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Repeated drainage from megathrusts during
episodic slow slip

Junichi Nakajima™ and Naoki Uchida?

Pore-fluid pressure levels are considered to regulate the frictional strength and slip behaviour at megathrusts, where the larg-
est earthquakes on Earth occur. Some analyses have suggested that the breaking of permeability seals during megathrust
earthquakes causes subsequent drainage from the megathrust. However, it is poorly understood whether drainage follows
frequent occurrences of episodic slow slip events. Here we analyse seismic waveform data beneath Kanto, Japan, for the period
from 2004 to 2015 and show that seismicity rates and seismic attenuation above the megathrust of the Philippine Sea slab
change cyclically in response to accelerated slow slip. These observations are interpreted to represent intensive drainage dur-
ing slow slip events that repeat at intervals of approximately one year and subsequent migration of fluids into the permeable
overlying plate. Our observations suggest that if slow slip events occur under an impermeable overlying plate, fluids draining
due to slow slip events could be forced to channel within the megathrust, potentially enhancing pore-fluid pressure at an up-dip,
locked seismogenic megathrust. This process might increase the potential to trigger large earthquakes near slow slip areas.
Although stress transfer is recognized as an important factor for triggering megathrust failure, fluid transfer accompanied by

episodic slow slip events will thus play an additional and crucial part in megathrust weakening.

either as earthquakes or through stable creep'. However, recent
observations have shown that in many subduction zones slow
slip events (SSEs) recur at intervals ranging from months to years®™.
Aseismic SSEs are considered to be part of the wide spectrum of slip
behaviour that exists at megathrusts®, and stress transfer due to SSEs
is an important factor contributing to an increase in the potential for
megathrust earthquake occurrence’. Substantial short-term stress
loading due to SSEs may have triggered the dynamic rupture of the
moment magnitude M, =9.0 2011 Tohoku-oki earthquake’, and a
recent observation in northeast Japan found concentrated occurrences
of the JMA (Japan Meteorological Agency) magnitude M), >5 earth-
quakes during SSE periods repeating at intervals of 1-6 years®. These
observations suggest that stress perturbations due to SSEs have an
essential role in modulating earthquake occurrence time.
Observations following large megathrust earthquakes have sug-
gested that drainage occurs from megathrusts, based on increases
in V,/V; ratio (P-wave to S-wave velocity ratio)’ and seismic activ-
ity'” above the megathrust, seismicity migrating into the overlying
plate'’, stress regime changes in the overlying plate'” and a sharp
increase in mantle-derived helium concentrations in bottom seawa-
ter'”. Although no studies have shown drainage following episodic
SSEs, SSEs can potentially drain fluids from megathrusts because
slow slip areas retain extremely high, near-lithostatic pore-fluid
pressures”'*'>. SSEs repeat at short intervals ranging from months
to years, often occurring at the down-dip end of a locked portion of
the seismogenic megathrust®. Therefore, revealing whether drain-
age occurs in response to episodic SSEs is important for quantify-
ing temporal changes in the frictional strength at the megathrust in
regions neighbouring SSEs.

C onventional wisdom has held that subduction megathrusts slip

Correlation of supraslab seismicity with SSEs
In this paper, we investigate a pair of seismic clusters beneath Kanto,
Japan (indicated by the dashed rectangle in Fig. 1a). The deep

earthquake cluster is a seismic streak on the Philippine Sea slab
megathrust at depths of 40-60km, whereas the shallower supra-
slab cluster is concentrated at depths of 25-35km. The megath-
rust earthquake cluster includes small repeating earthquakes'. We
applied the double-difference technique'” to differential arrival-time
data for 2,965 megathrust earthquakes and 225 supraslab earth-
quakes (M >1) reported in the unified JMA hypocentre catalogue
from January 2004 to December 2015 and relocated the earthquakes
with the JMA2001 model*. Relocated megathrust earthquakes are
distributed along a dipping plane that is consistent with the slab
surface dip", whereas supraslab earthquakes are located above the
up-dip end of the megathrust earthquakes with a gap of about 5km
(Fig. 1¢). Earthquakes in the supraslab seismic cluster have normal-
fault and strike-slip mechanisms, with an east-west-oriented ten-
sional (T) axis. Supraslab earthquakes increased following the 2011
Tohoku-oki earthquake (Fig. 2a); however, their focal mechanisms
did not change substantially after the Tohoku-oki earthquake (Fig.
1b, inset and Supplementary Fig. 1).

