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Abstract

Fluid migration in subduction zones is a key controlling factor of slow and megathrust earthquakes at plate boundaries.

During the migration, seismic velocity and heterogeneous structures in its pathways may be temporarily varied, preferably

triggering slow earthquakes. Here, we show that transient changes of seismic heterogeneity occurred 0-9 months before shallow

slow earthquakes in the Nankai subduction zone, Japan, using very long-term (6–10 y) records of ambient seafloor noise.

The heterogeneity changes preceding to shallow slow earthquakes were observed near the margin of the source region, while

concurrent changes primarily occurred in the source region. We propose that the heterogeneity changes are attributed to

dynamic fluid migration, and the difference in timings reflects the pore pressure level in the corresponding source region. When

fluids are supplied to a source region under relatively low pressure, fluids are leaked out from its downdip or updip side, and

slow earthquakes occur not immediately but with a time delay of at most 9 months. In the high pore pressure case, slow

earthquakes occur immediately with fluid migration from the source region. This study suggests that the heterogeneous seismic

structure is possibly changed by fluid migration before slow earthquakes in the Nankai subduction zone.
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Key Points:

• Transient changes of seismic heterogeneities occurred 0-9 months before
slow earthquakes in the shallow Nankai subduction zone.

• We consider that the heterogeneity changes are caused by fluid migration.

• The difference in timings between fluid migration and slow earthquakes
reflects the pore pressure levels at the source regions.

Abstract

Fluid migration in subduction zones is a key controlling factor of slow and
megathrust earthquakes at plate boundaries. During the migration, seismic ve-
locity and heterogeneous structures in its pathways may be temporarily varied,
preferably triggering slow earthquakes. Here, we show that transient changes
of seismic heterogeneity occurred 0-9 months before shallow slow earthquakes
in the Nankai subduction zone, Japan, using very long-term (6–10 y) records
of ambient seafloor noise. The heterogeneity changes preceding to shallow slow
earthquakes were observed near the margin of the source region, while concur-
rent changes primarily occurred in the source region. We propose that the
heterogeneity changes are attributed to dynamic fluid migration, and the dif-
ference in timings reflects the pore pressure level in the corresponding source
region. When fluids are supplied to a source region under relatively low pressure,
fluids are leaked out from its downdip or updip side, and slow earthquakes occur
not immediately but with a time delay of at most 9 months. In the high pore
pressure case, slow earthquakes occur immediately with fluid migration from
the source region. This study suggests that the heterogeneous seismic structure
is possibly changed by fluid migration before slow earthquakes in the Nankai
subduction zone.

Plain Language Summary While the linkage between fluid and slow earth-
quakes occurring at the plate boundary of subduction zones has been revealed,
such a relationship for very shallow parts close to trench axes remains elusive.
In this study, we investigated the temporal variations of seismic velocity and
heterogeneous structure beneath the seafloor in the Nankai subduction zone,
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Japan, using the seismographs observed by a permanent cabled network start-
ing in 2010. The intensities of seismic heterogeneous structures change 0–9
months prior to the shallow slow earthquakes, implying that the heterogeneous
structure is altered by fluid migration that affects the slow earthquake gener-
ation. In the case of the fluid migration preceding to slow earthquakes, fluids
are supplied to the source region with relatively low pore pressure levels, and
the pore pressure level there increases until the timing of the slow earthquake
generation. In contrast, the case of concurrent fluid migration corresponds to
the fluids supplied to the source region with a relatively high pore pressure
level, and slow earthquakes occur at the immediate timing of the fluid supply.
These results suggest that monitoring heterogeneous seismic structures poten-
tially contributes to further understanding of the spatio-temporal relationship
between fluid migration and shallow slow earthquakes.

1 Introduction

Slow earthquakes at plate boundaries have been observed in various subduction
zones (Obara & Kato, 2016). They occur at both shallower and deeper exten-
sions of megathrust seismogenic zones, and affect stress conditions in the vicinity
of the megathrust zones. Their slow ruptures are likely related to the fluid near
plate boundaries, and seismic evidence of the relationship between deep slow
earthquakes and such fluids has been documented (Kodaira et al. 2004; Shelly
et al. 2007; Katayama et al. 2012; Audet & Bürgmann 2014; Nakajima &
Hasegawa 2016). Some studies have further suggested a temporal relationship
between fluid migration and slow earthquakes.

For example, a study on the Hikurangi subduction zone suggested that the
upward fluid migration from fault zones within the underlying oceanic crust
occurs at the downdip end of slow slip events (SSEs) that expand to the trench,
which activated slow earthquakes at the plate boundary (Warren-Smith et al.
2019). A receiver function study in the deep Cascadia subduction zone found
changes in seismic velocity within a low-velocity layer at the top of the sub-
ducting plate after episodic tremor and SSEs, and suggested that the changes
responded to fluctuations of pore-fluid pressure within the layer (Gosselin et
al. 2020). Although a previous paper (Zal et al. 2020) shows, through the
estimations of seismic anisotropy and velocity, that such a fluid migration may
occur in shallow subduction zones, there have been few evidences on the link-
age between dynamic structural variations associated with fluid migration and
the preparatory-to-generation stages of slow earthquakes. Consequently, fluid-
migration characteristics have been poorly understood, such as time scales and
pathway repeatability, and their relationship to shallow slow earthquakes. Re-
vealing these characteristics significantly contribute to the understanding of how
fluids in the crust are related to the generation of shallow slow earthquakes, as
well as the dynamic fluid processes occurring in subduction zones.

