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The down-dip limit of the seismogenic zone and up-dip and down-dip limits of the deep low-frequency
tremors in southwest Japan are clearly imaged by the hypocentre distribution. Previous studies using
smooth constraints in inversion analyses estimated that long-term slow slip events (L-SSEs) beneath
the Bungo Channel are distributed smoothly from the down-dip part of the seismogenic zone to the
up-dip part of the tremors. Here, we use fused regularisation, a type of sparse modelling suitable for
detecting discontinuous changes in the model parameters to estimate the slip distribution of L-SSEs.
The largest slip abruptly becomes zero at the down-dip limit of the seismogenic zone, is immediately
reduced to half at the up-dip limit of the tremors, and becomes zero near its down-dip limit. Such
correspondences imply that some thresholds exist in the generation processes for both tremors and
SSEs. Hence, geodetic data inversion with sparse modelling can detect such high resolution in the slip
distribution.

In many subduction zones along the Pacific Rim, deeper extents of the source areas for megathrust earthquakes
have recorded slow earthquakes in the past two decades'. Similar fault slips seem to induce both slow earthquakes
and megathrust earthquakes in subduction zones?. However, slow earthquakes have much longer characteristic
time scales (i.e., event duration) compared to regular earthquakes. In particular, the characteristic time scales are
shorter and the magnitudes are smaller for deeper slow earthquakes in subduction zones. The mechanism of slow
earthquakes has yet to be elucidated as a function of depth. To better understand these processes, it is important
to investigate various types of slow earthquakes within the same region at different depths using precise seismic
and geodetic observation data from several stations.

Several works have summarised details of slow earthquakes in many subduction zones"** Among the various
types of slow earthquakes, well-studied events include deep low-frequency tremors® with dominant frequency of
2-8Hz, especially in the Nankai and Cascadia subduction zones. Seismic data indicates that the up-dip and the
down-dip limits of deep tremors are sharply distributed within a narrow belt-like zone®. Once tremors occur, they
usually continue for several days and accompany deep very low-frequency earthquakes (VLFs) at a dominant
period of 10-100 s°. Short-term slow slip events (S-SSEs) typically have a duration of 2-6 days in the Nankai
subduction zone*” and approximately 10 days in the Cascadia subduction zone®. The association of tremors and
S-SSEs is referred to as episodic tremor and slip (ETS)®. Because deep tremors occur along the isotherm contour
and not the isodepth contour® and they exhibit various migration properties, tremor generation processes have
been related to fluids from the dehydration of materials in the subducting overriding plate, or both>!*!!. The
sharp boundary of the tremor area seems to be consistent with a generation mechanism affected by chemical
processes like dehydration onset at a certain temperature threshold.

There is a spatial gap between megathrust earthquakes and deep ETSs. Long-term slow slip events (L-SSEs)
with durations of 0.5-5 years® and recurrence interval of >5 years occur within this gap of the Nankai subduc-
tion zone. In contrast, L-SSEs have not been identified in the Cascadia subduction zone. The L-SSEs beneath the
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Figure 1. Distribution of various types of fault slips. Red circle approximates the source areas of L-SSEs. Grey
circles are the source areas of the 1946 Nankai and the 1968 Hyuga-nada earthquakes. Yellow area approximates
the source area of deep low-frequency tremors. Small circles represent hypocentres of earthquakes M > 3.0 and
depth <70km from 1 April to 1 May 1968 as determined by the Japan Meteorological Agency (JMA). Contours
indicate the depth (in km) of the upper surface of the descending Philippine Sea plate®. Characters in italics

are geographical names. Rectangle in the inset represents the location of the study area. The map is created by
Generic Mapping Tools software (GMT v4.5.12; http://gmt.soest.hawaii.edu/)*.

Bungo Channel in southwest Japan (in the Nankai subduction zone) are a type of slow earthquake with a long
time scale. L-SSEs in this region occurred repeatedly around 1997, 2003, and 2010. The slip areas of these three
events are estimated to nearly coincide'?, filling a spatial gap between deep ETS and seismogenic zones (Fig. 1).

