depth to each great earth-
quake, while in reality the rupture of a M ≥ 8 subduction 
zone earthquake has a large down-dip width.

Stress rotations have been analyzed by some research-
ers (e.g., Hasegawa et  al. 2011; Hardebeck 2012) using 
the theoretical framework of Hardebeck and Hauks-
son (2001). A simple analytic solution relates the aver-
age stress rotation over a given rupture area to the ratio 
between the earthquake stress drop and the differential 
stress. However, this may oversimplify the spatial pat-
terns of the stress rotations. In particular, the coseismic 
stress changes are modeled as the tensor representation 
of the mainshock stress drop, implicitly assuming that 
the observed stress changes are mainly sampling the 
stress shadow (e.g., Harris and Simpson 1996) of relieved 
stress around the mainshock rupture surface. If much of 
the observed stress rotation occurs outside of the stress 
shadow, i.e., beyond the ends of the earthquake rupture, 
the Hardebeck and Hauksson (2001) analytical solution 
may not be a good approximation.

Therefore, better imaging of the spatial areas where 
stress changes occur following great megathrust earth-
quakes is needed. Constraints on the down-dip extent 
of the stress changes would relate near-complete stress 
drop to other observables, such as radiated energy (e.g., 
Lay et al. 2012) and seismological evidence for fluids (e.g., 

Audet et  al. 2009), and inform physical models. Testing 
whether the stress rotations are contained within the 
rupture area or extend past the ends of the rupture would 
illuminate whether simple models relating stress rota-
tions to differential stress are generally applicable.

Some observed coseismic stress rotations are followed 
by a back-rotation to the pre-mainshock stress orienta-
tion within the first few months to years following the 
mainshock (e.g., Hardebeck 2012). The back-rotation 
reflects stress reloading of the mainshock rupture area, 
and therefore may provide insight into postseismic pro-
cesses. The observed reloading is too rapid to be due to 
tectonic loading alone and must therefore be due to tran-
sient processes such as afterslip and viscoelastic relaxa-
tion. Additionally, afterslip in the mainshock rupture 
zone may continue unloading the fault and may cause a 
postseismic rotation in the same direction as the coseis-
mic rotation. Comparing the spatial distribution of the 
postseismic stress rotation to the locations of observed 
afterslip may shed light on the relative importance of 
afterslip in the reloading and/or continued unloading of 
the stress on the mainshock rupture zone. Additionally, 
the coseismic rotations may be partially obscured by the 
postseismic rotations, if the postmainshock time period 
contains a rapid rotation. Understanding the mechanism 
for the postseismic rotation may help correct for this 
problem and better capture the coseismic rotation.

In this study, I explore the spatial distribution of coseis-
mic and postseismic stress rotations as a function of 
depth and along-strike distance for three recent M ≥ 8.8 
subduction zone earthquakes.

Methods
I consider three megathrust earthquakes: the 2011 M9.0 
Tohoku-Oki earthquake (e.g., Hirose et  al. 2011), the 
2010 M8.8 Maule earthquake (e.g., Madariaga et  al. 
2010), and the 2004 M9.3 Sumatra–Andaman earthquake 
(e.g., Lay et al. 2005). Each of these earthquakes has been 
shown to have significantly altered the stress field (e.g., 
Hasegawa et  al. 2011, 2012; Hardebeck 2012). In this 
study, I determine the spatial distribution of the coseis-
mic and postseismic stress rotations from inversion of 
earthquake moment tensors. I compare the spatial extent 
of the coseismic rotation to published finite rupture 
models of the mainshock, both along-strike and down-
dip, and with the depth-dependent megathrust zones 
defined by Lay et al. (2012). I also compare the postseis-
mic rotations to published models of the spatial distribu-
tion of afterslip.