Because fluid migration may temporarily change seismic velocity and hetero-
geneity, here we shall investigate temporal variations in the seismic structure
of the Nankai accretionary prism, Japan, by ambient noise analyses, using very
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long-term seismic records (6–10 years) continuously observed at the seafloor.
Ambient noise correlations of two receivers are capable of retrieving the back-
ground wavefield propagating between them (Shapiro et al. 2005; Brenguier et
al. 2007). In the subsequent sections, we explain the application of the ambient
noise correlation to extract temporal variations of seismic velocity and hetero-
geneous structure, and the location estimation of the heterogeneous structure
changes. Moreover, we propose a possible mechanism to support our findings
on the temporal variation of seismic structure.

2 Data

The ambient noise correlation was applied to continuous records in the vertical
component of 49 stations in the Dense Oceanfloor Network system for Earth-
quakes and Tsunamis (DONET) deployed off the Kii Peninsula (Fig. 1) (Kaneda
et al. 2015; Kawaguchi et al. 2015; Aoi et al. 2020). DONET1 and DONET2 of
DONET are the eastern and western cabled networks deployed at water depths
of 1,000-4,400 m since the end of 2010 and 2014, respectively. We examined the
records observed by 20 stations in the period between 2011 and 9 March 2021
in DONET1 and 29 stations in the period between 2015 and 9 March 2021 in
DONET2.

Figure 1. Map showing locations of stations and seismic velocity
changes (dv/v). Yellow triangles and magenta circles represent
DONET stations and shallow very low frequency earthquakes
(sVLFE) during August 2015–April 2016 (Nakano et al. 2016; 2018).
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The red star shows the location of the earthquake that occurred
southeast of the Kii Peninsula on 1 April 2016. Grey triangles
indicate the locations of the boreholes used in Araki et al. (2019)
and Ariyoshi et al. (2021). Nodes KMC and MRG (pink) are
used in Fig. 3. Orange lines represent the depth contour of the
Philippine Sea Plate (Baba et al. 2002; Hirose et al. 2008).

3 Methods

3.1 Calculation of cross-correlation functions

We used ambient noise records at frequencies of 0.5–2.0 Hz. When tremors were
active in the accretionary prism toe, tremor signals at frequencies lower than 2
Hz were observed although the dominant frequencies of their signals were 2–8
Hz. Rayleigh waves from large teleseismic and regional earthquakes were also
observed in this frequency band. To suppress such energetic signals, we used
a method introduced by Tonegawa et al. (2021), and prepared the following
log-normal-shaped function.

𝐹(𝑡) = 1
√2𝜋𝜎(𝑡/𝑇 ) 𝑒𝑥𝑝 {− (log( 𝑡

𝑇 ))2

2𝜎2 } (1),

where � = 2 and T = 400 s. The cosine taper with a time window of 20 s was also
applied to both the edges of the function. The root-mean-squared (RMS1hour)
amplitudes were calculated with one-hour continuous records. If amplitudes in
the one-hour record, Amax, exceeded five times of the RMS1hour, the original
records were divided by the following function with a time shift of 80 s from the
time of Amax,

𝑆(𝑡) = 𝐶 • 𝐹(𝑡) (2),
where

𝐶 = 3𝐴max/RMS1hour (3).

The maximum amplitude of the log-normal shaped function (Eq. (1)) was ap-
proximately 80 s from the starting time. The examples are shown in Fig. S1.

The CCFs were calculated using a time window of 400 s with spectral whitening
(Brenguier et al. 2007) and were stacked over 30 days. When the RMS of one
segment (400 s) in the processed (partially suppressed) records was less than
0.4 times of the RMS of the time series of 3600 s, we discarded the segment
(Fig. S1). In the subsequent processing, we only used waveforms stacked over
>75 % of CCFs for 30 days. The resulting cross-correlation functions (CCFs)
at frequencies of 0.5–2.0 Hz revealed ocean acoustic-coupled Rayleigh (ACR)
waves propagating in the ocean and the entire accretionary prism (Tonegawa
et al. 2015). Since the obtained CCFs were stable over the entire observation
period (Fig. 2a), we estimated temporal variations in the seismic velocity and
the heterogeneous structure within the accretionary prism in comparison with
slow earthquake activities.
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Figure 2. Example of the processing of stretching. (a) CCFs for the
KMD14–KMD15 station pair over the observation period at 0.5–2.0
Hz. (b) Delay times of CCFs in (a) with respect to the reference
CCF stacked over the first 1 year. The arrow indicates the timing
of the off-Mie earthquake. (c) Parts of (black line) the CCF (203
Julian day in 2013) and (red line) reference CCF at a lag time of
14–18 s. (d) (black line) Cross-correlation function and (red line)
Wiener filter between the two CCFs shown in (c).

3.2 Measurement of velocity and waveform changes

We examined the stretching method to measure seismic velocity changes (Sens-
Schonfelder & Wegler 2006). However, prior to this, we confirmed whether
the coda part of the obtained 30-day CCFs is indeed stretched and contracted
during the observation period by applying the Wiener filter (Wiener 1949). The
reference CCFs were prepared by stacking CCFs over the first year from the
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starting time of the observation of station pairs. Using a time window of 4 s
between 2 s and 82 s and a time step of 2 s, we calculated the Wiener filter
that transforms the reference CCF into the individual 30-day CCF, in which
the lag time of an impulsive peak in the Wiener filter is the differential time
of the segments between the reference and individual CCFs. The Wiener filter
was calculated in the frequency domain, and it showed an impulsive peak that
allowed for accurate measurements of the time differences, compared to the use
of cross correlation function (Figs. 2c and d). An example in Fig. 2b shows
that the time difference between the reference and individual CCFs becomes
large as the lag time increases, and also a sudden trend change due to a nearby
earthquake (Mw 5.9) occurred southeast of the Kii Peninsula on 1 April 2016
(Fig. 1). Moreover, no seasonality was observed in our measurements, which
indicates that the obtained results are primarily based on the stable background
wavefield from the azimuthal range of NE to SE in all seasons (see more details
for Text S1).