The upper (up-dip) boundary of the L-SSEs area was located close to the sources of two M > 7 interplate
earthquakes (the 1946 M 8.0 Nankai earthquake and the 1968 M 7.5 Hyuga-nada earthquake). This implies parti-
tioning between seismogenic and aseismic slip areas as highlighted from slow slip events'®. The lower (down-dip)
boundary of the L-SSEs area partly overlaps with the source areas of deep tremors'> . Temporal correspondence
has been reported between the occurrence of L-SSEs and the acceleration of deep tremors beneath the Bungo
Channel™.

In contrast to the discontinuous boundary of the existing tremor area determined by seismic data, the total
slip distributions of these L-SSEs estimated by geodetic data have been smoothed to some extent due to prior con-
straints on inversion analyses'> °. Smoothness constraints to the spatial variation of fault slips have been widely
used for geodetic data inversion'® ', It is possible that the slip distribution of L-SSEs is similar to that of tremors
but the smoothness constraints render the distribution smooth.

Recently, a sophisticated scientific information method using sparsity constraints'®°, which is referred to as
compressed sensing, has been applied to various natural science fields?”2!. In geophysics, sparsity constraints'®
have been introduced as a priori information into geodetic inversions instead of the commonly used smoothness
constraints?> %. Sparsity constraints have shown compact and sharply varying slip distributions with discontin-
uous boundaries, which are close to the end-member image of a slip distribution and previously unimaginable.
Consequently, we introduce sparsity constraints into the slip distribution analyses of L-SSEs beneath the Bungo
Channel to explore the possible existence of sharply varying slip distributions with discontinuous boundaries.

Data

We used digital data for the observed vertical and horizontal displacements of the 1997, 2003, and 2010 L-SSEs,
which were in the Supporting Information of Yoshioka et al.!>. Crustal displacements were observed at the posi-
tions of Global Navigation Satellite System (GNSS) stations operated by the Geospatial Information Authority
of Japan. In all, we used 33, 65, and 106 continuous GNSS stations as the number of stations increased over time
(Supplementary Figure 1). We used only the total displacement of each component during periods from 1996.7
t0 1998.5, 2001.9 to 2004.5, and 2009.5 to 2011.2. In this study, we focused only on the spatial distribution to
estimate the detailed distribution of the total slips during each L-SSE event.

Results

The slip distribution on the plate interface was estimated using fused regularisation** (see Methods). For simplic-
ity, only dip-slips on the fault plane were considered. For the 2010 L-SSEs, slips > 0.2 m were concentrated to a
relatively narrow area, and slips < 0.2 m were mainly distributed on the deeper side (Fig. 2a). There were no slips
toward the shallower area (Fig. 2a). The cross section of the estimated spatial distribution of the slips along line
AB showed a clear step at the down-dip side and a steep boundary at the up-dip side (Fig. 2b, red line). The 1997
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Figure 2. (a) Estimated slip distribution in the dip direction in the X-Y plane for the 2010 event. Black dots
indicate GEONET stations. (b) Slip distribution along line AB. Blue, green, and red represent the 1997, 2003,
and 2010 events, respectively. Grey line represents the 2010 event estimated by smoothed inversion'?. (c)
Estimated slip distribution in the X-Y plane for the 2003 event. (d) Estimated slip distribution for the 1997
event. The maps and graph are created by Generic Mapping Tools software (GMT v4.5.12; http://gmt.soest.
hawaii.edu/).

and 2003 L-SSEs showed similar distributions to that of the 2010 L-SSE (Fig. 2¢,d). However, due to fewer obser-
vation stations, the spatial resolutions were lower than that for 2010. Large (>0.2 m) slips were estimated to have
occurred at almost the same locations identified by Yoshioka et al.!2. However, the slip distributions at the up-dip
side significantly differed from the previous study'?.