I use moment tensors from the NIED catalog (Kubo 
et  al. 2002) for the Tohoku-Oki earthquake sequence, 
the Global CMT (GCMT) catalog (Ekström et  al. 2012) 
for the Sumatra–Andaman earthquake sequence, and 
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a combined catalog of GCMT solutions and regional 
moment tensors from Hayes et  al. (2013) for the Maule 
earthquake sequence. The Tohoku-Oki earthquake has 
the densest data coverage, while the Sumatra–Anda-
man earthquake has the sparsest coverage. A spatial 
area around each mainshock rupture is selected, and all 
earthquakes within that region and within 20 km above 
or below the SLAB1.0 plate interface model (Hayes et al. 
2012) are used. This is intended to capture the stress 
field in which the rupture surface is embedded, and may 
include events from the upper and lower plates, as well 
as the plate interface. Inverting these events together 
assumes that the plate interface is not a stress boundary. 
If there is a substantial stress orientation change across 
the plate interface, it will appear in the inversion results 
as stress heterogeneity.

To determine the pre-mainshock stress, all events from 
the beginning of the catalog (January 1997 for NIED, Jan-
uary 1977 for GCMT) until the time of the mainshock are 
used. The postmainshock time extends through Septem-
ber 2016 for the Tohoku-Oki earthquake, July 2016 for 
the Sumatra–Andaman earthquake, and for the Maule 
earthquake, until the time of the nearby 2015 M8.3 Ilapel 
earthquake. The postmainshock periods for the Tohoku-
Oki and Maule sequences are divided into three time 
periods with roughly the same number of aftershocks 
(the Tohoku-Oki aftershocks are divided into the first 
3  months, the next 1  year, and the next ~4  years. The 
Maule aftershocks are divided into the first 2  months, 
the next 4 months, and the next ~5 years). For the Suma-
tra–Andaman earthquake, the postmainshock period is 
divided into four time periods separated by the nearby 
2005 M8.6 Nias–Simeulue earthquake (~3 months later), 
2007 M8.4 Mentawi earthquake (another ~2.5  years 
later), and 2012 M8.6 Indian Ocean earthquake (another 
~4.5  years later), to isolate any possible stress changes 
due to these events.

The moment tensors are inverted for stress orientation 
using the Spatial and Temporal Stress Inversion (SATSI) 
method of Hardebeck and Michael (2006). The earth-
quakes are binned with 0.5° spacing in latitude and lon-
gitude, and into the pre-mainshock and postmainshock 
time periods described above. Each spatial–temporal bin 
is inverted for stress orientation, with a flattening con-
straint to minimize the difference in stress orientation 
between adjacent spatial bins and between consecutive 
time periods. The spatial and temporal damping param-
eters are found from trade-off curves between the data 
misfit and model length. All spatial–temporal bins are 
included in the inversion, and results are reported for 
those with at least 6 earthquakes. The uncertainty in the 
stress tensor is found by inverting 3000 bootstrap resa-
mplings of the data. One of the two nodal planes of each 

moment tensor is selected randomly for each bootstrap 
resampling to account for the nodal plane ambiguity.

The mean misfit of the moment tensors to the best 
fitting stress orientation is 10°–15° for the Maule and 
Sumatra–Andaman catalogs, and 35° for the Tohoku-
Oki catalog. This suggests some unmodeled stress varia-
tions in Tohoku, although the misfit for all three catalogs 
is low enough to indicate that the inversion success-
fully retrieved the homogeneous part of the stress field. 
Michael (1991) used synthetic tests to show that the 
homogeneous part of the stress tensor can be retrieved if 
it has larger amplitude than the heterogeneous part. For 
moment tensors with errors of ~15°, like the NIED and 
GCMT catalogs (Kubo et  al. 2002; Frohlich and Davis 
1999), Michael (1991) found that the homogeneous part 
of the stress tensor is larger than the heterogeneous part 
and can be retrieved if the mean misfit is <45°.