The time window of 50 s, from the theoretical arrival time of the ACR wave
in the reference CCF, was stretched to match that of the individual CCF in
which the theoretical time was calculated with a separation distance of two
stations and a propagation velocity of 1.5 km/s. The searching range of the
stretch (dt/t) was −0.4–0.4 %, and dv/v = −dt/t. We also calculated the cross-
correlation coefficients (CCs) of the 50-s segments between the reference CCF
and the individual CCFs that were stretched using the obtained dv/v (Obermann
et al. 2013). We plotted the obtained dv/v (Fig. 3 and Figs. S2 and S3) and
CC (Fig. 3 and Figs. S4–S6) as a function of time. The dv/v and CC represent
the seismic velocity and heterogeneity changes around a pair of two stations.
The 1� uncertainties of dv/v and CC were estimated by averaging those values
over ±50 days. The obtained dv/v (Figs. 3a and Fig. S2) in the period near
the earthquake was consistent with that in a previous study (Ikeda and Tsuji
2018).
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Fig. 3. Temporal changes of seismic velocity and heterogeneity.
(a) The resulting dv/v for 6 pairs of 4 stations of node KMC with
(orange) 1� uncertainties for ±50 days. Pink, light-brown, and gray
regions represent the periods of SSEs from Araki et al. (2017) and
Ariyoshi et al. (2021), a large slow earthquake activity, and data
gaps. Red star shows the earthquake in Fig. 1. (b) Same as (a), but
for node MRG. Light-blue regions indicate the periods of sVLFE
activities (Nakano et al. 2016; 2018; Takemura et al. 2019; Baba et
al. 2020). (c) Temporal CC variation for node KMC. Black and gray
arrows indicate the preceding CC reductions observed around node
KMC and other regions in the southern part of DONET, respectively.
Red arrow shows concurrent CC reductions. Other numbers are
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provided in Fig. 4. An SSE was detected by the seafloor geodetic
observation in 2017 (Yokota and Ishikawa 2020). (d) Same as (c),
but for node MRG. Blue arrow represents concurrent CC reductions
with a slight delay.

The reliabilities of the obtained dv/v and CC were confirmed by examining
the stacking periods of 20 and 60 days, instead of 30 days (Fig. S7). The
dv/v variations among the stacking periods of CCFs (20, 30, and 60 days) were
negligible. By contrast, the averaged values of the obtained CC were large
for the 60-day CCFs because the stacked CCFs became close to the reference
CCF, and those for the 30-day and 20-day CCFs are comparable. Although
the absolute values of CC were different among the stacking periods of CCFs,
several CC reductions can be observed, and their timings observed in the 30-
day CCFs could be clearly reproduced. We confirmed the reliabilities of dv/v
and CC in terms of the count percentage of CCFs used in the 30-day CCFs for
pairs of KMD13-KMD15 and KMC12-KMC09. Although several reductions of
the count percentages of the CCFs were observed, they did not match with CC
reductions, indicating that the obtained CC reductions did not reflect the lack
of CCFs for stacking. Moreover, we confirmed that the obtained CC reductions
do not correlate with the ocean environment (parameters) around this region
(See details for Text S2).

To further investigate spatial variations of CC reductions in the southern part
of DONET1, we calculated CCFs for all station pairs at nodes KMB, KMC, and
KMD, and aligned CC measurements using the CCFs as a function of central
location of two stations (Figs. 4 and S4e), in which CC values in 4 adjacent
traces are averaged to enhance their coherencies. To remove long-term trends,
we calculated 100-day moving averages of the original CC variations with 5
times, and subtracted them from the original CC variations (Fig. S4e). Also,
we discarded pairs with a separation distance of >30 km between two stations
because CC perturbations in such cases are relatively large and hence unstable.
To specify CC reductions, we plotted the CC variations smaller than 2 times
of the standard deviation for each trace (Figs. 4c and d). Here, the standard
deviation was calculated using CC variations over the entire observation period
for each pair of stations. It is considered that the CC reductions reflect the
temporal changes in the heterogeneous seismic structure, and those changes
are caused by fluid migration at a local scale. The relationship between CC
reductions and slow earthquakes is summarized in Table S1.

8



Fig. 4. Identification of CC reductions. (a) CC variations for
station pairs in the southern part of DONET1 (nodes KMB, KMC,
and KMD), which are aligned by the central locations of station
pairs from south (bottom) to north (top). Black and red arrows
indicate pairs that show preceding and concurrent CC variations to
slow earthquakes, respectively. Blue arrow corresponds to concur-
rent CC reductions but with a delay (Event 9). Light-blue arrow cor-
responds to CC variations associated with large earthquakes (Event
1 of the 2011 Tohoku-Oki earthquake, and Event 14 of the earth-
quake shown in Fig. 1). More details for each event are described in
the text and Table S1. Pink (Araki et al. 2017; Ariyoshi et al. 2021)
and light-brown regions are the periods of slow earthquakes. Peri-
ods from first CC drop and subsequent slow earthquake activities
are noted. (b) Same as (a), but for the southern part of DONET2
(MRE, MRF, and MRG), which are aligned by the central locations
of station pairs from west (bottom) to east (top). Dark-blue and
light-blue represent sVLFE activities around MRE (central region)
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and MRF–MRG (western region), respectively (Nakano et al. 2016;
2018; Takemura et al. 2019; Baba et al. 2020). (c) Same as (a), but
the CC reductions that are larger than twice the standard deviation
are only plotted. (d) Same as (c), but for DONET2.