The unique elements of our results are the up-dip boundary of the L-SSE area and the step-like distribution
of the down-dip side. The moment magnitude (Mw), subfaults with nonzero slips, and selected values of the two
hyperparameters in our estimation model are described in the lower left of Fig. 2a,c and d, and Table S1. The Mw
values of the estimated slip for the 1997, 2003, and 2010 events were comparable to those determined by Yoshioka
etal2,

Numerical inversion tests were conducted to assess how efficiently the proposed method reproduced the orig-
inal slip distribution from noise-overlapped synthetic displacement data (Supplementary Figures 2, 3, 5, 6, and 7).
For a test with a step-like distribution, the estimated slip modestly reproduced the original distribution, but
the step-width at the deeper side was narrower than that of the true slip (Supplementary Figure 2b, red line). In
another test with a bell-like distribution, the estimated slip did not show step-like distributions (Supplementary
Figure 3b, red line). For the test with narrower and larger slip areas than that of the step-like distribution, the
spatial resolutions could be confirmed at least around the major slip area (Supplementary Figures 5, 6, and 7).

The proposed method tended to estimate smoother slip patterns and did not show artificial discontinuity
during the evaluation with synthetic datasets. Hence, the estimated step-like distributions for the real dataset
were quite reliable. Furthermore, we conducted another test using smooth fused regularisation (see Methods)
with positivity constraints for the same step-like slip as mentioned above. Instead of the step-like distribution, the
estimated slips showed a triangular distribution (Supplementary Figure 8).

We also conducted a dependency check of the observation noise for the step-like distribution (see Methods).
For 1,000 patterns of estimated slips, the noise dependence was sufficiently low to recognise the existence of two
sharp boundaries, although the maximum slips differed (Supplementary Figures 4a, 4b, and 4c). Figure 2b shows
the transition mechanism of characteristic event type from megathrust earthquakes to slow earthquakes based
on the slip boundary.
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Figure 3. Red polygon with the solid and dashed lines shows the 2010 L-SSE with more than 0.2m and 0.1 m
slip areas estimated in this study. Yellow and grey circles indicate deep tremors detected during the 2010 L-SSE
data period (2009.5 to 2011.2) using the modified envelope correlation method considering tremor amplitude
and the hybrid-clustering method™ of the National Research Institute for Earth Science and Disaster Prevention
(NIED) of Japan. Open ellipses with dashed lines indicate approximate source areas of the 1946 Nankai and
1968 Hyuga-nada earthquakes. Open circles represent hypocentres of earthquakes M > 3.0 and depth <70km
from 1 April to 1 May 1968 as determined by JMA (Same as Fig. 1). Dashed contours show the temperature
(250-550°C) on the Philippine Sea plate®. The map is created by Generic Mapping Tools software (GMT
v4.5.12; http://gmt.soest.hawaii.edu/)*.
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Figure 4. (a) Blue, green, and red lines represent slip distributions of the 1997, 2003, and 2010 L-SSEs along
line AB (as in Fig. 2b). Yellow line shows the total tremor numbers in 10-km increments along line AB. Grey
line shows the total number of aftershocks for the 1968 Hyuga-nada earthquake (in Figs 1 and 3) in 10-km
increments along line AB. (b) Schematic of the spatial distribution of the locked zone, L-SSE, S-SSE, and deep
tremors. The graph is created by Generic Mapping Tools software (GMT v4.5.12; http://gmt.soest.hawaii.
edu/)®.

Discussion

The L-SSE areas are clearly separated into two parts [the major (minor) slip area at the up-dip (down-dip) side]
with two sharp boundaries (Figs 3 and 4). (i) The shallow boundary between the seismogenic zone and the major
L-SSE area corresponds to the isotherm at 350 °C’. (ii) The deep boundary between the major L-SSE area and the
minor L-SSE area corresponds to the up-dip limit of the tremor area.

In the area shallower than the up-dip limit of the major L-SSE area, a slip deficit accumulated!? and the 1968
Hyuga-nada earthquake (M7.5) occurred. The down-dip limit of the one-month aftershock of this earthquake
did not penetrate into the L-SSE area (Fig. 3). The down-dip limit of the seismogenic zone and the up-dip limit of
the SSE are clearly separated, and the boundary corresponds to the isotherm at 350 °C. Although it was previously
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noted that the down-dip limit of the seismogenic zone depends on temperature®, this is the first evidence that the
up-dip limit of the SSEs also depends on temperature.