I define the coseismic rotation as the difference 
between the pre-mainshock and the first postmainshock 
time periods. I use the rotation between each pair of con-
secutive postmainshock time periods to characterize the 
postseismic rotation. I determine both the vertical rota-
tion, i.e., the change in plunge of the maximum compres-
sive stress axis, σ1, and the horizontal rotation, i.e., the 
change in the trend of the maximum horizontal stress 
direction, SHmax. Uncertainty in the vertical and hori-
zontal rotations is found from the 3000 realizations of the 
stress inversion with bootstrap resampling.

Results
For all three mainshocks, the coseismic and postseis-
mic stress rotations occur in generally the same area 
as the largest mainshock slip (Figs.  1, 2, 3). For the 
Tohoku earthquake (Fig.  1), coseismic stress rotations 
are observed offshore in an area extending from 35°N to 
39.5°N latitude, with the largest rotations corresponding 
to and south of the region where the largest coseismic 
slip was observed. This is similar to results of Hasegawa 
et al. (2012) which show significant stress rotations in the 
hanging wall between about 36.5°N and 39°N latitude. 
The largest vertical rotations occur within and down-dip 
of the largest mainshock rupture area, while the largest 
horizontal rotations occur at a range of depths. The larg-
est postseismic rotations cover a similar spatial area, with 
both the vertical and horizontal rotations generally up-
dip of the area of largest afterslip.

For the Maule earthquake (Fig. 2), the coseismic stress 
rotations span 38°S–34°S, the full length of the observed 
mainshock rupture, with the postseismic stress rota-
tions spanning a similar region. The rotations occur 
within the depth range of the largest rupture area. For 
the Sumatra earthquake (Fig. 3), large coseismic rotations 
are observed between 4°N and 7°N, where the largest 
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mainshock slip occurred, while some rotations extend 
to the northern end of the rupture at about 13°N. Post-
seismic rotations occur over this zone as well as south 
to 0°N, although the southernmost stress perturbations 
are likely associated with the 2005 M8.6 Nias–Simeulue 
earthquake.

In the down-dip direction, the largest coseismic stress 
rotations are generally found in zone B of Lay et  al. 
(2012). For the Tohoku-Oki earthquake (Fig.  4a), the 
largest coseismic stress rotation is the lower part of zone 
B and the rotation extends into the upper part of zone 
C. The Moho depth of the overriding plate is 30–35 km, 
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shallowing toward the trench (Zhao et al. 1994), mean-
ing that much of the rotation is below the Moho depth. 
In contrast, the largest slip in most finite rupture models 
is in the upper part of zone B and in zone A (e.g., Shao 

et al. 2011; Yagi and Fukahata 2011; Yamazaki et al. 2011; 
Minson et al. 2014), while the model of Ide et al. (2011) 
places a second peak of slip at the base of zone C. For 
the Tohoku-Oki earthquake, the largest coseismic stress 

-39 

-38 

-37 

-36 

-35 

-34 

-33 

-32 

-39 

-38 

-37 

-36 

-35 

-34 

-33 

-32 

-75 -74 -73 -72 -71 -70 

-39 

-38 

-37 

-36 

-35 

-34 

-33 

-32 

-39 

-38 

-37 

-36 

-35 

-34 

-33 

-32 

-75 -74 -73 -72 -71 -70 -75 -74 -73 -72 -71 -70 -75 -74 -73 -72 -71 -70 

0 2 4 6 8 10
stress rotation (degrees)

a b c

d e f

vertical
coseismic

horizontal
coseismic

Santiago

A B C

Pe
ru

-C
hi

le
 Tr

en
ch

8m

horizontal P1
postseismic

horizontal P2
postseismic

vertical  P1
postseismic

vertical  P2
postseismic

0.5m

Concepcion

Fig. 2 Stress rotations following the 2010 M8.8 Maule earthquake. a Vertical coseismic rotation, the change between the pre-mainshock (1977-5-
20–2010-2-27) and first postmainshock (2010-2-27–2010-4-30) time periods. Thick black lines indicate the 8-m contour of the mainshock slip model 
of Moreno et al. (2012), b vertical postseismic rotation P1, between the first and second (2010-4-30–2010-8-31) postmainshock time periods. Thick 
black lines indicate the 0.5-m contour of the postseismic slip model of Lin et al. (2013), c vertical postseismic rotation P2, between the second and 
third (2010-8-31–2015-9-16) postmainshock time periods, d horizontal coseismic rotation, e horizontal postseismic rotation P1, f horizontal post-
seismic rotation P2