We investigated temporal correlations between supraslab seis-
micity and megathrust slip. First, we counted the number of supra-
slab earthquakes in a 0.4-year time window with a 0.1-year moving
window (Fig. 2a). Then we considered small repeating earthquakes
(red stars in Fig. 1c) that occurred within a +30 (standard devia-
tion) distance from the epicentral centroid of the supraslab seismic
cluster, and estimated the average slip rates on the megathrust from
repeater sequences following Uchida et al.® using the same time-
window length as in the supraslab cluster analysis (see Method for
slip rate estimates). Estimated slip rates, which can be used as prox-
ies for slow slip on the megathrust®, appeared to accelerate periodi-
cally (Fig. 2b), suggesting the occurrences of SSEs at approximately
1-year intervals.

We carried out cross-correlation analysis to evaluate temporal
correlations between the time series of the number of supraslab
earthquakes and megathrust slip rates for periods from 2004 to 2010
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Fig. 1| Analysed seismicity. a, Map showing seismicity (coloured circles) from 2004 to 2015, permanent seismograph stations (white squares) and the
upper surface of the Philippine Sea slab™ (pink lines) in the rectangle area in the inset map. b, Relocated earthquakes (coloured circles) in the dashed
rectangle in a. Black squares denote the eight Metropolitan Seismic Observation Network stations. The inset shows the lower-hemisphere distribution of
the P and T axes of the focal mechanisms for 26 supraslab earthquakes. Circles and triangles denote the P and T axes for earthquakes occurring before and
after the 2011 Tohoku-oki earthquake, respectively. ¢, Cross-section along A-B in b. Stars represent repeating earthquakes'®, and red stars are repeaters
used to estimate megathrust slip rates. d, Frequency-magnitude (M,,,,) distributions of supraslab and megathrust earthquakes.

and 2013 to June 2015 (2015.5) (see Methods for correlation analy-
sis). We did not use data from 2011 and 2012 because the number of
supraslab earthquakes greatly increased (Fig. 2a), as a result of the
static stress change and postseismic deformation caused by the 2011
Tohoku-oki earthquake®. Calculated cross-correlation coefficients
indicating a moderate positive correlation suggest that supraslab
seismicity followed accelerated megathrust slip at 0.2-0.4-year lags
for 2004-2010 and a 0.1-year lag for 2013-2015.5, within a <1%
significance level (Fig. 2c). We obtained the same lag times using
different window lengths (Supplementary Fig. 2a and 2b), thus
demonstrating the robustness of the lag times observed between the
two processes.

Seismic attenuation changes in response to slow slip

To investigate temporal changes in seismic properties above the
megathrust during the inferred SSEs, we analysed waveform data
recorded at eight Metropolitan Seismic Observation Network
(MeSO-net) stations” (black squares in Fig. 1b) from July 2009 to
June 2015. We estimated P-wave attenuation (Q,™') between the two
seismic clusters using the decay rate of the P-wave spectral ratio for

a pair of earthquakes, one from the megathrust cluster and one from
the supraslab cluster (Method and Supplementary Figs. 3 and 4). We
used earthquakes in the megathrust cluster that occurred in each
0.4-year window length and shifted the window by 0.1 year to resolve
the time-dependent Q,™' above the megathrust. We analysed the same
set of supraslab earthquakes for all time periods to avoid the influence
of different sets of supraslab earthquakes on the Q,™" estimate.