3.3 Seismic scattering coefficient

To estimate the region where the heterogeneous seismic structure was changed,
we mapped scattering coefficient changes (SCCs) by a method referred to pre-
vious studies (Obermann et al. 2013; Sánchez-Pastor et al. 2018; Hirose et al.
2019; Hirose et al. 2020). We adopted the dataset of dCCi defined as the CC
difference between the value averaged ±5 days around the reduced bottom and
the value averaged between 60 and 90 days prior to the reduced CC for the i-th
pair of two stations. The observed dCCi can be expressed as

dCC = Gm (4)

where dCC is the vector of dCCi (i=1…n). G is the matrix with

𝐺ij = �𝑠
𝑡 𝐾ij (5),

where Δs is the area of the cell, t is the centre of the time interval in the coda
part where the stretching is evaluated, and m consists of the SCCs for each cell
j to be estimated. Kij is the sensitivity kernel for station pair i in cell j, and K
in x0 can be described by the positions of two stations, s1 and s2, as

𝐾 (s1, s2, x0, 𝑡) = ∫𝑡
0 𝑝(s1,x0,𝑢)𝑝(x0,s2,𝑡−𝑢)du

𝑝(s1,s2,𝑡) (6).

p(s1, s2, t) is the probability that the waves have propagated from s1 to s2 in
time t, and this can be approximated by the intensity of the wavefield from s1
to s2 at time t. The analytic two-dimensional solution of the radiative transfer
for isotropic scattering for the intensity propagator is given by

𝑝(𝑟, 𝑡) = 𝑒− ct
𝑙

2𝜋𝑟 𝛿(𝑐𝑡 − 𝑟) + 1
2𝜋𝑙𝑐𝑡 (1 − 𝑟2

𝑐2𝑡2 )
− 1

2 exp[
√

𝑐2𝑡2−𝑟2−𝑐𝑡]/𝑙 Θ(𝑐𝑡 − 𝑟) (7),

where c is the group velocity of the wave, r is the distance between source and
receiver, l is the transport mean free path, and Θ(x) is the Heaviside step func-
tion. An example of the sensitivity kernel is shown in Fig. 8a. The theoretical
dCCi in x0 can be computed by

dCCth
𝑖 (s1, s2, x0, 𝑡) = 𝑐�𝑔

2 𝐾 (s1, s2, x0, 𝑡) (8),

where Δg is an amount of the SCC over the area covering x0 related to the
strength and size of the change in the heterogeneous seismic structure.

In this study, we used c = 1.5 km/s for the ACR wave. We also estimated the
transport mean free path l following the method of previous studies (Hirose et
al. 2019; Hirose et al. 2020). The envelope amplitudes of the observed CCFs of
station pairs are fitted with eq. (7) multiplied by e−bt by a grid search in the
domain of the transport mean free path l and the intrinsic absorption b. We
searched the minimum value for the following equation,
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𝑆𝑆𝑅 = ∑6
𝑘=1 ∑𝑀

𝑚=1 (𝑝obs (𝑡𝑘, 𝑚) 𝑒𝑥𝑝(−𝑏𝑡𝑘) − 𝑝syn(𝑡𝑘, 𝑗)𝑒𝑥𝑝(−𝑏𝑡𝑘))2 (9),

where k is the number of time windows in the coda, and m is the number of sta-
tion pairs. The envelope functions were normalized by the envelope amplitude
at a lag time of 80 s. The time windows of 20–24 s, 24–28 s, 28–32 s, 32–36 s,
36–40 s, and 40–44 s were selected, and the normalized amplitudes of the first
and second terms were averaged over the time windows. Transport mean free
path and intrinsic absorption were estimated at 10.8 km and 0.006 s–1 using
grid search at 0.5–2.0 Hz, respectively (Fig. 8b), and 14.0 km and 0.010 s–1 at
0.2–0.5 Hz whose values were used in the section 3.5.

3.4 Non-linear inversion by simulated annealing

We used simulated annealing, a kind of non-linear inversion, to stably find the
global minimum of the optimisation problem (Sen & Stoffa, 1995). Simulated
annealing adopts a Monte Carlo method and searches the global minimum by
slowly lowering the possibility of the acceptance of random perturbations to
model parameters with decreasing temperature. The methodology of the Δg
update was based on a previous study on the simulated annealing (Chevrot
2002). An optimal estimate of Δg is obtained by minimising the cost function:

𝐸 = ∑𝑛
𝑖=1 ∣dCC𝑖 − dCCth

𝑖 ∣ (10).
This value is iteratively estimated (Ek: k = 0…m) through random perturbations
of Δgj in each cell j. The perturbation is fully accepted with ΔEk ( = Ek+1 –
Ek; k = 0…m) � 0, while, with ΔEk > 0, the perturbation is accepted with the
probability

𝑃 = 𝑒– ΔE𝑘
𝑇𝑘 (11),

where Tk is temperature. The annealing schedule at the k-th iteration is given
by Tk = �kT0, with the initial temperature of T0 = 3E0 and the cooling rate
of � = 0.996. The perturbation is accepted in the case of � � Pj by selecting a
random number � between 0 and 1 at each iteration.