Page 6 of 11Hardebeck Earth, Planets and Space  (2017) 69:69 

rotations therefore appear to occur at the down-dip edge 
of the shallow area of large slip. For the Sumatra earth-
quake (Fig.  4e), the largest coseismic rotation is also 
observed at the base of zone B, with rotation extending 
into the upper part of zone C. There is no good agree-
ment on the depth of earthquake rupture between dif-
ferent models, with the depth range of the largest slip 

ranging from zone A to the top of zone C (e.g., Ammon 
et  al. 2005; Rhie et  al. 2007; Chlieh et  al. 2007). The 
Maule earthquake (Fig.  4c) exhibits a more shallow 
stress rotation than the other two events, with the larg-
est coseismic stress rotation in the middle of zone B. 
The largest slip of the Maule rupture models is gener-
ally in the middle to lower part of zone B (e.g., Delouis 
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et al. 2010; Lorito et al. 2011; Pollitz et al. 2011; Moreno 
et  al. 2012; Yue et  al. 2014). For the Maule earthquake, 
the largest coseismic stress rotations therefore appear to 
occur in the middle or near the up-dip edge of the larg-
est rupture area.

The coseismic stress rotations tend to have simi-
lar along-strike extent as the mainshock rupture. For 
the Tohoku earthquake (Fig.  5a), the largest slip is con-
centrated between 36.4°N and 38.5°N. For the Maule 
earthquake (Fig.  5c), the slip models generally exhibit 

10 20 30 40 50 60

depth (km)

m
ed

ia
n 

 s
tr

es
s 

ro
ta

tio
n 

(d
eg

re
es

)

10 20 30 40 50 60

depth (km)

m
ed

ia
n 

 s
tr

es
s 

ro
ta

tio
n 

(d
eg

re
es

)

0

5

10

15

20

25

30

av
er

ag
e 

 s
lip

 (
m

)

0

1

2

av
er

ag
e 

 s
lip

 (
m

)

10 20 30 40 50 60

depth (km)

0

5

10

15

m
ed

ia
n 

 s
tr

es
s 

ro
ta

tio
n 

(d
eg

re
es

)

10 20 30 40 50 60

depth (km)

0

2

4

6

8

10

m
ed

ia
n 

 s
tr

es
s 

ro
ta

tio
n 

(d
eg

re
es

)

0

2

4

6

8

10

av
er

ag
e 

 s
lip

 (
m

)

0

0.5

1

1.5

av
er

ag
e 

 s
lip

 (
m

)

0 20 40 60

depth (km)

0

5

10

15

20

m
ed

ia
n 

 s
tr

es
s 

ro
ta

tio
n 

(d
eg

re
es

)

0 20 40 60

depth (km)

0

2

4

6

8

10

12

m
ed

ia
n 

 s
tr

es
s 

ro
ta

tio
n 

(d
eg

re
es

)

0

5

10

15

av
er

ag
e 

 s
lip

 (
m

)

0

1

2

3

4

av
er

ag
e 

 s
lip

 (
m

)

vertical
horizontal
slip (co)

vertical  P1
vertical  P2
horizontal  P1
horizontal  P2
slip (post)