The obtained Q,™" values show temporal fluctuations beyond
estimation errors (Fig. 3a), and the Q,™' temporal variation can
be constrained by changes in the slope of spectral ratios (Fig. 3b
and Supplementary Fig. 5). Calculated cross-correlation coef-
ficients for 2013-2015.5 indicate, within a <1% significance level
(P-value <0.01), that the observed Q,™' and megathrust slip rates
are strongly positively correlated at very short lags of 0-0.1years
(cross-correlation coefficients of about 0.8) or negatively corre-
lated at a positive lag of 0.5 year and negative lags of 0.4-0.5years
(Fig. 3¢). Given that the number of supraslab earthquakes correlates
with megathrust slip rates at a short positive lag of 0.1year (right
panel in Fig. 2¢), we consider that the highest cross-correlation
coefficients at lags of 0-0.1years reflect a physical process that
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Fig. 2 | Correlation between supraslab earthquakes and megathrust slip rates. a, The number of supraslab earthquakes counted for 0.4-year time
windows with a 0.1-year moving window (grey histogram) and a magnitude (M,,,,)-time plot (white circles). b, Average slip rates on the megathrust (grey
histogram) estimated from the repeating earthquakes shown by red stars in Fig. 1c. ¢, Cross-correlation coefficient between supraslab seismicity and
megathrust slip rates for 2004-2010 (left) and 2013-2015.5 (right). Solid symbols indicate cross-correlation coefficients at which the null hypothesis that
supraslab earthquakes occur randomly irrespective of megathrust slip is rejected with a probability of <1% (P < 0.01). Positive lag means that supraslab

seismicity is delayed with respect to the megathrust slip.

occurs in response to SSEs and attenuation is enhanced concur-
rently with SSEs. The relatively high negative correlations at lags of
+0.4-0.5years may be due to a half-cycle skipping of semi-annual
variations in Q,' and megathrust slip rates.

Cyclic drainage from the megathrust

A possible mechanism for explaining the observed temporal corre-
lations among SSEs, supraslab seismicity, and Q,™' changes is stress
transfer by each SSE, potentially triggering seismicity*’ and enhanc-
ing Q,™' through increased dislocation density*. However, stress
change alone cannot satisfactorily account for the 0.2-0.4-year
lags for 2004-2010 and the 0.1-year lag for 2013-2015.5 observed
between supraslab seismicity and SSEs. Moreover, dislocation
damping, which is a thermally activated process’, may not effec-
tively work immediately above the megathrust, where repeating
earthquakes occur and temperatures are probably below 350°C*.
Even if increases in dislocation density due to stress transfer could
enhance attenuation, an opposite sense of stress changes would
be required for reducing attenuation during inter-slip periods.
Therefore, we consider stress transfer not to be the sole cause of
supraslab seismicity and attenuation enhancement in response to
SSEs, although it may partially contribute.

We propose that the observed temporal correlations are attributed
to the repeated evolution of flux at the megathrust. A low-permea-
bility seal in the overpressurized megathrust breaks during SSEs,
as observed for megathrust earthquakes’" (Fig. 4a). When fluids
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draining from the megathrust saturate the rock above, seismic wave
propagation enhances grain-scale dispersion (squirt flow)*** and
attenuation increases without a significant delay (almost zero lag)
from the inferred drainage. Subsequent fluid migration into the over-
lying plate triggers supraslab seismicity in spots where the perme-
ability is low enough for pore-fluid pressure to increase efficiently to
near-lithostatic values. The lags of 0.1-0.4 years for triggering earth-
quakes probably reflect the amount of time required for fluids to per-
colate approximately 5km upward and for the pore-fluid pressure to
increase to bring the system into brittle failure. The megathrust is then
resealed by cementation in the active hydrothermal environment,
and the pore-fluid pressure at the megathrust gradually increases over
time owing to recharging of dehydrated fluids from the underlying
hydrated crust®. Because fluids are not supplied to the overlying plate
during inter-slip periods, supraslab seismicity becomes quiescent and
Q, ! is therefore reduced (Fig. 4b). The megathrust slips again when
pore-fluid pressure increases and frictional strength falls below the
shear stress acting on the megathrust. A wide range of SSE recurrence
intervals observed worldwide may be governed by megathrust local
flux balance instead of by the regional tectonic loading rate”’.