The correspondence between the up-dip limit of the tremors and that of the minor L-SSEs can be explained
as follows (Fig. 4). In the inter L-SSE period, S-SSEs intermittently occur and tremors accelerate. Since part of the
slip deficit is released during S-SSEs, the remaining slip deficit within the S-SSE area when L-SSEs occur is smaller
than that of the major L-SSE area, where a tremor or S-SSE would not have occurred. On the other hand, during
L-SSEs, S-SSEs also occur, accelerating tremors within the minor L-SSE area, as suggested by seismic tremor and
geodetic SSE observations'*.

The sharp variation in the slip amount of L-SSEs and the correspondence of the boundaries with up-dip limit
of the tremor area suggest that frictional properties, which control slip behaviour, may change sharply. The onset
of tremors corresponds to the dehydration process from metamorphic hydrous minerals, such as chlorite and
epidote, in the subducting oceanic crust®. On the other hand, on fault surfaces like the plate boundary, frictional
properties are not uniform. They are complex and include scale heterogeneity?’. In particular, mixed brittle and
ductile patches may be distributed in the area of slow earthquakes®®. The ratio and connectivity of brittle and
ductile patches may abruptly change at these boundaries.

Furthermore, it should be noted that sparse modelling can examine the extent that sharp edges, steps and
small slip zones can fit the geodetic data, which only showed a smooth distribution in previous studies. Our
results indicate that the resolution of the position of sharp edges estimated from geodetic data analysed with
sparse modelling is comparable to the spatial resolution of the hypocentre distribution determined from seismic
data. Such independent datasets of the spatial distribution are useful to hypothesise about the physical processes
of both megathrust and slow earthquakes. Furthermore, a method based on the generalised fused regularisation
should be available for any slip and slip-deficit distribution analyses on various types of faults, promoting the
consideration of physical processes.

Methods
Geodetic inversion. The relationship between the displacement on a free surface and the slip on a plate
interface is expressed as:

N
de=SGys + & (k= 1,2, -+, K),
=1 (1)

where K is the number of observed GNSS displacements. dj is the observed displacements at the k-th station on
the Earth’s surface. s, is the dip-slip of the /-th subfault on the plate boundary. N is the number of subfaults. Gy,
is Green’s function, which represents the displacement at station k due to a unit slip on subfault . € is the error
(including observation noise) at the k-th station.

We divided the plate interface into small rectangular subfaults. Each subfault was approximated by three tri-
angles to calculate the angular dislocation®. Green’s functions, which are the combined effect of three angular
dislocations within a subfault in an elastic, homogeneous, and isotropic half space, were represented on a subfault.
We used a realistic three-dimensional plate geometry®. The size of the rectangular subfaults was 9 km in the X
direction (N 67° E). N is equal to 781 and the dip-slip only occurs for 781 subfaults. (For simplicity, we did not
consider the strike-slip on the fault plane).

The number of unknown model parameters was greater than that of the observed parameters. Consequently,
the above inversion problem is mathematically categorised as an ill-posed problem, which does not have a stable
solution. To overcome this, most previous geodetic inversions have imposed smoothness constraints by adding
the L2-reguralisation term, Sijlsi — sj|2, to the term for reproducibility of the observation, ||d — Gs||§, in the
evaluation function. The L2-regularisation term acts as a smoother by decreasing the total gap of the slip between
neighbouring subfaults. Occasionally, this term excessively smooths the distribution of slips, especially when
amount and quality of observations are poor.