At each iteration, Δg j in cell j is perturbed by the selected random number �
as,

�𝑔′
𝑗 = {�𝑔𝑗 − 𝐴 𝑖𝑓 𝛼 < 0.5

�𝑔𝑗 + 𝐴 𝑖𝑓 𝛼 > 0.5 , (12)

where the perturbation of A is 0.0001. Because Δg is necessarily positive in this
study, the update was not performed at the cells when �𝑔′

𝑗 < 0. The time t in eqs.
(3–4) and the cell size were set at 35 s and 5 km × 5 km over (32.8ºN, 136.4ºE)
× (33.65ºN, 137.1ºE) in space, respectively. The uncertainty in the present
non-linear inversion was estimated by changing seeds of random numbers for 10
times, and their standard deviations were estimated. The result of the SCCs
and their errors are shown in Figs. 6, S10 and S11. Because the separation
distance of the nodes in DONET2 is larger than that in DONET1, we did not
estimate the spatial distribution of SCCs in DONET2.
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3.5 Verification from numerical simulation

We verified the aforementioned method using synthetic waveforms calculated
by the Open source Seismic Wave Propagation Code software ‘OpenSWPC’
(Maeda et al. 2017) with three-dimensional velocity models. The simulation
model covered an area of 110 × 110 × 65 km3 with a uniform grid interval
of 0.05 km. The stations of DONET1 and additional virtual stations were set,
and the sources were randomly located within the donut-shaped ring at the sea
surface (Fig. S11a). The triangle-shaped source time functions with a duration
of 1 s were applied as a vertical force to the source locations with random lapse
times between 0 and 500 s. This processing allows us to obtain a quasi-random
wavefield at the synthetic stations. The time length of the simulated waveform
was 500 s by calculating 200,000 time steps, but we calculated 5 times with
randomly changing source locations and origin times of excitations under the
above conditions. We used a time window of 100–400 s of the synthetic ambient
noise records for calculating CCFs, and stacked the 5 CCFs at a frequency band
of 0.2–0.5 Hz.

The stacked CCFs were estimated for three velocity models for (1) the original
velocity model (Takemura et al. 2020), (2) the original velocity model with a
velocity reduction of 0.2 % at the top of 1 km from the seafloor in the region
shown in Fig. S11a, and (3) same as the model (2) but with a velocity reduc-
tion of 0.2 % within the entire accretionary prism. The stacked CCFs show clear
ACR waves with a propagation velocity of 1.5 km/s (Fig. S11b). To measure
dCC, we only used the CCFs for station pairs with separation distances less than
30 km in the nodes KMB, KMC, and KMD. We applied the stretching method
(Sens-Schonfelder & Wegler 2006), measured the dCC between the CCFs of the
models (1) and (2), and the dCC between the CCFs of the models (1) and (3)
(Obermann et al. 2013), and then applied the simulated annealing inversion
explained in the previous section to the synthetic dCC dataset. Here, we em-
ployed a transport mean free path of 14.0 km in the inversion. Consequently,
the synthetic tests show that the SCCs in both cases were precisely estimated
to the region where the velocity reductions were assigned (Figs. S11c and d).
Therefore, this technique can precisely estimate the horizontal SCC locations,
although the depth at which fluid migration occurs is difficult to specify.

4 Results

4.1 Temporal variation of seismic velocity

Measuring the degree of CCF stretching in the time domain, we estimated the
seismic velocity changes (dv/v = −dt/t), assuming that the travel times of direct
and multiply scattered waves in the CCFs were affected by the average velocity
change between a pair of stations in the accretionary prism with a thickness of
~6 km. The resulting dv/v in the accretionary prism toe (nodes KMB, KMC,
and KMD) showed gradual velocity increases of 0.1–0.2 % from 2011 to March
2016 (Fig. 3a), probably reflecting fluid drainage from the subseafloor parts
into the seawater due to the sediment compaction primarily in a shallow part
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of the accretionary prism (Fig. 5a). The occurrence of a nearby earthquake
(Mw 5.9), southeast off the Kii Peninsula on 1 April 2016 (Fig. 1), suddenly
reduced the seismic velocity, but the dv/v gradually increased again after the
earthquake (Fig. 3a and Fig. S2). Such long-term gradual increase in dv/v over
the observation periods was not observed in the landward region (nodes KMA
and KME) or in the western part of the Nankai subduction zone (DONET2)
(Fig. S3). The above remarkable changes in dv/v corresponded to the gradual
increases caused by sediment compaction and the rapid reduction due to the
local earthquake. Moreover, dv/v responded to a slow earthquake activity during
December 2020–January 2021, which was the longest one during the DONET
observation period, and this will be discussed later.

Fig. 5. Spatiotemporal relationship between fluid supply, slow
earthquakes, and pore pressure. (a) Velocity increase at shallow
depths due to fluid drainage to seawater, with a geological interpre-
tation of Akuhara et al. (2020). Blue shades represent the amount of
fluid. (b) Slow earthquake generation and fluid supply in the source
region for low pore pressure. Beach balls and orange lines show
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sVLFEs and SSEs. Magenta arrows indicate fluid flow. (Right)
Temporal variation in pore pressure (Pf) at the source region for
low pore pressure. Pink and light-orange areas indicate the amount
of fluid supply to the source region and the activity period of slow
earthquakes, respectively. The characters of A–D represent stages
of Pf variations (see details in the text). (c–d) Same as (b), but for
high pore pressure.

4.2 Temporal variation of seismic heterogeneity

Because waveforms in the CCFs respond to temporal changes in seismic hetero-
geneity due to fluid migration, temporal changes of the CCF waveform have
been used to investigate temporal heterogeneity variations in a volcano (Ober-
mann et al. 2013) and the focal region of an earthquake (Ikeda & Takagi 2019),
and it was capable of detecting slight and local structural changes compared
with that from dv/v variations.