Permeability estimate

This study suggests that fluids draining from the megathrust
during SSEs permeate into the overlying plate, thereby trigger-
ing supraslab earthquakes and enhancing seismic attenuation.
Fluid transport into the overlying plate may result either from
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Fig. 3 | Temporal variation in P-wave attenuation, Q,™. a, Values of Q,™' (coloured circles) with one standard deviation (vertical bars). Horizontal bars
denote the time window length of each with taking care of the term, Q' estimate. The grey histogram shows megathrust slip rates (Fig. 2b). The circles
above the panel denote the date of analysed megathrust earthquakes. b, Examples of spectral ratios of earthquakes for two periods. Grey lines represent
each observation, and circles are the averaged spectral ratios at 5 Hz intervals with one standard deviation (vertical bars). The black line denotes the
least-squares fitting, and the obtained Q, ' is shown with estimation error in parentheses. ¢, Cross-correlation coefficient between Q,' and megathrust slip
rates for 2013-2015.5. Solid symbols indicate cross-correlation coefficients with a probability value of <0.01. Positive lag means that the change in Q,'is

delayed with respect to the megathrust slip.
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Fig. 4 | Schematic interpretation of drainage process. a, Slow slip event. b, Inter-slip period. The hydrated crust is constrained by tomographic imaging”.

the inherent permeable nature of the overlying plate or from a
transient increase in the permeability due to SSEs. Recent stud-
ies have shown that the overlying plate is less metamorphosed
above areas of episodic tremor and slip?, and that the number
of supraslab earthquakes is inversely correlated with regional
episodic tremor and slip activity?®?, suggesting that the per-
meation of fluids into the overlying plate is limited above areas

of episodic tremor and slip. Therefore, it is unlikely that the
permeability above the megathrust is enhanced during SSEs to
high enough values to enable large amounts of fluids to perco-
late transiently into the overlying plate. The supraslab seismic
cluster analysed in this study may be facilitated by the presence
of an inherent permeable zone at the up-dip end of the inferred
slow slip area.
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We estimate the permeability of an inferred permeable zone
between the megathrust and supraslab seismic clusters using a rela-
tion from ref. *’, k= fyl* /7. Permeability (k) is expressed as a func-
tion of the characteristic time (), length scale of the process (I),
specific storage coefficient (), and dynamic viscosity (17). Given [
of 5km, # of 107°Pa! for low-porosity rocks, and 7 of 10*Pas as
assumed in ref. "', we obtain the permeability of 2-4x 10~*m? for
7 of 0.2-0.4 years in 2004-2010 and 8 X 10~"*m? for 7 of 0.1year in
2013-2015.5. The values we obtained fall in the upper limit of the
permeability range (107°~10"""m?) inferred above a megathrust at
depths of 40-60km’'"*'. Such high permeability values suggest the
presence of a highly fractured, pre-existing mature pathway to the
supraslab cluster. Tensional stress caused by the Tohoku-oki earth-
quake’ may have forced the permeability of the fluid pathway to
increase, shortening lag times to the activation of supraslab seismic-
ity after the Tohoku-oki earthquake.

Implications for possible fluid transfer by slow slip

Because episodic tremor and slip tend to occur beneath the imper-
meable overlying plate’>*, where a significant increase in the per-
meability is unlikely to occur transiently during slow slip, fluids
may be forced to channel within the megathrust during and after
SSEs. We hypothesize that in undrained conditions, fluids liber-
ated by SSEs infiltrate the up-dip, elevating pore-fluid pressure at
a locked portion of a seismogenic megathrust, which may increase
the potential for triggering megathrust earthquakes. SSEs may have
two functions triggering megathrust earthquakes: stress transfer
that leads to a loading-rate change, as has been conventionally con-
sidered®**, and fluid transfer that reduces the frictional strength of
the megathrust by increasing pore-fluid pressure. It may be essential
to consider fluid transfer to a locked portion during episodic SSEs,
which has not been fully simulated in seismic-cycle numerical cal-
culations, to improve forecasts of future megathrust earthquakes in
neighbouring slow slip regions.

