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Abstract

Earthquake focal mechanisms have contributed substantially to our understanding of modern tectonic stress

regimes, perhaps more than any other data source. Studies generally group focal mechanisms by epicentral

location to examine variations in stress across a region. However, stress variations with depth have rarely

been considered, either due to data limitations or because they were believed to be negligible. This study

presents 3D grids of tectonic stress tensors using existing focal mechanism catalogs from several subduction

zones, including Cascadia, Japan, Nankai, Mexico, and northern Chile. We bin data into 50 x 50 x 10

km cells (north, east, vertical), with 50% overlap in all three directions. This resulted in 181380 stress

inversions, with 90% of these in Japan (including Nankai). To the best of our knowledge, this is the first

examination of stress changes with depth in several of these regions. The resulting maps and cross-sections

of stress can help distinguish locked and creeping segments of the plate interface. Similarly, by dividing the

focal mechanism catalog in northern Japan into those before and those >6 months after the 2011 MW 9.1

Tohoku-Oki earthquake, we are able to produce detailed 3D maps of stress rotation, which is close to 90◦

near the areas of highest slip. These results could inform geodynamic rupture models of future megathrust

earthquakes in order to more accurately estimate slip, shaking, and seismic hazard. Southern Cascadia and

Nankai appear to have sharp stress discontinuities at ∼20 km depth, and northern Cascadia may have a

similar discontinuity at ∼30 km depth. These stress boundaries may relate to rheological discontinuities in

the forearc, and may help us unravel how forearc composition influences subduction zone behaviour and

seismic hazard.
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1 Introduction

Stress tensor estimates derived from earthquake focal mechanisms have formed a crucial asset to our un-

derstanding of tectonic processes. They have often appeared to reflect processes independent from those

observed in GPS-derived strain tensors (Balfour et al., 2011) or direct, borehole stress estimates (Mazzotti

and Townend, 2010), leading to a more complex, but richer, tectonic analysis. To date, relatively sparse cat-

alogs of focal mechanism estimates have led most investigators to either estimate a single tensor for entire,

broad seismic zones (e.g. Mazzotti and Townend, 2010) or to estimate stress tensors for targeted clusters of

earthquakes (e.g. Balfour et al., 2011). Variation of tectonic stress with depth is rarely considered in such

studies, in part because of reports that it is usually insignificant (Heidbach et al., 2018). Exceptions include

investigations of the Japan subduction zone by Terakawa and Matsu’ura (2010) and Yang et al. (2013), who

binned focal mechanisms into regular 3D grids. In this study we adopt a similar approach of binning focal

mechanisms based on a regular 3D grid, and apply it to multiple subduction zones, including Cascadia and

those in Japan. Using a consistent method of binning data, as well as for inverting and displaying stress

tensor estimates, facilitates meaningful comparisons between regions. For several of the regions, to the best

of our knowledge, this is also the first examination of stress changes with depth.

Only a small subset of the stress tensor results are included in this report, where they are plotted in map

and cross-section figures. The full set of stress inversion results appears in Table S1, as well as in map

and cross-section figures, in the supplementary information. Some of the focal mechanism data used in this

study was accessed via the International Seismological Centre (ISC) Bulletin (Lentas et al., 2019), accessed

at http://www.isc.ac.uk/iscbulletin/search/fmechanisms/. These include contributions from the Global Cen-

troid Moment Tensor catalog (Dziewonski et al., 1981; Ekström et al., 2012), as well as a variety of other

agencies that will not be listed here. As not all publicly available focal mechanism catalogs are uploaded to

the ISC, catalogs accessed elsewhere that were used in this study are described in Table 1.

2 Methods

2.1 Stress Inversion

We estimate the state of tectonic stress from earthquake focal mechanisms using the procedure of Plourde

and Nedimović (2021), which is similar to those of Vavryčuk (2014) and Plourde and Bostock (2019).

We account for uncertainty in the focal mechanisms by repeating each stress inversion 1000 times, each

time producing a new noise realization by perturbing the focal mechanisms with a random rotation. The

5

http://www.isc.ac.uk/iscbulletin/search/fmechanisms/


Table 1. List of focal mechanism catalogs use in this study, divided by region. Note that the sources listed are
in addition to those accessed via the ISC Bulletin (Lentas et al., 2019). NFM indicates the total number unique
earthquakes with a focal mechanism for the region, from all sources; it only includes events that lie within the map
bounds of the figures shown in Section 3, and in the cases of Cascadia and Japan separate NFM are given for each of
the two map areas.