In this study, we used sparse modelling, which is a form of statistical analysis to solve a problem that intro-
duces the sparsity of the solution as a priori information®. In our problem, there were no-slip areas, where the slip
behaviours were a steady state within the assumed system of subfaults. Using generalised fused regularisation?,
which is a kind of sparse modelling, we estimated the slip distribution as:

§" = argmin{|d — Gsll, + AYls; — s + 7+ Allslh}, -
s inj 2

where A (> 0) is a regularisation parameter for fused smoothness and -y (> 0) is a hyperparameter to control the
ratio between the fusion and the sparsity penalty terms. A large value of - A decreases the non-zero components,
while - A=0 introduces no sparsity. ¥, ; is the summation of all pairs of neighbouring cells. The first term on the
right-hand side of equation (2) represents the reproducibility between the model parameters and the observa-
tions. The second term represents the fused regularisation term, which indicates the smoothness and flatness of
model parameters (s). The third term represents the sparsity constraint.

Optimal solutions were obtained using a set of hyperparameters with minimum residuals [mean squared
residual (MSR), defined by Zle\dk — ZZN: 1les,\2 /K] via leave-one-out (LOO) cross validation??. In the LOO
method, which is a model parameter estimation scheme, we used N—1 observation data to estimate the model
parameters and one observation to calculate the MSR. We selected the values of the two hyperparameters by
searching 200 different values of -y, ranging from 10 to 0. For the value of , we first took a large value of A, which
rendered all model parameters to 0. Then we took a smaller value of A, which increased one nonzero model
parameter. We iterated these calculations until A =0 or 4,000 times with decreasing \.
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Numerical tests using syntheticdata. Numerical inversion tests were conducted to assess how efficiently
the proposed method reproduced the original slip distribution from the noise-overlapped synthetic displace-
ment data. To assess the accuracy of our proposed method, we used synthetic displacements calculated from two
end-member patterns of synthetic slips: a step-like distribution, including discontinuity, and a bell-like smooth
distribution (Supplementary Figures 2a and 3a). For the step-like distribution, the synthetic slip consisted of 88
subfaults with nonzero slips (12 subfaults with 0.25m and 76 subfaults with 0.10 m) and Mw = 6.874. These slip
areas covered subfaults with more than 0.1-m slips estimated for at least one L-SSE. For the bell-like distribution,
the synthetic slip consisted of 221 subfaults with nonzero slips (17 subfaults with 0.20-0.25 m, 38 subfaults with
0.10-0.20 m, and 24 subfaults with 0.05-0.10 m) and Mw = 6.929.

Similar to Nakata et al.”?, we calculated the synthetic displacements on the free surface using the results from
these synthetic slips. These were calculated using the same positions as Yoshioka et al.'* (Supplementary Figure 1).
To represent the observation noise in the synthetic displacement data, we added independent random numbers
that followed a normal distribution (mean = 0; standard deviations of east-west, north-south, and up-down
components were 0.13 cm, 0.13 cm, and 0.56 cm for the 1997 L-SSE, 0.14 cm, 0.14 cm, and 0.57 cm for the 2003
L-SSE, and 0.14 cm, 0.14 cm, and 0.50 cm for the 2010 L-SSE, respectively). In these tests, we searched 40 different
values of 7, ranging from 4 to 0, and referred to the results of the GEONET data. We iterated these calculations
until A=0 or 1,000 times with decreasing A.

The noise dependency check was conducted using 1,000 sets of noise-overlapping displacement data for the
step-like synthetic slip (Supplementary Figures 4a, 4b, and 4c). We used the same values of the two hyperpa-
rameters (A and ) as those obtained in the first calculation (shown in Supplementary Figure 2) for all 1,000
estimations.

To investigate resolution of the spatial distribution, we conducted three numerical experiments based on
the step-like slip (Supplementary Figures 5, 6, and 7). One removed subfaults with a 0.1-m slip on the east-west
side of the large slip (Supplementary Figure 5a). The synthetic slip consisted of 42 subfaults with nonzero slips
(12 subfaults with 0.25m and 30 subfaults with 0.10m) and Mw = 6.709. The second removed subfaults on the
deep side (Supplementary Figure 6a). The synthetic slip consisted of 43 subfaults with nonzero slips (12 subfaults
with 0.25m and 31 subfaults with 0.10m) and Mw = 6.714. The last one added subfaults on the shallow side
(Supplementary Figure 7a). The synthetic slip consisted of 121 subfaults with nonzero slips (12 subfaults with
0.25m and 109 subfaults with 0.10m) and Mw = 6.952.