The combination of megathrust drainage and triggered seis-
micity that we observed in this study shows behaviours like those
observed in fluid-injection experiments. Fluid-injection experi-
ments have shown that the number of earthquakes correlates with
quantity changes in fluid injection®, that seismicity quiescence fol-
lows the injection volume and pressure minima®, and that temporal
changes in seismic properties occur during fluid injection””. Our
observations suggest that a physical process similar to what occurs
in near-surface fluid-injection experiments is happening at depth in
the natural environment. The approximately 5-km gap between the
two seismic clusters suggests that the passage of fluids is not solely
sufficient to trigger earthquakes. This indicates that seismicity is
facilitated by pore-fluid pressure building to near-lithostatic values
and seismicity ceases when pressure drops.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
0rg/10.1038/s41561-018-0090-z.
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Methods

Slip rate estimates on the megathrust. Earthquakes that repeat on a fault are
considered to occur to catch up with slip in surrounding areas, and can thus

be used to estimate slip rates along the fault™. We first identified repeating
earthquakes from waveform similarities using the method of ref. ** for earthquakes
occurring along the upper surface of the Philippine Sea slab between January 2004
and June 2015. We set the waveform coherence threshold to 0.95 for averaged
coherences at 1-8 Hz, or to 0.8 for a frequency band between half and double the
corner frequency of the smaller event in an earthquake pair. We estimated slip for
each earthquake using the empirical relationship between the seismic moment M,
(in dynecm) and fault slip d (in cm), which is* log (d) = —2.36 +0.017 log(M,).
We calculated the seismic moment using M), with the relationship:

log (M) = 1.5Mj;, + 16.1. We set three time-window lengths (0.2, 0.3 and

0.4 years) with a 0.1-year moving window, and calculated cumulative slip rates in
each time window from the repeater sequences shown by the red stars in Fig. 1c.
We then estimated average slip rates on the megathrust in each time window by
dividing cumulative slip by the window length. We plotted the estimated average
slip rates at the centre of each time window.

Correlation analysis. We carried out parametric and non-parametric analyses to
calculate cross-correlation coefficients between the time series of the number of
supraslab earthquakes and the average slip rates on the megathrust. For parametric
analysis, we calculated the Pearson correlation coefficient, which is frequently

used in correlation analysis, whereas for non-parametric analysis we calculated the
Spearman rank correlation coefficient. The Pearson correlation requires that the
two variables are normally distributed and homoscedastic; however, the Spearman
rank correlation does not require any assumptions on data distribution®. The
Spearman rank correlation coefficient, unlike the Pearson correlation coefficient,
can deal with skewed data or outliers. For the correlation coefficients from the two
analyses, we calculated Student’s ¢ probability (P value) to verify the null hypothesis
that supraslab earthquakes occur randomly irrespective of the megathrust slip rates.

In our correlation analysis, we calculated the number of supraslab earthquakes
and average megathrust slip rates for three time-window lengths (0.2, 0.3 and
0.4 years) with a 0.1-year moving window, which discretized the time series of both
processes at every 0.1year. To remove the effect of the 2011 Tohoku-oki earthquake
on seismic activity, we considered three periods (2004-2010, 2012-2015.5 and
2013-2015.5) for cross-correlation estimates. As a result, we did not obtain a
statistically significant correlation between the number of supraslab earthquakes
and average megathrust slip rates for 2012-2015.5 (Supplementary Fig. 2a and b).
We infer that the high activity level of supraslab earthquakes caused by the static
stress change of the 2011 Tohoku-oki earthquake continued until late 2012
(Fig. 2a). Therefore, we show results of correlation analyses for the two periods
(2004-2010 and 2013-2015.5) in the main text.