Region Data sources (in addition to the ISC Bulletin) NFM

Cascadia

i) Geological Survey of Canada catalog, including the data of
Balfour et al. (2011) and unpublished mechanisms. ii) Northern
California Earthquake Data Center (NCEDC). Accessed via the
ObsPy (Python) package LibComCat:
https://github.com/usgs/libcomcat

6740
(N. Cascadia)

4626
(S. Cascadia)

Japan

i) (Japan) National Research Institute for Earth Science and Disaster
Resilience (NIED) earthquake mechanism catalog:
https://www.fnet.bosai.go.jp/event/search.php?LANG=en. ii)
Uchide (2020)

102598
(N. Japan)

62505
(S. Japan)

Mexico Franco et al. (2020), National Autonomous University of Mexico
(UNAM) http://132.248.6.13/∼cmt/

2565

Chile Herrera et al. (2021) 2346

absolute angles of rotation for each earthquake are drawn from Laplace distributions scaled according to the

estimated standard error assigned their focal mechanisms. However, most focal mechanism catalogs do not

supply error estimates, so in these cases we assume a standard error of 30◦. The output stress tensor estimate

is computed by taking a mean of the results from each realization.

Within each realization, stress is estimated using an iterative method based on the linear stress inversion

of Michael (1984). The purpose of iterations is simply to select which of the two nodal planes is most likely

to be the true fault plane. Whereas Vavryčuk (2014) selected the fault plane that was least stable, i.e. had

the highest instability factor I in the current stress tensor estimate, we combine the instability and slip angle

methods (Lund and Slunga, 1999) by selecting fault planes that maximize:

max (−→vpre · −→vobs) I, (1)

where −→vpre and −→vobs are the predicted and observed slip directions. This formulation favors nodal planes that,

given the current stress estimate, are 1) well oriented for slip according to Mohr-Coulomb failure criterion,

and 2) have a rake angle consistent with the predicted sense of shear.
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Stress tensors are expressed with principal stress axis directions −→σi and a shape ratio R, defined as:

R =
σ1 − σ2
σ1 − σ3

, (2)

such that a value of R = 0 indicates uniaxial tension and R = 1 indicates uniaxial compression. Note

that in this section we use the scalar σi to refer to (relative) stress values and the vector −→σi to refer to the

axis directions, but in later sections we will use unaccented σi more casually to refer to both the value and

direction. Although the stress inversion method can provide detailed probability distributions for −→σi and R,

there is no practical way to express the full distribution for large numbers of inversions. Instead, we first

reduce the uncertainty on each axis to a 90% confidence angle ui and record the 90% confidence limits on

R. We can then estimate an overall uncertainty angle (U ) of the stress tensors, at the 90% confidence level,

as:

U = Ru1 + (1−R)u3. (3)

The dependence of U on R arises from the fact that for uniaxial compression, −→σ2 and −→σ3 become arbitrary,

and (vice-versa) −→σ1 and −→σ2 become arbitrary for uniaxial tension. Therefore, as R → 1 uncertainties u2

and u3 will naturally increase (or, as R → 0, u1 and u2 will naturally increase), but those increases do not

suggest a higher level of overall uncertainty.

2.2 Grid and Plotting

For each region, we define a grid with 25 km spacing in the east–west and north–south horizontal directions,

and 5 km spacing in depth. The grid is always locally cartesian, i.e. it is not distorted by the choice of map

projection. We estimate the stress tensor at each grid-point with ≥10 focal mechanisms in its 50 x 50 x

10 km bin; note that the bin size results in 50% spatial overlap with adjacent points in all direction. We

represent stress on two maps per region, per depth interval: one for σ1 and one for σ3. The symbol used to

represent each stress axis depends on its plunge angle θ:

• For near-horizontal axes (0 ≤ θ < 20◦): the axis trend φ is plotted as a line, with its relative length

scaled according to cos2 θ.

• For intermediate-plunge axes (20 ≤ θ ≤ 70◦): φ is plotted as a above, but with an arrowhead in the

plunge direction. A circle, with relative scale determined by sin2 θ, is additionally plotted.

• For near-vertical axes (70 < θ ≤ 90◦): Only the circle, with relative scale determined by sin2 θ, is

plotted; φ is not represented.
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The σ1 symbols are colored according to their shape ratio R, and the σ3 symbols are colored according

to their uncertainty angle U . To produce cross-sections of stress, new grid points are placed at 25 km

horizontal spacing along the section, and their stress tensor is estimated using nearby stress inversions.

Only stress tensors from the same depth and <25 km horizontal distance are used; contributing tensors

are weighted according to both the inverse horizontal distance from the new grid point and their respective

uncertainties. The symbols used to plot stress are equivalent to those on map figures except rotated relative

to the vertical plane of the cross-section, such that the effective plunge-direction is pointing into the page.

3 Results

This section displays subsets of the stress inversions from each region in maps and cross-sections. All map

figures show the trench as a thick green line, as well as the 20, 40, 60, 80, and 100 km plate interface contours

as thin green lines, with all plate-interface models corresponding to those in the Slab2 collection (Hayes

et al., 2018). A full set of maps—including all depths at which stress was inverted in a particular region—is

contained in the supplementary folders to this report. All stress inversions are additionally described in

Table S1, which includes the following information for each inversion:

• Latitude, longitude, depth, and the number of focal mechanisms.