vertical  P3
horizontal  P3

A B C A B C

A B C A B C

A B C A B C

a b

c d

e f

COSEISMIC POSTSEISMIC
TO

H
O

KU
-O

KI
M

AU
LE

SU
M

AT
RA

-A
N

D
A

M
A

N

0

5

10

15

0

5

10

15

Fig. 4 Stress rotation as a function of subduction interface depth. The median vertical (red) and horizontal (blue) stress rotations are found for all 
inversion bins in 5-km depth intervals. Multiple realizations are performed by sampling a rotation for each bin from its bootstrap uncertainty, and 
the median is set to zero if it is not significantly different from zero at 1-sigma uncertainty. Vertical black lines and letters separate zones A, B, and 
C, as defined by Lay et al. (2012). a Tohoku-Oki earthquake coseismic stress rotation. Gray curves indicate average mainshock slip as a function of 
depth from slip models of Shao et al. (2011), Ide et al. (2011), Yagi and Fukahata (2011), Yamazaki et al. (2011) and Minson et al. (2014). b Tohoku-Oki 
earthquake postseismic stress rotation, P1 shown as solid lines and P2 as dashed lines. Gray curves indicate average afterslip as a function of depth 
from models of Ozawa et al. (2011) and Yamagiwa et al. (2015). c Maule earthquake coseismic stress rotation. Gray curves indicate mainshock slip 
models of Delouis et al. (2010), Lorito et al. (2011), Moreno et al. (2012), Pollitz et al. (2011) and Yue et al. (2014). d Maule earthquake postseismic 
stress rotation, P1 shown as solid lines and P2 as dashed lines. Gray curves indicate afterslip models of Bedford et al. (2013) and Lin et al. (2013). e 
Sumatra–Andaman earthquake coseismic stress rotation. Gray curves indicate mainshock slip models of Ammon et al. (2005), Rhie et al. (2007) and 
Chlieh et al. (2007), f Sumatra–Andaman earthquake postseismic stress rotation, P1 shown as solid lines, P2 as dashed lines, and P3 as dash-dot lines. 
Gray curve indicates afterslip model of Chlieh et al. (2007), black curve the 2005 M8.6 Nias–Simeulue earthquake slip model of Ji (2005)



Page 8 of 11Hardebeck Earth, Planets and Space  (2017) 69:69 

a bimodal slip distribution with a low at about 36°S. 
The stress rotations exhibit a similar bimodal distribu-
tion with a low at 36°S, with peaks at 34°S–34.5°S and 
37.5°S–38°S similar to the peaks in the rupture. For the 
Sumatra earthquake (Fig. 5e), the stress rotations and two 
of the three slip distributions (Ammon et al. 2005; Rhie 
et  al. 2007) peak at around 5°N and drop off rapidly to 
the south while tapering off more slowly to the north. An 
additional area of stress rotation is observed just south of 
the rupture zone at 1.5°N.

Postseismic stress rotations tend to occur in the same 
along-strike and down-dip locations as the coseismic 
stress rotations, rather than being clearly related to the 
spatial extent of observed afterslip. For the Tohoku earth-
quake, the postseismic stress rotations are largest at the 
base of zone B and the top of zone C (Fig. 4b), while the 
largest afterslip occurs in the middle of zone C (Ozawa 
et al. 2011; Yamagiwa et al. 2015). The postseismic stress 
rotation extends south of the coseismic rotation, while the 
afterslip is centered somewhat north of the mainshock 
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slip (Fig. 5b). For the Maule earthquake, the postseismic 
rotations mainly occur in the middle of zone B (Fig. 4d), 
while the afterslip models range from the lower part of 
zone B to zone C (Bedford et  al. 2013; Lin et  al. 2013). 
Along-strike, the postseismic rotations are largest in the 
north of the two mainshock slip patches, while the after-
slip is distributed more evenly across the along-strike 
extent of the mainshock (Fig. 5d). For the Sumatra earth-
quake, the largest postseismic rotations are in the lower 
part of zone B and the upper part of zone C, with another 
area of rotation in zone A (Fig. 4f ), while the largest after-
slip occurred in the middle of zone B (Chlieh et al. 2007). 
Along-strike, the largest postseismic rotations occur in 
the same locations as the coseismic rotation (Fig. 5f ), with 
an additional rotation at 0°N that is probably related to 
the occurrence of the 2005 M8.6 Nias–Simeulue earth-
quake in that area. The largest afterslip, on the other hand, 
is near the northern end of the rupture zone.