The Pearson analysis for 2013-2015.5 yielded negative cross-correlation
coefficients with small P-values (<0.01) at positive (0.5-0.7 years) and negative
(0.3-0.7 years) lags (Supplementary Fig. 2b), but the Spearman analysis, which
provides more robust and stable estimates, did not show such large lag times, with
P-values of <0.01 (Supplementary Fig. 2a). We consider that the positive cross-
correlation coefficients (P <0.01) at relatively short lag times (0.2-0.4 years for
2004-2010 and 0.1 year for 2013-2015.5), which were observed independently of
analysis methods and time-window lengths (Supplementary Fig. 2a and b), are
robust and reliable. The cross-correlation coefficients calculated by both analyses
yielded nearly identical results; therefore, we show the cross-correlation coefficients
calculated using Spearman rank analysis, as it can provide a more robust and stable
estimate than Pearson analysis. We hereafter show cross-correlation coefficients
obtained with a 0.4-year time window length and discuss the temporal correlation
between the number of supraslab earthquake and megathrust slip rates.

We observed relatively high cross-correlation coefficients at lags of 0.2 year
(CC=0.39 and P=9x10"), 0.3 year (CC=0.46 and P=9%107°), and 0.4 year
(CC=0.41 and P=5x10"*) for 2004-2010, and at a 0.1-year lag (CC=0.53 and
P=6x107) for 2013-2015.5 (Fig. 2c). Therefore, we conclude that for 2004-2010
and 2013-2015.5, there is a moderate correlation between the number of
supraslab earthquakes and megathrust slip rates at short lag times within a <1%
confidence level.

To investigate whether the correlation between supraslab seismicity and
megathrust slip rates is reliable, we carried out two additional analyses for
2004-2010. First, we made a scatter plot between the number of supraslab
earthquakes and megathrust slip rates (Supplementary Fig. 2c). The scatter plot
shows a weak positive correlation between the two variables at a 0.3-year lag;
however, it does not show a positive correlation at a zero lag. This suggests that
the 0.3-year lag can result in a higher correlation between the two variables.

Second, we simulated the distribution of maximum cross-correlation
coefficients, assuming random occurrences of supraslab earthquakes. We produced
arandom time sequence of 53 supraslab earthquakes for 2014-2010 and calculated
maximum cross-correlation coefficients using the same scheme we used in the
actual data analysis and repeated this calculation 10,000 times. The simulated
number of supraslab earthquakes (1 =53) corresponds to the actual number of
supraslab earthquakes in 2004-2010. The maximum cross-correlation coefficients
for the 10,000 trials show a normal distribution with an average of 0.28 and o of
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0.10 (Supplementary Fig. 2d). The maximum real-data cross-correlation coefficient
(0.46) at a 0.3-year lag is not beyond a 26 level, and from only this statistical test we
cannot rule out the possibility that the observed temporal correlation is spurious.

The two additional analyses do not completely verify that the observed
correlation in 2004-2010 is not spurious. However, given that significant
correlations (P <0.01) between the number of supraslab earthquakes and
megathrust slip rates are commonly observed at short positive lags for both
2004-2010 and 2013-2015.5, and that seismic attenuation above the megathrust
increases concurrently with megathrust slip for 2013-2015.5 (CC=0.78 and
P=7x10"at a zero lagand CC=0.71 and P=7x10"" at a lag of 0.1 year)

(Fig. 3¢), the three independent seismic parameters (megathrust slip rates,
supraslab seismicity and seismic attenuation above the megathrust) are highly
likely to all correlate at short positive lags. We therefore postulate that the observed
correlation among megathrust slip, supraslab seismicity and seismic attenuation
changes is not spurious, but rather reflects an actual physical process that occurs
during and after megathrust slip.