• Trend, plunge, and uncertainty angles for each axis (φi, θi, and ui).

• R and its 90% confidence limits. Note that the R reported comes from the reported stress tensor,

which is the mean result of the 1000 iterations, whereas the confidence limits are the 5th and 95th

percentiles of R from the individual iterations, so in rare cases the reported R actually falls outside

the confidence limits.

• Uncertainty (U ) as defined by Eq. 3.

• Diversity, defined as the mean Kagan rotation angle (Kagan, 2007) of the input focal mechanisms

away from the average focal mechanism. The average focal mechanism is defined as the double-

couple component of the mean of the unit moment tensors corresponding to each focal mechanism.

• Misfit, defined as the mean angle between the predicted and observed slip vectors.

A summary of characteristic uncertainty, diversity, and misfit angles from each subduction zone is pre-

sented in Table 2. Sufficient diversity is essential to achieve reliable stress inversions, although a high
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measured diversity can reflect low data quality in addition to true diversity of fault orientations. We can

attempt to qualitatively interpret data quality from the diversity/misfit ratio; for example, Chile has a rela-

tively high diversity/misfit ratio (37.1/23.8 = 1.56, 50th percentiles from Table 2) so we interpret its focal

mechanisms to be more reliable on average than those of Mexico, or Northern or Southern Cascadia that

have the lowest diversity/misfit ratios. High diversity paired with high misfit may indicate lower data quality

than low diversity with low misfit (even with similar diversity/misfit ratios), but it could also be indicative of

actual spatiotemporal stress variations within individual inversions. With enough data, it is possible to have

low uncertainty on the (mean) stress tensor even if diversity and misfit are high.

Japan (including Nankai) has most of the lowest-uncertainty stress inversions (comparing 5th percentiles,

Table 2) owing to extremely dense station coverage and a dense focal mechanism catalog onshore. However,

because northern Japan also has many inversions offshore where data quality is much lower, its median un-

certainties are similar to those in Cascadia. Far offshore regions have poor azimuthal coverage (from onshore

seismometers) and are also impacted by focal depth uncertainties which likely blur stress estimates over ±20

km depth. Hypocenter uncertainty is not explicitly accounted for in our estimates of stress uncertainty, there-

fore offshore estimates of stress uncertainty could be artificially low. This issue is least prominent in Japan

because it has had the most significant ocean-bottom seismometer coverage of its offshore, but even in Japan

there is a substantial gap in focal depth and mechanism quality between on- and offshore. Mexico has the

highest average uncertainties, probably in part because the majority of its inversions are offshore; however,

it also has relatively low diversities and misfits, indicating that a true lack of fault diversity is hindering

precise stress estimates.

Table 2. General statistics of stress inversions from each region, including the number of stress inversions N , and the
5th, 50th, and 95th percentile of their uncertainties, diversities, and misfits.

N Uncertainty (◦) Diversity (◦) Misfit (◦)
5th 50th 95th 5th 50th 95th 5th 50th 95th

Northern Cascadia 705 6.5 18.8 37.8 45.6 56.5 68.4 25.4 44.8 62.6
Southern Cascadia 517 6.5 17.4 34.6 26.4 54.1 67.1 16.3 39.3 56.9
Chile 331 8.6 18.4 31.2 14.3 37.1 59.8 6.8 23.8 45.0
Nankai 2305 2.8 12.8 30.8 22.7 40.0 56.7 13.1 25.6 46.0
Janan (Full) 4879 4.1 15.9 35.8 19.0 42.8 62.2 10.6 30.7 57.1
Japan (Pre) 2801 5.6 18.9 36.0 16.0 39.7 59.1 8.7 27.7 49.7
Japan (Post) 2999 4.4 17.5 36.7 16.4 41.1 60.4 9.8 28.0 51.8
Mexico 398 9.4 22.7 41.6 14.8 28.8 48.7 9.5 23.5 52.3
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3.1 Northern Cascadia

Pressure and tension axes from a subset of focal mechanisms in the 0–10 km depth interval are plotted in

Figure 1. In some areas of dense seismicity, it is difficult to visually interpret dominant stress orientation

because there is high degree of scatter in their azimuths—note that northern Cascadia was the region with

the highest average diversity (Table 2). Figure 2 displays stress inversion results for the shallowest 20 km.

Results are generally consistent with those of Balfour et al. (2011), who observed σ1 and maximum hori-

zontal stress directions to be trench-normal above the western (shallow, locked) portion of the megathrust

and trench-parallel in the eastern forearc. As there are few earthquakes in the western (near-trench) fore-

arc, the minimum event requirements of this study result in only one location where trench-normal σ1 is

resolved—along the coast of Vancouver island (10 to 20 km depth), which are our westernmost inversions.