Furthermore, we applied smooth fused regularisation, which replaced the second term in equation (2) by
L2 norm (equation (3)) for a step-like slip (Supplementary Figure 8). In this method, the hyperparameters were
conventionally defined in a slightly different way in terms of -y and A. Then in the case of the stations for the 2010
L-SSE, we tested seven values of A (=0, 1.06, 2.12, 10.6, 21.2, 106, and 212) and searched +y for up to 1,000 times.
The cross validation indicated that A= 10.6 showed the minimum MSR for the 2010 stations.

§" = argmin{||d — Gs|}} + AY (s — sj)2 + v IIsll,}- o
s inj 3

References
1. Beroza, G. C. & Ide, S. Slow earthquakes and nonvolcanic tremor. Annu. Rev. Earth Planet. Sci. 39, 271-296, doi:10.1146/annurev-
earth-040809-152531 (2011).
2. Ide, S., Beroza, G. C, Shelly, D. R. & Uchide, T. A scaling law for slow earthquakes. Nature 447, doi:10.1038/nature05780 (2007).
3. Obara, K. & Kato, A. Connecting slow earthquakes to huge earthquakes. Science 353(6296), 253-257, doi:10.1126/science.aaf1512
(2016).
4. Schwartz, S. Y. & Rokosky, J. M. Slow slip events and seismic tremor at circum-pacific subduction zones. Rev. Geophys. 45, RG3004,
doi:10.1029/2006RG000208 (2007).
5. Obara, K. Nonvolcanic deep tremor associated with subduction in southwest Japan. Science 296, 1679-1681 (2002).
6. Ito, Y., Obara, K., Shiomi, K., Sekine, S. & Hirose, H. Slow Earthquakes Coincident with Episodic Tremors and Slow Slip Events.
Science 315, 503, doi:10.1126/science.1134454 (2007).
7. Obara, K., Hirose, H., Yamamizu, F. & Kasahara, K. Episodic slow slip events accompanied by non-volcanic tremors in southwest
Japan subduction zone. Geophys. Res. Lett. 31, 123602, doi:10.1029/2004GL020848 (2004).
8. Rogers, G. & Dragert, H. Episodic tremor and slip on the Cascadia subduction zone: The chatter of silent slip. Science 300,
1942-1943, doi:10.1126/science.1084783 (2003).
9. Ji, Y., Yoshioka, S. & Matsumoto, T. Three-dimensional numerical modeling of temperature and mantle flow fields associated with
subduction of the Philippine Sea plate, southwest Japan. J. Geophys. Res. Solid Earth 121, doi:10.1002/2016]JB012912 (2016).
10. Hyndman, R. D., McCrory, P. A., Wech, A., Kao, H. & Ague, J. Cascadia subducting plate fluids channelled to fore-arc mantle corner:
ETS and silica deposition. J. Geophys. Res. Solid Earth 120, 4344-4358, doi:10.1002/2015]B011920 (2015).
11. Audet, P. & Biirgmann, R. Possible control of subduction zone slow-earthquake periodicity by silica enrichment. Nature 510,
389-393, doi:10.1038/nature13391 (2014).
12. Yoshioka, S., Matsuoka, Y. & Ide, S. Spatiotemporal slip distributions of three long-term slow slip events beneath the Bungo Channel,
southwest Japan, inferred from inversion analyses of GPS data. Geophys. J. Int. 201, 1437-1455, doi:10.1093/gji/ggv022 (2015).
13. Yagi, Y. & Kikuchi, M. Partitioning between seismogenic and aseismic slip as highlighted from slow slip events in Hyuga-nada,
Japan. Geophys. Res. Lett. 30(2), 1087, doi:10.1029/2002GL015664 (2003).
14. Hirose, H. et al. Slow Earthquakes Linked Along Dip in the Nankai Subduction Zone. Science 330, doi:10.1126/science.1197102
(2010).
15. Ozawa, S., Yarai, H., Imakiire, T. & Tobita, M. Spatial and temporal evolution of the long-term slow slip in the Bungo Channel, Japan.
Earth Planets Space 65, 67-73, d0i:10.5047/eps.2012.06.009 (2013).
16. Yabuki, T. & Matsu’ura, M. Geodetic data inversion using a Bayesian information criterion for spatial distribution of fault slip.
Geophys J. Int. 109, 363-375 (1992).
17. Segall, P. & Matthews, M. Time dependent inversion of geodetic data. J. Geophys. Res. 102(B10), 22391-22409 (1997).
18. Tibshirani, R. Regression shrinkage and selection via the Lasso. J. Roy. Stat. Soc. B 58(1), 267-288 (1996).
19. Donoho, D. Compressed sensing. IEEE Trans. Inf. Theory 52, 1289-1306 (2006).