Finally, we checked whether there is any correlation between intraslab (not
supraslab) seismicity and megathrust slip rates for 2004-2010. We selected
intraslab earthquakes (M > 1) that occurred in a dashed rectangle in Fig. 1a and
in a distance range of 5-15km from the upper surface of the Philippine Sea slab,
and calculated the cross-correlation coefficient between the number of intraslab
earthquakes and megathrust slip rates. The cross-correlation coefficients obtained
do not usually show a significant correlation for three time-window lengths (0.2,
0.3 and 0.4 years) (Supplementary Fig. 2e). This result indicates that intraslab
earthquakes, unlike supraslab earthquakes, occur independently of megathrust slip
rates. This suggests that a physical process occurring in response to slow slip would
have positive effects on supraslab seismicity but not on intraslab seismicity.

Estimates of corner frequency. Following the approach outlined by ref. *', we can
express a displacement amplitude spectrum for event i observed at station m as

A () = E— R, (exp(—nf £,
1+|L

ci

¢Y)

where fis the frequency, R,,(f) is the site-amplification factor, .7, is an attenuation
term along a ray path between event i and station m, f,, represents the source corner
frequency of event i, a is a frequency-dependent term, and F, is a combination

of frequency-independent terms affected by the radiation pattern and seismic
moment. By taking the spectral amplitude ratio at station m for events i and j,

we obtain

2
1+ | L
A, (f) F [fcj] -
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When we calculate the spectral ratio for co-located earthquakes, ray paths from
the two earthquakes largely overlap, meaning that the attenuation term can be
negligible. Thus, equation (2) can be written as

2

1+|L
Aim(f):ﬂifq] (3)
Apn(f) FJH[LJZ

i

The calculated spectral ratio has two corners together with flat levels at the
low- and high-frequency limits. When event i has a larger magnitude than event
j> the lower- and higher-frequency corners correspond to the f, values of events i
and j, respectively. We can determine the optimum corner frequency values of the
two earthquakes, f; and f;;, and the ratio of spectral levels by fitting the theoretical
source model.

We carried out a separate analysis for supraslab and megathrust seismic
clusters, allowing us to use a pair of co-located earthquakes, which is required in
order for us to cancel the attenuation term. We calculated spectrum amplitudes
from the vertical component using a window length of 2.0's from manually picked
P-wave onset for permanent seismograph stations (white squares in Fig.1a). We
included only frequencies with a signal-to-noise ratio (S/N) > 3 in the analysis. For
each seismic cluster, we took an earthquake pair with a >0.5 magnitude difference
and a <10km distance between earthquakes, and calculated a P-wave spectral
ratio for the earthquake pairs. When spectral ratios for a given earthquake pair
were observed at five or more common stations, we fitted the @? source model”
to the averaged spectral ratio, and then estimated f; values for the earthquake pair
using a grid-search technique in the frequency range of 1-32 Hz by minimising
misfits between observed and theoretical spectral ratios (see Nakajima et al.** for
further details). Supplementary Fig. 6 shows estimated f, values for 12 supraslab
and 629 megathrust earthquakes. We used these f; values in the differential
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attenuation estimate described below. We obtained a stress drop of 0.1 MPa to
10 MPa (average =2.6 MPa) for the supraslab cluster and of 1 MPa to 100 MPa
(average =20 MPa) for the megathrust cluster.

Differential attenuation between two earthquakes. Once f, is estimated, we can
rewrite equation (2) in the following form:

2
A, [fJ B ol AL \
A ()7 EF @
1+[f,
¢

where At is the differential attenuation term, which represents differential
attenuation along two ray paths and is defined as At;;, =, ~t7, . The left-hand
term in equation (4) can be evaluated from observations at each frequency, and
unknown parameters are included in the right-hand term. Equation (4) can be
linearized by taking the logarithm of both sides:

log0y,, (f) = log (F,/ F)—xAt; Jog(e)f ™" (5)
where

; 2

1+ L
Q) [fci] .
0, (1) =L,

1+

%

When two ray paths have the same seismic attenuation (that is, At =0), the right-
hand term of equation (5) becomes constant over a given frequency range. For real
data, the left-hand term of equation (5) may be inclined because of differential
attenuation; hence, we can estimate the differential attention along the two ray
paths using the slope of spectral ratios. Because we focus only on the slope of
spectral ratio here, we shift each spectral ratio’s level so that the logarithm of the
average spectral ratio becomes zero over the analysed frequency range.