Our results extend further south and east than those of Balfour et al. (2011), yet they see remarkably uniform

trench-parallel compression, generally with high R (close to uniaxial compression), which further demon-

strates that the northward push of the Oregon Block is dominating crustal stress in the region (McCaffrey

et al., 2013). σ3 is most commonly vertical, but there is much greater heterogeneity in σ3 than there is σ1.

Some of this heterogeneity, such as the E–W σ3 axes near 46.7◦N, 121.5◦W correspond to well-resolved,

strike-slip, low R regions indicating a stress regime closer to E–W extension. Other examples, such as the

dipping axes near 48.5◦N, 123.5◦W correspond to inversions with both high R and high uncertainty, so it

should be expected that their σ3 directions are poorly resolved.

Stress axes along cross-sections A–G are displayed in Figure 3, providing a easier way to examine

changes with depth. N–S compression dominates the forearc stress field up to ∼30 km depth across the

entire region (at least where stress is resolved). Where there are slab earthquakes—mainly in Lines C, D,

and E—the results are consistent with a slab-pull force and show along-dip σ3, with σ1 near-normal to the

plate interface. However, there is significant variation of intraslab R and it is rarely close to uniaxial tension.

The one area where a markedly different slab stress state is observed is on the western, updip portion of Lines

C and D (just east of the shoreline), where there are east-dipping σ1 axes and trench-parallel σ3. This stress

state may represent a transition zone between the shallow, locked zone and the deeper, low-coupling zone.
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Figure 1. Pressure axes (left) and tension axes (right) from Northern Cascadia in the 0–10 km depth interval. Only
800 of 3016 total focal mechanisms from the depth range are shown; to make the axes be visually distinguishable,
the mechanisms were culled with an iterative process based on distance to the 5th-nearest focal mechanism. Axes are
scaled according to cos2 θ, where θ is their plunge, and coloured by style of faulting. The thick green line indicates the
trench, and the thin green lines indicate the 20, 40, 60, 80, and 100 km plate-interface contours of Hayes et al. (2018).
Lines labeled A–G indicate cross-section locations, and are each 300 km long.

There appears to be a sharp transition with depth from the “forearc” stress state (N–S compression) to

the main “slab” stress state (interface-normal σ1, along-dip σ3). There are some “slab” stress tensors plotted

that are as much as 10 km shallower than the (McCrory et al., 2012) plate interface model (Line C). These

occur where the plate interface is >35 km depth and the two plates are thought to be only weakly coupled.

It may be appealing to assume that the stress transition occurs at the plate interface and that the slab-like

stress apparently in the deep forearc results from some combination of blurring due to the 10 km depth bins,

uncertainty in focal depths, and uncertainty in the true interface depth. However, observations from other

subduction zones (presented later in this report) suggest that a continuous stress regime across the plate

interface is common downdip of the locked zone and thus favour a stress boundary within the forearc.
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Figure 2. Stress inversion results from Northern Cascadia for the (top) 0–10 km and (bottom) 10–20 km depth ranges.
The left panels show σ1 axis orientation and are coloured according to R, right panels show σ3 orientation and are
coloured according to U . The symbols used to plot stress are described in Section 2.2. The thick green line indicates
the trench, and the thin green lines indicate the 20, 40, 60, 80, and 100 km plate-interface contours of Hayes et al.
(2018). Lines labeled A–G indicate cross-section locations, and are each 300 km long.
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Figure 3. Cross-sections A–G of stress inversion results in Northern Cascadia. Positions of each section are indicated
in Figure 1. Cyan markers at the surface indicate the position of the coastline in each section.
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3.2 Southern Cascadia

The stress regime and distribution of seismicity in southern Cascadia both differ significantly from northern

Cascadia. Earthquakes occur primarily near the very southern edge of the subduction zone, close to the

Mendocino Triple Junction (MTJ) that connects Cascadia to the San Andreas Fault system, but on this

southern edge they extend from the far offshore continuously eastward across the megathrust zone to the

volcanic arc, or roughly above the 100 km plate interface contour, and beyond (Figure 4). The influence of

the transform boundary to the south is apparent in the shallow crustal stresses, which are most commonly

strike-slip with near N–S σ1. Wada et al. (2010) suggested that the strong N–S compression results from the

Pacific plate near the MTJ pushing northward against the subducting slab. R decreases eastward from the

arc into the backarc, indicating relatively higher degrees of E–W extension, vs. N–S compression.