Our results show that distinctive CC drops occurred both prior to (e.g., Events
1–3 and 5 in Fig. 3c; hereafter preceding CC reductions) and at the timing of
(e.g., Events 4 and 6 in Fig. 3c and Events 7–9 in Fig. 3d; hereafter concurrent
CC reductions) the short-term (<1 month) slow earthquakes in the southern
part of the accretionary prism. Here, we referred to the SSEs derived from pore
pressure variations observed at boreholes in DONET1 (Fig. 1) (Araki et al.
2017; Ariyoshi et al. 2021), and also the activities of shallow very low frequency
earthquakes (sVLFEs) in DONET2 (Nakano et al. 2016; 2018; Takemura et
al. 2019; Baba et al. 2020) because borehole sensors were not constructed in
this region. Hereafter, we define these SSEs and sVLFEs as slow earthquakes.
Preceding CC reductions are mainly observed in the eastern and central regions,
and concurrent CC reductions are observed in the western region (see the region
definition in Fig. 1). In the eastern and central regions, the occurrences of the
preceding and concurrent CC reductions change depending on the time (Fig. 4).
A comparison of other CC reductions with slow earthquakes is shown in Fig. 4
and discussed in the section 5.3. These CC drops were probably due to temporal
changes in seismic heterogeneities with small amounts of fluid supply that did
not significantly change dv/v. Such multiple preceding CC reductions roughly
started 2–9 months prior to the slow earthquakes (the maximum preceding
time was 9.12 months, Fig. 4) and continued for ~9 months thereafter (Fig.
3c). Moreover, two CC drops were sometimes observed during one inter slow
earthquake period (e.g., Events 1 and 2, and Events 12 and 13 in Fig. 4).

Using the spatial distribution of CC reductions observed for each event, we
estimated the spatial variation of SCC for the ACR waves. The results show
that the locations of preceding and concurrent SCCs were estimated to be close
to the margin of (Figs. 6a, b, c, and e) and inside (Figs. 6d and f) the source
regions of shallow slow earthquakes, respectively. In particular, the SCC regions
of the two CC reductions prior to a single SSE (Events 1 and 2 in Fig. 4) were
located at the downdip and updip sides of the source region, respectively (Figs.
6a and b).
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Fig. 6. Spatiotemporal variations of scattering coefficient changes
(Δg). (a) Map showing the scattering coefficient changes in the
southern part of DONET1 for Event 1 (the event numbers are shown
in Fig. 4). Dashed blue-boxes represent the regions of SSEs detected
by Araki et al. (2017) (the slip region only in the dip direction was
referred from the paper). Light-blue triangles show the locations of
the DONET stations for nodes KMB, KMC and KMD. (b–f) Same
as (a), but for Events 2–6. Purple and light-brown circles in (c) and
(f) show sVLFE locations during 2015 (Nakano et al. 2016; 2018)
and December 2020–January 2021 (Takemura et al. 2021).

5 Discussion
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5.1 dv/v variations and tectonic compression

Our results show that gradual velocity increases of 0.1–0.2 % within the accre-
tionary prism toe in the eastern region, and such variations could be not be
observed in the landward region of DONET1 and the entire region of DONET2.
The gradual velocity increases are caused by fluid drainage from the subseafloor
structure into the seawater. Because fluids are already expelled beneath the
landward stations of DONET by tectonic compression (Kameda et al. 2011; Saf-
fer & Tobin 2011), our observations that show no remarkable gradual changes
in dv/v in the landward regions are plausible. However, the behaviour of dv/v
in the accretionary prism toe in DONET2 remains elusive. It is considered that,
compared to the eastern region, (1) the tectonic compression within the accre-
tionary prism is weaker, (2) pathways of fluids to the seafloor within the prism
are lesser, and (3) fluids within the prism supplied by the incoming plate are
lesser. Seismic exploration survey results with high resolutions are required in
these regions for investigating further details.

5.2 Spatial variation of pore pressure at the prism bottom

The underthrust sediment in the prism is characterized by low velocity (Park
et al. 2010; Akuhara et al. 2020), high pore pressure (Tsuji et al. 2014), and
a thickness of < 2 km, wherein the fluid concentration reduces the effective
strength of the fault and induces slow earthquakes (Kitajima & Saffer 2012)
(Fig. 5a). Although the seismic structure in the central and western regions (i.e.,
DONET2) has not been estimated densely, such low velocity zones are present
in the accretionary prism toe (Tonegawa et al. 2017). Fluids are replenished
to source regions of shallow slow earthquakes by compaction-driven dewatering
from the underthrust sediments and dehydrations of the subducted hydrous
minerals in the sediments and underlying oceanic crust (Saffer et al. 2008;
Kameda et al. 2011; Saffer & Tobin 2011) (Figs. 5b and c). Moreover, there
may be an additional mechanism for fluid supply. A slow earthquake activity
occurred in the southern part of DONET1 from 6 December 2020 to 14 January
2021 (Fig. 4f), and its preceding CC reductions correspond to Event 5. Because
the dv/v responded only to this slow-earthquake event (Fig. 2a) and the spatial
variation of SCCs was extended over the southern part of DONET1 (Fig. 4f),
a large quantity of fluids plausibly migrated during this event, inducing the
highly-active slow earthquakes in the region where the SCC was observed. These
observations may indicate that fluids were supplied not only from the nearby
source region but also along the plate interface through transmegathrust fluid
migration (Sibson 1992; Sibson 2013) (Fig. 5). In this scenario, the SSEs that
extend to a deeper plate interface rupture low-permeability materials within
the fault, and hence fluids migrate along the megathrust or upwards from the
ruptured points (Sibson 1992; Sibson 2013; Gosselin et al. 2020).