For the Tohoku-Oki earthquake, ~2/3 of bins with a 
significant coseismic rotation ≥3° experience a postseis-
mic rotation of the opposite direction as the coseismic 
rotation, indicating reloading of the mainshock rupture 
area. For the Maule and Sumatra–Andaman earthquakes, 
only ~1/3 of such bins experience a postseismic rotation 
indicative of reloading. This implies that while reloading 
of the mainshock rupture occurs in some places, in many 
other places the stress on the rupture zone continues to 
be unloaded during the postseismic period.

Discussion
For all three M ≥ 8.8 earthquakes, the largest coseismic 
stress rotations are found in the center to the lower end 
of zone B (15–35  km depth) of Lay et  al. (2012), with 
rotation often extending into the upper part of zone C 
(35–55 km depth). The coseismic stress rotation is clearly 
deeper than the area of largest rupture for the Tohoku-
Oki earthquake and may be shallower for the Maule 
earthquake. This suggests that the mechanisms causing 
the stress rotation are closely connected with the proper-
ties of the lower end of zone B.

There are at least two possible physical mechanisms 
that could explain the stress rotations within the lower 
end of zone B. The first mechanism is that the differential 
stress level may be substantially lower there because of 
high fluid pressure. Audet et al. (2009) interpret receiver 
function images in Cascadia showing that the plate inter-
face is a low-permeability barrier in the lower part of 
zone B, confining fluids in the slab at high pressure, while 
this barrier is not present in zone C. Seismic tomogra-
phy has also imaged high fluid pressures near the B–C 
boundary (e.g., Shelly et al. 2006). Furthermore, seismic 
tomography in South America (Husen and Kissling 2001) 
shows what appear to be fluids rising from the slab into 

the crust of the overriding plate after a large earthquake 
fractures the low-permeability seal at the plate interface. 
The buildup and release of high-pressure fluids would 
repeat each seismic cycle (Sibson 2013). The periodic 
high fluid pressures would reduce fault strength in the 
slab and overriding plate, keeping the differential stress 
low. Stress rotations roughly scale with the ratio of the 
stress change to the differential stress, so a reduction in 
the differential stress would facilitate stress rotations.

The second mechanism is that near-complete stress 
drop may be easier to achieve in zone B because of the 
large coherent slip patches that Lay et al. (2012) propose 
as the explanation for the lack of high-frequency radia-
tion. The large patches of slip may represent areas of 
smooth fault surface, which may allow greater dynamic 
weakening during a large earthquake (e.g., Fang and 
Dunham 2013). Flat, smooth fault regions also appear 
to produce the largest earthquakes (Bletery et  al. 2016). 
Near-complete stress drop would increase the ratio of 
the stress change to the differential stress, also facilitating 
stress rotation. While the stress drop may be near-com-
plete in smooth fault regions, they are not necessarily the 
locations of the largest stress drop. If the background dif-
ferential stress is relatively low, perhaps kept low by the 
greater dynamic weakening, the stress drop need not be 
unusually high to be near-complete. The stress drop can-
not be fully complete, however, as the stress axes of the 
postmainshock stress field are resolvable and aftershocks 
occur. It is unclear why the large stress rotations would 
tend to occur near the base of zone B in this model, 
instead of throughout zone B.

The depth range of the stress rotations, from the lower 
part of zone B to the top of zone C, is similar to the depth 
distribution of tremor and slow slip (e.g., Obara 2002; 
Rogers and Dragert 2003). These phenomena have not 
been observed in the same fault sections as the M ≥ 8.8 
earthquakes that are considered in this study, despite 
dense enough instrumentation to have detected tremor 
and slow slip elsewhere in Japan (Obara 2002) and Chile 
(Gallego et  al. 2013). This suggests a shared physical 
mechanism that promotes tremor and slow slip in some 
cases and earthquakes with near-complete stress drop 
in others. High fluid pressure is a candidate mechanism, 
although this leaves unanswered the question of why 
some subduction zones produce tremor and slow slip 
while some do not.