Cross-section views of stress along Lines A–D are displayed in Figure 5. Li et al. (2018) previously

inverted for stress near Cape Mendocino in the slab and overriding plate independently, and they observed

a stress discontinuity at the plate interface. We observe a stress rotation near the coastline in Line B that

is consistent with their observations, supporting their notion that the interface is not strongly coupled in

the region. This apparent stress contrast at the interface does not extend landward to interface-depths >20

km, where we mostly observe continuous stress regimes across the interface (although the stress regime

differs from Line B to Line C). However, in these more landward forearc regions we do observe a significant

rotation between the stress axes above and below a gap in seismicity, at ∼20 km depth. On Line B, σ1 is

approximately margin-normal in the shallow-forearc, but near-vertical (near-normal to the interface) in the

slab and in the forearc just above the slab. On Line C, σ1 is near-vertical in the shallow-forearc, but mostly

margin-parallel just above (and in) the slab.
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Figure 4. Stress inversion results from Southern Cascadia for the (top) 0–10 km and (bottom) 10–20 km depth ranges.
The thick green line indicates the trench, and the thin green lines indicate the 20, 40, 60, 80, and 100 km plate-interface
contours of Hayes et al. (2018). Lines labeled A–D indicate cross-section locations, and are each 410 km long.
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Figure 5. Cross-sections A–D of stress inversion results in Southern Cascadia. Positions of each section are indicated
in Figure 4. Cyan markers at the surface indicate the position of the coastline in each section. Note that sections C and
D do not intersect the trench, so the position of zero on their x-axes are arbitrary.
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3.3 Northern Japan

Compared to Cascadia, Japan has both extremely abundant earthquakes and a dense network of seismome-

ters, which have allowed detailed studies of its tectonic stress field (e.g. Terakawa and Matsu’ura, 2010;

Uchide, 2020). Also, unlike other subduction zones discussed here, northern Japan has had a megathrust

earthquake—the 2011 MW 9.1 Tohoku-oki earthquake—recently enough to have significant seismic cata-

logs both before and after. Several studies have mapped stress changes caused by the Tohoku-oki earthquake

but most have considered only 2D maps of stress within a particular plate, and ignored changes with depth

(Hasegawa et al., 2011, 2012; Yoshida et al., 2019). Yang et al. (2013) produced 3D maps of pre- and

post-Tohoku-oki stress, although they had only a short duration catalog available for the post-Tohoki-oki

period, and they also incorporate previously modelled coseismic stress changes into their inversion. Here,

we divide the available earthquake focal mechanisms into those pre- and post-Tohoku-oki and we produce

an independent, 3D assessment of stress for each time period. We include only earthquakes >6 months

after the mainshock in the post-Tohoku-oki group, so in addition to coseismic slip stress changes may also

incorporate cumulative effects of afterslip and aftershocks, including triggered earthquake swarms in the

forearc (Yoshida et al., 2019).

Example maps and cross-sections are shown in Figures 6–9. For comparison, Figure 10 displays a slip

model of the Tohoku-oki earthquake. Note that although the stress inversions extend over 200 km offshore,

stress estimates in the far offshore (particularly where the distance to shore exceeds focal depth) should

be interpreted more cautiously because of much greater uncertainties on focal depths (Nakamura et al.,

2016; Wang et al., 2019). Focal depth uncertainties, which are not accounted for in the estimates of stress

uncertainty, likely blur the stress tensors over ±20 km depth and prevent us from observing detailed stress

patterns around the shallow plate interface. However, we observe such substantial stress rotation between

the pre- and post-Tohoku-oki periods, both near the megathrust rupture area and more landward, that they

can be interpreted in broad terms without depth blurring being a major concern. Although the changes

can be observed by visually comparing the pre- and post-Tohoku-oki maps and cross-sections, to simplify

interpretation we also estimate a rotation angle between the two stress states. Similarly to how we defined

U (Eq. 3), we consider R in computing meaningful estimates of stress rotation. For uniaxial compression

(R → 1), the estimate of stress rotation should focus on σ1, whereas for uniaxial extension (R → 0), rotation

estimates should focus on σ3. Noting that R will also vary between the two stress states, we define the stress

rotation ϕ as:

ϕ = R̄∆−→σ1 + (1− R̄)∆−→σ3, (4)
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where R̄ is the mean of the pre- and post-rotation R values. This definition has an issue in that the maximum

possible ϕ is 90◦, whereas the maximum rotation possible between two general stress tensors is 120◦, but it

avoids artificially high rotation angles due to, e.g. high ∆−→σ3 for an area where R is near 1. Resulting ϕ are

shown in map view (Figure 11) and cross-sections (Figure 12).

Line E is at the southern end of the area of highest slip (Figure 10) and has the most dramatic stress

rotations, which are best viewed in cross-section (Figure 8). Rotations are near 90◦ even at x = 160 km,

where the plate interface is at 35–40 km depth. Figure 6 displays near-horizontal σ1 pre-Tohoku-oki in this

region, and near vertical σ1 afterwards. The along-strike range over which we observe the most significant

rotations is consistent with previous observations (Hasegawa et al., 2012) and modelling (Yang et al., 2013;

Wang et al., 2019), although the degree of rotation we observe is often higher than predicted by those models.