To estimate seismic attenuation between the supraslab and megathrust seismic
clusters, we selected 60 earthquakes (M <2.5) that occurred in the megathrust
cluster beneath the supraslab cluster and used them as deeper earthquakes, event i,
in equation (4). For event j, we used five supraslab earthquakes (M <2.0). Ideally,
the ray paths between event i and station m and between event j and station m
should overlap above event j, which requires the use of seismograph stations
directly above the earthquake pairs. In our analysis, we used seismograph stations
installed as part of MeSO-net?'. The accelerometers were installed in ~20-m-deep
boreholes, and waveform data were digitized at a 200-Hz sampling frequency.

The stations were installed between 2007 and 2011, and there are now around 300
MeSO-net stations. Because the eight stations used in this study (black squares in
Fig. 1b) were installed before early 2009, we used waveform data from July 2009 to
June 2015 in our seismic attenuation estimates.

We calculated the spectral amplitude for each waveform from the vertical
component with a window length of 2.0s from manually picked P-wave onset. In
addition, we calculated a noise spectrum with a window length of 2.0s before P-wave
onset. We selected a frequency range of 15-45 Hz for computing At because it
ensured high S/N ratios (Supplementary Fig. 3). We did not use data for a certain
frequency if its S/N ratio was less than 10. Supplementary Fig. 4 shows the hypocentres
of the 65 earthquakes with coloured circles and the ray paths to the eight stations as
red lines for supraslab earthquakes and blue lines for megathrust earthquakes.

Supplementary Fig. 5 shows estimates of At" with a =0. We stacked the
spectral ratio calculated at the eight stations for each 0.4-year window length
with a moving window of 0.1 year and fitted the average spectral ratio by

equation (5) using the least-squares method. The slopes of spectral ratios
clearly vary over time, and the regression line fits data points well for each
period (Supplementary Fig. 5). Because we used the same sets of five supraslab
earthquakes as event j for all time epochs, we consider that temporal variation
in At" is not an artefact caused by selecting event j, but is instead a real feature
associated with seismic attenuation changes between the supraslab and
megathrust seismic clusters.

—1_ At
We calculated Q, ™' between the earthquake pairs as Q Ar,]]m, where
Az, =1,~1,, and 7, and 7;,, are the travel times from event i to station m and
from event j o statron m, respectlvely We calculated travel times using a one-
dimensional velocity model (JMA2001)" for each earthquake. Supplementary
Fig. 7 shows temporal variations in At’, travel-time difference Az, and Q,™" in each
0.4-year window. The average value of frequency-independent Q,™ estimated over
the analysed period (July 2009 to June 2015) was 4.48 +0.26 X 10~ (Q,=210-236).
We evaluated the effects of frequency-dependent attenuation and
uncertainties in f, on temporal changes in Q,™'. We found that absolute Q,™
values changed when considering frequency-dependent attenuation with
=0.27, but that the temporal pattern was not affected (Supplementary Fig. 8).
We also estimated temporal variations in Q,™" using f; values calculated for a
constant stress drop (Ao‘) We calculated a source radius, r, using the formula of

Eshelby*, "= J3Z 6 A,,, and calculated f, using the circular crack model®, f= 2%,
with C of 1.5 and v of 7.5km s~. Using the same set of earthquake pairs in

the actual analysis, we calculated temporal variations in Q,™" with the average
stress drops of 2.6 MPa for supraslab seismic cluster and 20 MPa for megathrust
seismic cluster (Supplementary Fig. 6). The results show Q' variations
correlated with megathrust slip rates (SSEs) (Supplementary Fig. 9), suggesting
that temporal variations in Q," are robust with respect to possible

estimate uncertainties.

Code availability. Computer code that supports the findings of this study is
available from the corresponding author upon request.

Data availability. The data and observation results that support the findings of this
study are available from the corresponding author upon request.
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