For all three mainshocks, the coseismic stress rotations 
generally cover a spatial area similar to the area of largest 
mainshock slip. However, for the Tohoku-Oki earthquake, 
the depth distribution of the stress rotation clearly differs 
from the depth distribution of the earthquake rupture. This 
suggests that the Hardebeck and Hauksson (2001) analyti-
cal solution, which assumes that the stress rotation occurs 
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in the mainshock stress shadow, may not be a good approx-
imation. Additionally, the observed horizontal rotations 
and the spatial complexity of the vertical rotations are not 
consistent with the simple Hardebeck and Hauksson (2001) 
model, and suggest that heterogeneous earthquake slip 
contributes substantially to the observed stress rotations.

An alternative approach is to model the full spatial distri-
bution of static stress changes due to the mainshock, and 
to map the observed stress changes with adequate resolu-
tion to compare to the modeled stress patterns of the direc-
tion and amplitude of the rotation (e.g., Yoshida et al. 2012; 
Hasegawa et  al. 2012). Numerical inversion (Wesson and 
Boyd 2007; Yoshida et  al. 2012; Yang et  al. 2013) or for-
ward modeling (e.g., Yoshida et  al. 2014, 2015) can then 
be used to determine the background differential stress. 
This approach requires spatially mapping the stress rota-
tion with a resolution that may not be possible for smaller 
or more poorly recorded events. Modeling difficulties may 
also be encountered close to the rupture where model dis-
cretization impacts the computed stress changes.

Postseismic stress rotations tend to occur in the same 
along-strike and down-dip locations as the coseismic 
stress rotations, rather than being clearly related to the 
spatial extent of observed afterslip. This may be explained 
by the near-complete coseismic stress drop, which leaves 
a region of very low differential stress just after the earth-
quake. Stress rotations scale with the ratio between the 
stress change and the differential stress. Therefore, the 
very low differential stress can facilitate large stress rota-
tion in these areas, even if they are not the locations of 
greatest postseismic loading or unloading.

Conclusions
I explore the distribution of coseismic and postseismic 
stress rotations as a function of depth and along-strike dis-
tance for the 2011 M9.0 Tohoku-Oki, 2010 M8.8 Maule, 
and 2004 M9.3 Sumatra–Andaman earthquakes. The 
largest coseismic stress rotations are found in the mid- to 
lower part of zone B, and rotations extend into the upper 
part of zone C, as defined by Lay et  al. (2012). Lay et  al. 
(2012) found decreased high-frequency radiated energy in 
zone B, suggesting large patches of continuous slip. These 
large slip patches may facilitate the near-complete stress 
drop implied by the coseismic stress rotations. Seismologi-
cal studies (e.g., Shelly et al. 2006; Audet et al. 2009) imply 
that high-pressure fluids are present at the base of zone B. 
High fluid pressure reduces the differential stress, facilitat-
ing coseismic stress rotations. The coseismic stress rota-
tions are therefore potentially related to multiple physical 
properties of the subduction interface. The postseismic 
stress rotations tend to occur in the same locations as the 
coseismic rotations, which may be the result of the very 
low differential stress following the coseismic rotation.

The stress rotations are generally contained within 
the mainshock rupture area in the along-strike direc-
tion, although they can differ in their depth distribution. 
This suggests that the Hardebeck and Hauksson (2001) 
assumption that the stress rotation occurs in the main-
shock stress shadow may not be generally applicable. 
Additionally, the observed horizontal rotations, as well 
as the spatial irregularity of the vertical rotations, suggest 
that heterogeneous earthquake slip contributes substan-
tially to the observed stress rotations. This implies that 
the Hardebeck and Hauksson (2001) method for finding 
the differential stress from the coseismic stress rotation 
may be overly simplistic. More accurate results may be 
obtained by modeling the full spatial distribution of the 
mainshock static stress changes and finding the differen-
tial stress through inversion or forward modeling.
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