This may indicate that weaker faults and lower differential stress exist in the forearc than typically assumed.

We expect that Line D, which traverses the northern end of the highest-slip area, would display similarly

large stress rotations if not for the fact that there are so few post-Tohoku-oki forearc earthquakes in the area.

There are also crustal areas of onshore Japan that see significant stress rotation between the pre- and

post-Tohoku-oki periods, such as near 40◦N, 141◦E, on Lines C and D (Figures 6, 11, and 12). These

changes may be related to the Tohoku-oki earthquake, though less directly, via fluid upwelling and associ-

ated earthquake swarms promoted by the coseismic stress change (margin-normal extension) in this region

(Terakawa et al., 2013; Yoshida et al., 2019).

17



1
Pre-Tohoku
 10 to 20 km

 136°E  138°E  140°E  142°E  144°E  146°E  148°E 

  34°N 

  36°N 

  38°N 

  40°N 

  42°N 

  44°N 

  46°N 

A

B

C

D

E

F

G

H

I

0

0.5

1

R

1

Post-Tohoku
 10 to 20 km

 136°E  138°E  140°E  142°E  144°E  146°E  148°E 

  34°N 

  36°N 

  38°N 

  40°N 

  42°N 

  44°N 

  46°N 

A

B

C

D

E

F

G

H

I

3

 136°E  138°E  140°E  142°E  144°E  146°E  148°E 

  34°N 

  36°N 

  38°N 

  40°N 

  42°N 

  44°N 

  46°N 

A

B

C

D

E

F

G

H

I

20

40

60

U
n

c.
 (

d
eg

)

3

 136°E  138°E  140°E  142°E  144°E  146°E  148°E 

  34°N 

  36°N 

  38°N 

  40°N 

  42°N 

  44°N 

  46°N 

A

B

C

D

E

F

G

H

I

Figure 6. Stress in northern Japan at 10–20 km depth for the (left) pre- and (right) post-Tohoku-oki periods. Top
panels display σ1 and bottom panels display σ3. The thick green line indicates the trench, and the thin green lines
indicate the 20, 40, 60, 80, and 100 km plate-interface contours of Hayes et al. (2018). Lines labeled A–I indicate
cross-section locations, and are each 400 km long.
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Figure 7. Stress in northern Japan at 20–30 km depth for the (left) pre- and (right) post-Tohoku-oki periods. Top panels
display σ1 and bottom panels display σ3. Lines labeled A–I indicate cross-section locations, and are each 400 km long.
Note that in the northern section of the Tohoku-Oki rupture zone (near lines A–D), pre-Tohoku-Oki earthquakes are
primarily in the slab whereas post-Tohoku-oki earthquakes are primarily in the forearc.
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Figure 8. Cross-sections of stress in northern Japan at on Line E (see Figures 6, 7) for the (top) pre- and (bottom)
post-Tohoku-oki periods. Cyan markers at the surface indicate the position of the coastline in each section.
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Figure 9. Cross-sections of stress in northern Japan at on Line F (see Figures 6, 7) for the (top) pre- and (bottom)
post-Tohoku-oki periods. Cyan markers at the surface indicate the position of the coastline in each section.
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2011 Tohoku-oki Mw 9 Slip Model
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Figure 10. Coseismic slip model of the 2011 Tohoku-oki earthquake from Wang et al. (2018). The model is the mean
of 44 published coseismic slip models compiled by Sun et al. (2017), plus that of Freed et al. (2017).
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Stress Rotation: 20 to 30 km
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Figure 11. Angle of rotation ϕ, as defined by Eq. 4 between the pre- and post-Tohoku-oki datasets for the (left) 10–
20 km and (right) 20–30 km depth intervals. Markers are colored according to ϕ and scaled according to the ϕ/Ū ,
where Ū is the mean uncertainty angle of the pre- and post-Tohoku-oki inversions at that grid point. Lines labeled A–I
indicate cross-section locations, and are each 400 km long. Black curves show the 5, 10, 20, and 30 m slip contours
of the Tohoku-oki earthquake from Wang et al. (2018).
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Figure 12. Cross-section views of ϕ, see Figure 11 for locations. Cyan markers at the surface indicate the position of
the coastline in each section.