The pore pressure within the source regions gradually increases by steady fluid
supply and tectonic compression (Saffer and Bekins 1998) ((A) in Figs. 5b
and c), whereas it increases suddenly after a transient fluid influx. If fluids
are concentrated beneath low-permeability materials, the trapped fluids may
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transiently migrate upwards due to the rupturing of the constitutive materials
by seismic activities that occur within the oceanic crust and uppermost mantle
in this region (Nakano et al. 2013; Mochizuki et al. 2010).

When fluids are transiently supplied to the source region with relatively low pore
pressure (but still high compared to the ambient condition), some of the fluids
are trapped and increases the pore pressure ((B) in Fig. 5b), while the rest are
expelled into the seawater from the margin of the source region (Fig. 5b). The
pore pressure at the source region is further steadily and transiently increased by
tectonic compaction and continuing fluid supply ((C) in Fig. 5b) and multiple
fluid influx (Fig. 4). The resulting high pore pressure at a critical level activates
slow earthquakes and decreases during permeability enhancement following slips
(Sibson 1992; Sibson 2013; Gosselin et al. 2020) ((D) in Fig. 5b). The amplitude
and propagation velocity of ACR waves are sensitive to the seismic structure
of the entire accretionary prism. Because the CC drops were recovered prior to
slow earthquakes, however, the CC drops responded to temporal variations in
the heterogeneous seismic structure at the shallow depths due to the upward
fluid migration.

The concurrent CC reductions are possibly caused by two mechanisms; fluid
migration activates slow earthquakes by increasing pore pressure at a source
region, and slow earthquakes induce upward fluid migration with the breakout
of boundaries to trap fluids. Event 9 (Fig. 3d) may correspond to the latter
case, because of some delay of the CC reductions relative to the onset of slow
earthquakes. Nevertheless, the preceding fluid migration was observed multiple
times in the low pore-pressure region, and a slightly preceding event was also
observed (Fig. S6a). We therefore consider that the former case probably
occurs frequently. When fluids reach the source region with originally high pore
pressure in this case, they immediately induce slow earthquakes along with fluid
migration from the source region (from (B) to (D) in Fig. 5c). Significantly
low shear wave velocities (Vs), indicative of high pore pressure, were indeed
estimated within the prism in the western region, compared to Vs in the eastern
and central regions (Tonegawa et al. 2017). Our results indicate that pore
pressure levels are temporally changed at a fixed position in the eastern and
central regions, and high pore pressure exists in the western region (i.e. red
and black arrows in Fig. 4 can be interpreted as high and low pore pressure
conditions, respectively).

5.3 Other CC reductions

Our results for DONET1 show that preceding and concurrent CC reductions
to slow earthquakes tend to occur near the margin of (Events 1–3, 11–13, 16,
and 18) and above the source regions of shallow slow earthquakes (Events 4 and
15), respectively (Fig. 4). Moreover, in DONET2, the preceding CC reductions
occurred in the central region (node MRE) (Fig. S5e, and Event 19), whereas
the concurrent CC reductions occurred in the western region (node MRG) (Fig.
3d, Events 7, 8, and 9). The CC reduction in Event 20 in node MRF may be
regarded as an extension of that around node MRE because it can be seen in all
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of the station pairs. The occurrence of preceding CC reductions in the western
region must be monitored.

For Events 5 and 6, the spatial patterns of the SCCs are completely different.
Event 5 prior to the SSE and Event 6 during the SSE may correspond to the
margin and inside the source region of the SSE, respectively. Only the SSE of
April–May 2018 was followed by the CC reductions in Event 17. While the first
CC reduction (Event 17-1 in Fig. S9f) occurred at the margin of the source
region, the second (Event 17-2 in Fig. S9g) moved to the source region. The
SCC for Event 18 may have occurred inside the source region; however the main
location is at the downdip side. For Event 22, sVLFE activities could not been
observed in the central region. Although the CC reductions may be related to
the sVLFE in the western region, the relation to slow earthquakes for this event
remains elusive. A small sVLFE activity, which cannot be observed at land
stations, might have occurred in this region.

Long-term CC changes observed in 2017 are also indicative of slow earthquakes
(Fig. 3c). Shallow SSEs have recently been detected via seafloor geodetic obser-
vations (Yokota and Ishikawa 2020), although its temporal resolution remains
low. We found gradual CC reductions during 2017–2018 in the southern parts
of DONET1 (Fig. 3c and Fig. S4b) with a negative peak of Event 15 (Fig. S4b).
Although the geodetic observation possibly detected an SSE corresponding to
Event 15, if it detected a long-term SSE that have not been detected by the
borehole pore pressure measurement due to, e.g., the difference of observation
locations, the long-term CC reduction corresponds to continuous fluid supply
during the long-term SSE. Indeed, the geodetic observation was conducted near
the epicentre of the earthquakes shown by the red star in Fig 1 (Yokota and
Ishikawa 2020), which is slightly at the down-dip side of the boreholes.

We observed large CC reductions in 2018 at MRD17 (Fig. S5d). Although the
reasons for these reductions remain unclear, because the waveform shapes of
the stacked CCFs were not significantly varied during 2018, the seismic velocity
structure beneath this station might have been affected by copious fluids at a
local scale. However, we do not link this event with fluid migration because
the CC reductions were quite large with respect to the other reductions. We
also observed large CC reductions in 2020 at nodes MRA and MRB (Figs. S5a
and b). The CCFs at the nodes during mid-2020 contain large amplitudes at
frequencies of 1–5 Hz, and the reasons for the contamination are unclear (natural
or artificial event). Therefore, we do not consider these CC reductions as caused
by fluid migration.