SCIENTIFICREPORTS|7:6129| DOI:10.1038/s41598-017-06185-0 6


http://2a
http://3a
http://1
http://4a
http://4b
http://4c
http://2
http://5
http://6
http://7
http://5a
http://6a
http://7a
http://8
http://dx.doi.org/10.1146/annurev-earth-040809-152531
http://dx.doi.org/10.1146/annurev-earth-040809-152531
http://dx.doi.org/10.1038/nature05780
http://dx.doi.org/10.1126/science.aaf1512
http://dx.doi.org/10.1029/2006RG000208
http://dx.doi.org/10.1126/science.1134454
http://dx.doi.org/10.1029/2004GL020848
http://dx.doi.org/10.1126/science.1084783
http://dx.doi.org/10.1002/2016JB012912
http://dx.doi.org/10.1002/2015JB011920
http://dx.doi.org/10.1038/nature13391
http://dx.doi.org/10.1093/gji/ggv022
http://dx.doi.org/10.1029/2002GL015664
http://dx.doi.org/10.1126/science.1197102
http://dx.doi.org/10.5047/eps.2012.06.009

www.nature.com/scientificreports/

20. Lustig, M., Donoho, D. & Pauly, J. M. Sparse MRI: The Application of Compressed Sensing for Rapid MR Imaging. Magnetic
Resonance in Medicine 58, 1182-1195 (2007).

21. Honma, M., Akiyama, K., Uemura, M. & Ikeda, S. Super-resolution imaging with radio interferometer using sparse modeling. Publ.
Astron. Soc. Japan 66, 5, d0i:10.1093/pasj/psu070 (2014).

22. Evans, E. L. & Meade, B. J. Geodetic imaging of coseismic slip and postseismic afterslip: Sparsity promoting methods applied to the
great Tohoku earthquake. Geophys. Res. Lett. 39, L11314, d0i:10.1029/2012GL051990 (2012).

23. Nakata, R., Kuwatani, T., Okada, M. & Hori, T. Geodetic inversion for spatial distribution of slip under smoothness, discontinuity,
and sparsity constraints. Earth Planets Space 68(1), 1-10, doi:10.1186/s40623-016-0396-2 (2016).

24. Tibshirani, R., Saunders, M., Rosset, S., Zhu, J. & Knight, K. Sparsity and smoothness via the fused lasso. J. Royal. Statist. Soc. B. 67,
91-108, doi:10.1111/j.1467-9868.2005.00490.x (2005).

25. Hyndman, R. D. & Wang, K. Thermal constraints on the seismogenic portion of the southwestern Japan subduction thrust. J.
Geophys. Res. 100(B8), 15373-15392 (1995).

26. Kuwatani, T., Okamato, A. & Toriumi, M. Thermodynamic forward modeling of progressive dehydration reactions during
subduction of oceanic crust under greenschist facies conditions. Earth and Planetary Science Letters 307, 9-18, doi:10.1016/].
epsl.2011.01.027 (2011).

27. Ide, S. & Aochi, H. Earthquakes as multiscale dynamic ruptures with heterogeneous fracture surface energy. J. Geophys. Res. 110,
B11303, doi:10.1029/2004JB003591 (2005).

28. Ando, R., Takeda, N. & Yamashita, T. Propagation dynamics of seismic and aseismic slip governed by fault heterogeneity and
Newtonian rheology. J. Geophys. Res. 117, B11308, doi:10.1029/2012JB009532 (2012).