3.4 Southern Japan

Some of the Nankai subduction zone in southern Japan may also be in a “post-seismic” phase following

relatively recent megathrust ruptures: the 1944 Showa Tonankai M 8.1 and the 1946 Showa Nankai M 8.3

earthquakes, which are reviewed by Okamura and Shishikura (2020). The combined along-strike extent of

these ruptures spans approximately from Line B to Line E on our stress maps (Figure 13). Above the rupture

zones there are many gaps where stress could not be resolved due to a lack of seismicity; however, on Lines

B–D forearc σ1 is margin-parallel near the coastline, whereas it is closer to margin-normal outside the rup-

ture zones, on Lines A and F (Figure 14). Far to the southwest on Lines H–I, which intersect an extensional

back-arc (Figure 13), σ1 in the shallow crust is near-vertical even in the offshore forearc, although at ≳20

km depth there is a compressive stress regime that appears to be continuous across the plate interface.

On all cross-sections with forearc stress inversions both above and below ∼20 km depth, there is strong

evidence for a stress rotation with depth. This is most apparent on Line F, where there is a substantial

rotation at ∼20 km depth, and where the deeper stress state is compressive and continuous across the plate
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interface. Similar patterns are observed on Lines B, E, and G–J, although on Lines G–J the stress contrast

with depth is visible only offshore, and occurs at shallower depths. On Lines E and F this stress state is

observed up to ∼30 km shallower than the plate interface model, so it is unlikely that the stress contrast is

in fact near the plate interface, even if there are high errors in focal depths and/or interface depth.
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Figure 13. Stress inversion results from the Nankai Subduction Zone, southern Japan for the (top) 5–15 km and
(bottom) 15–25 km depth ranges. The thick green line indicates the trench, and the thin green lines indicate the 20, 40,
60, 80, and 100 km plate-interface contours of Hayes et al. (2018). Lines labeled A–J indicate cross-section locations,
and are each 400 km long.
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Figure 14. Cross-sections of stress in southern Japan, see Figure 13 for locations. Cyan markers at the surface indicate
the position of the coastline in each section.
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3.5 Mexico

The Mexican Subduction Zone, where the subducting Cocos plate collides with North America, has pro-

duced megathrust earthquakes at least as large as MW ∼ 8.6 (Suárez and Albini, 2009), but more commonly

ruptures in smaller MW 7–8 earthquakes. A region termed the Guerrero Seismic Gap (GSG), spanning ap-

proximately 101.2◦W–100.2◦W (or 101.2◦W–99.2◦W for the extended GSG), is exceptional in that it has

not had a significant megathrust earthquake since 1911. Although the GSG has had recent large slow slip

events, the estimated slip deficit remain substantial (Bekaert et al., 2015; Cruz-Atienza et al., 2018).

We resolve stress mainly near the the shallow, locked portion of the subduction zone, offshore and

just onshore, where the stress field appears to be dominated margin-normal compression (Figure 15). This

is true in both the subducting and overriding plate (although we remain cautious of blurring along depth,

especially offshore), with the exception of in Line B, where there is a rotation from near-horizontal σ1 in

the subducting plate to steeply seaward-dipping σ1 in the forearc (Figure 16). Line B falls in the western

portion of the GSG, so this may be reflective of anomalously low coupling in the region. Line C falls just

east of the GSG; there are unfortunately insufficient data to resolve forearc stress in the eastern (extended)

GSG in order to see if the stress rotation is present there.

Lines A and B each contain a region with stress inversions of deeper, intraslab seismicity. The two

regions show opposite stress regimes; Line A shows along-dip extension whereas Line B, whose inversions

are relatively close to the trench, shows along dip compression. Although there are too few focal mechanisms

farther than ∼60 km inland to formally invert from stress, near the NE end of Line B Pacheco and Singh

(2010) note two normal-faulting mechanisms with strikes near-parallel to the coast, suggestive of trench-

normal extension.
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Figure 15. Stress inversion results from the Mexican Subduction Zone for the (top) 5–15 km and (bottom) 15–25 km
depth ranges. The thick green line indicates the trench, and the thin green lines indicate the 20, 40, 60, 80, and 100
km plate-interface contours of Hayes et al. (2018). Lines labeled A–F indicate cross-section locations, and are each
280 km long.
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Figure 16. Cross-sections of stress in Mexico, see Figure 15 for locations. Cyan markers at the surface indicate the
position of the coastline in each section.
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3.6 Northern Chile

Herrera et al. (2021) computed 817 focal mechanisms from the northern Chile forearc, divided them into

five groups based on epicentral location, and inverted each group for a stress tensor. They observed a rotation

from margin-parallel compression near the coast to margin-normal compression further inland. We observe

the same trend here; in Figure 17 the margin-normal regime is seen in only a single stress tensor (in the

15–25 km depth interval, near 21◦S, 69◦W), but it is more extensively resolved at shallower depths and

is visible in the cross-section of Line E (Figure 18). In this work we also include focal mechanisms from

ISC Bulletin, which are predominantly offshore, both in the forearc and the subducting plate. Similar to

Cascadia, σ1 is consistently margin-normal offshore (above the shallow, locked interface), usually dipping

moderately to the west, and σ3 is always near-vertical. R varies substantially offshore, with a low-R region

of forearc (relatively equal margin-parallel and -normal compression) in between high-R regions (dominated

by margin-normal compression) to the north and south. The transition point to the (onshore) margin-normal

compression regime appears to be ∼30 km west (seaward) of the coastline on Lines A and B, but much

closer to the coastline on Lines C and D.