29. Comninou, M. & Dundurs, J. Angular dislocation in a half space. J. Elast. 5, 203-216, d0i:10.1007/BF00126985 (1975).

30. Baba, T, Tanioka, Y., Cummins, P. R. & Uhira, K. The slip distribution of the 1946 Nankai earthquake estimated from tsunami
inversion using a new plate model. Phys Earth Planet Inter 132, 59-73 (2002).

31. Igarashi, Y. et al. Three levels of data-driven science. Journal of Physics Conference Series 699, 12001-1-012001-13 (2016).

32. Bishop, C. M. Pattern recognition and machine learning. (Springer, New York, 2006).

33. Wessel, P. & Smith, W. H. E. New, improved version of Generic Mapping Tools released. Eos. Trans Am Geophys Union 79, 579-579,
doi:10.1029/98EO000426 (1998).

34. Maeda, T. & Obara, K. Spatiotemporal distribution of seismic energy radiation from low-frequency tremor in western Shikoku,
Japan. J. Geophys. Res. 114, BOOA09, doi:10.1029/2008]B006043 (2009).

35. Obara, K., Tanaka, S., Maeda, T. & Matsuzawa, T. Depth-dependent activity of non-volcanic tremor in southwest Japan. Geophys.
Res. Lett. 37, 113306, doi:10.1029/2010GL043679 (2010).

Acknowledgements

This work was partly supported by the “Initiative for High-Dimensional Data-Driven Science through Deepening
of Sparse Modeling” by JSPS KAKENHI (Grant Numbers JP16H01564, 25120005, 25120009, and 25120011)
and JSPS KAKENHI (Grant Numbers JP16K17798, 16K16108, 25280090, and 15K20864) and JST PRESTO
(Grant Number JPMJPR1676). We thank T. Matsuzawa and S. Tanaka for providing deep tremor hypocentre
data in NIED. We used the positions of the Global Navigation Satellite System (GNSS) stations operated by the
Geospatial Information Authority of Japan.

Author Contributions

R.N. performed the calculations and drafted the manuscript. H.H. programmed the main part of the code,
participated in the mathematical design of the study, and helped draft the manuscript. T.K. conceived and
participated in the design of the study, and helped draft the manuscript. S.Y. provided the processed GNSS data
and temperature structure data. M.O. participated in the mathematical design of the study. T.H. conceived and
participated in the design of the study, and helped draft the manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06185-0

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:6129| DOI:10.1038/541598-017-06185-0 7


http://dx.doi.org/10.1093/pasj/psu070
http://dx.doi.org/10.1029/2012GL051990
http://dx.doi.org/10.1186/s40623-016-0396-2
http://dx.doi.org/10.1111/j.1467-9868.2005.00490.x
http://dx.doi.org/10.1016/j.epsl.2011.01.027
http://dx.doi.org/10.1016/j.epsl.2011.01.027
http://dx.doi.org/10.1029/2004JB003591
http://dx.doi.org/10.1029/2012JB009532
http://dx.doi.org/10.1007/BF00126985
http://dx.doi.org/10.1029/98EO00426
http://dx.doi.org/10.1029/2008JB006043
http://dx.doi.org/10.1029/2010GL043679
http://dx.doi.org/10.1038/s41598-017-06185-0
http://creativecommons.org/licenses/by/4.0/

	Discontinuous boundaries of slow slip events beneath the Bungo Channel, southwest Japan

	Data

	Results

	Discussion

	Methods

	Geodetic inversion. 
	Numerical tests using synthetic data. 

	Acknowledgements

	Figure 1 Distribution of various types of fault slips.
	Figure 2 (a) Estimated slip distribution in the dip direction in the X–Y plane for the 2010 event.
	Figure 3 Red polygon with the solid and dashed lines shows the 2010 L-SSE with more than 0.
	Figure 4 (a) Blue, green, and red lines represent slip distributions of the 1997, 2003, and 2010 L-SSEs along line AB (as in Fig.