We resolve no significant changes of stress with depth in the offshore or nearshore regions. However,

in the far-inland region where there is near–margin-normal compression (east of 69.2◦W, Line E), there is a

rotation from ENE-trending σ1 in the 0–15 km depth range to NW-trending, more steeply dipping σ1 from

30–45 km. Stress is not resolved in the 15–30 km depth range so it is unclear if there is a sharp or gradual

transition between these regimes.
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Figure 17. Stress inversion results from northern Chile for the (top) 15–25 km and (bottom) 25–35 km depth ranges.
The thick green line indicates the trench, and the thin green lines indicate the 20, 40, 60, 80, and 100 km plate-interface
contours of Hayes et al. (2018). Lines labeled A–F indicate cross-section locations, and are each 300 km long.
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Figure 18. Cross-sections of stress in northern Chile, see Figure 17 for locations. Cyan markers at the surface indicate
the position of the coastline in each section.
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4 Discussion and Conclusions

We computed 181380 stress inversions across five subduction zones, providing the first examination of

along-depth stress variation from focal mechanisms for those outside of Japan. Our results, along with a

recent study in eastern Canada (Plourde and Nedimović, 2021), indicate that substantial along-depth vari-

ations in the tectonic stress tensor appear to be common in the middle to lower crust. Interpreting the

observed changes with depth, like interpretation of focal-mechanism derived stress patterns in general, is

challenging due in part to the lack of information on the scale of differential stress. Our results, for example,

do not indicate whether a ∼90◦ rotation in stress, either in time or space, reflects a difference on the order

of 0.1 MPa or 10 MPa. However, it seems most plausible that the major stress rotations that we observe,

including those in time (in the Japan forearc) and depth (in the Cascadia and Nankai forearcs), represent

small changes in absolute stress levels in areas of relatively low differential stress. This is consistent with

studies such as Bostock et al. (2019) and Sibson (2020) that suggest pore-fluid pressure, via its influence

on effective normal stress, is critical in controlling earthquake distributions in forearcs. Rheological and/or

compositional discontinuities in the forearc, potentially correlating with observations such as the reported

Conrad discontinuity in Nankai (Katsumata, 2010), could also contribute to dramatic stress rotation over

short depth intervals. Interpreting 3D stress patterns with confidence will require context from geodynamic

models tailored to each specific subduction zone, and is largely beyond the scope of this study. In the future,

these observations will contribute to geodynamic models of subduction zones and further our understanding

of the hazard posed by megathrust earthquakes and tsunamis.
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Suárez G and Albini P. [2009]. Evidence for great tsunamigenic earthquakes (M 8.6) along the Mexican Sub-

duction Zone. Bulletin of the Seismological Society of America, 99, 892–896, doi:10.1785/0120080201.

Sun T, Wang K, Fujiwara T, Kodaira S, and He J. [2017]. Large fault slip peaking at trench in the 2011

Tohoku-oki earthquake. Nature communications, 8, 1–8, doi:10.1038/ncomms14044.

Terakawa T and Matsu’ura M. [2010]. The 3-D tectonic stress fields in and around Japan inverted from

centroid moment tensor data of seismic events. Tectonics, 29, TC6008, doi:10.1029/2009TC002626.

Terakawa T, Hashimoto C, and Matsu’ura M. [2013]. Changes in seismic activity following the 2011

tohoku-oki earthquake: Effects of pore fluid pressure. Earth and Planetary Science Letters, 365, 17–

24, doi:10.1016/j.epsl.2013.01.017.

34

http://dx.doi.org/10.1029/2012JB009407
http://dx.doi.org/10.1029/JB089iB13p11517
http://dx.doi.org/10.1002/2015JB012584
http://dx.doi.org/10.1186/s40623-020-01183-5
http://dx.doi.org/10.1029/2009JB006453
http://dx.doi.org/10.1093/gji/ggz375
http://dx.doi.org/10.1785/0220200429
http://dx.doi.org/10.1785/0120190190
http://dx.doi.org/10.1785/0120080201
http://dx.doi.org/10.1038/ncomms14044
http://dx.doi.org/10.1029/2009TC002626
http://dx.doi.org/10.1016/j.epsl.2013.01.017


Uchide T. [2020]. Focal mechanisms of small earthquakes beneath the Japanese islands based on first-

motion polarities picked using deep learning. Geophysical Journal International, 223, 1658–1671,

doi:10.1093/gji/ggaa401.
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