5.4 Timing and duration of concurrent CC reductions

Previous studies have reported that seismic velocity, seismic anisotropy, and
pore-pressure variations occurred during SSEs (Warren-Smith et al. 2019; Zal
et al. 2020). It seems that the durations of such variations correspond to
the duration of a single SSE (~1 month). The duration of the concurrent CC
reductions observed in this study also has a duration of ~1 month. However,
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some of those events coincided with slow earthquakes (Events 4, 15, 6 and 21 in
Fig. S6), whereas others occurred at the first or latter half of a single episode
of slow earthquake activity (Events 7, 8, and 9 in Fig. 2 and Fig. S6). These
events may correspond to the intensities of slow earthquake activities during a
single episode.

5 Conclusions

Fluid migration plays an important role in activating slow earthquakes within
subduction zones. Although fluid migration in a subduction zone may also be
inferred from the spatiotemporal variation of slow and ordinary earthquakes
(Nakajima & Uchida 2018), the difference of onset times between the two phe-
nomena has not been identified, particularly for the case where fluid migration
occurs in advance to earthquake activities. Real-time monitoring of the seismic
heterogeneous structure beneath the seafloor shows that such the difference in
their timings are present depending on the pore-pressure conditions at source
regions, and suggests that the seismic heterogeneous structure probably changes
before the occurrences of slow earthquakes in the shallow subduction zone.
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Colorado, USA, can be obtained from https://www.esrl.noaa.gov/psd/. Sea
level data from Copernicus Climate Data Store is from https://cds.climate.
copernicus.eu/cdsapp#!/home. The Kuroshio current data from the Japan
Coast Guard is from https://www1.kaiho.mlit.go.jp/jhd-E.html. OSCAR
third-degree resolution ocean surface currents are from https://doi.org/10.506
7/OSCAR-03D01. Significant wave height data provided by The Nationwide
Ocean Wave information network for Ports and HArbourS (NOWPHAS) is from
https://www.mlit.go.jp/kowan/nowphas/index_eng.html). The catalog
of shallow very low frequency earthquake in Takemura et al. (2021) can be
obtained from https://doi.org/10.5281/zenodo.5211090. The dataset in dv/v
and CC for each pair of two stations obtained in this study (Fig. 3 and Figs. S4–
S6) and the data for creating the figures can be downloaded through a repository
(doi:10.5281/zenodo.5637605).
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Figure 1. Map showing locations of stations and seismic velocity changes
(dv/v). Yellow triangles and magenta circles represent DONET stations and
shallow very low frequency earthquakes (sVLFE) during August 2015–April 2016
(Nakano et al. 2016; 2018). The red star shows the location of the earthquake
that occurred southeast of the Kii Peninsula on 1 April 2016. Grey triangles
indicate the locations of the boreholes used in Araki et al. (2019) and Ariyoshi
et al. (2021). Nodes KMC and MRG (pink) are used in Fig. 3. Orange lines
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represent the depth contour of the Philippine Sea Plate (Baba et al. 2002; Hirose
et al. 2008).

Figure 2. Example of the processing of stretching. (a) CCFs for the KMD14–
KMD15 station pair over the observation period at 0.5–2.0 Hz. (b) Delay times
of CCFs in (a) with respect to the reference CCF stacked over the first 1 year.
The arrow indicates the timing of the off-Mie earthquake. (c) Parts of (black
line) the CCF (203 Julian day in 2013) and (red line) reference CCF at a lag
time of 14–18 s. (d) (black line) Cross-correlation function and (red line) Wiener
filter between the two CCFs shown in (c).

Figure 3. Temporal changes of seismic velocity and heterogeneity. (a) The re-
sulting dv/v for 6 pairs of 4 stations of node KMC with (orange) 1� uncertainties
for ±50 days. Pink, light-brown, and gray regions represent the periods of SSEs
from Araki et al. (2017) and Ariyoshi et al. (2021), a large slow earthquake
activity, and data gaps. Red star shows the earthquake in Fig. 1. (b) Same
as (a), but for node MRG. Light-blue regions indicate the periods of sVLFE
activities (Nakano et al. 2016; 2018; Takemura et al. 2019; Baba et al. 2020).
(c) Temporal CC variation for node KMC. Black and gray arrows indicate the
preceding CC reductions observed around node KMC and other regions in the
southern part of DONET, respectively. Red arrow shows concurrent CC reduc-
tions. Other numbers are provided in Fig. 4. An SSE was detected by the
seafloor geodetic observation in 2017 (Yokota and Ishikawa 2020). (d) Same as
(c), but for node MRG. Blue arrow represents concurrent CC reductions with a
slight delay.

Figure 4. Identification of CC reductions. (a) CC variations for station pairs
in the southern part of DONET1 (nodes KMB, KMC, and KMD), which are
aligned by the central locations of station pairs from south (bottom) to north
(top). Black and red arrows indicate pairs that show preceding and concurrent
CC variations to slow earthquakes, respectively. Blue arrow corresponds to
concurrent CC reductions but with a delay (Event 9). Light-blue arrow corre-
sponds to CC variations associated with large earthquakes (Event 1 of the 2011
Tohoku-Oki earthquake, and Event 14 of the earthquake shown in Fig. 1). More
details for each event are described in the text and Table S1. Pink (Araki et
al. 2017; Ariyoshi et al. 2021) and light-brown regions are the periods of slow
earthquakes. Periods from first CC drop and subsequent slow earthquake activ-
ities are noted. (b) Same as (a), but for the southern part of DONET2 (MRE,
MRF, and MRG), which are aligned by the central locations of station pairs
from west (bottom) to east (top). Dark-blue and light-blue represent sVLFE
activities around MRE (central region) and MRF–MRG (western region), re-
spectively (Nakano et al. 2016; 2018; Takemura et al. 2019; Baba et al. 2020).
(c) Same as (a), but the CC reductions that are larger than twice the standard
deviation are only plotted. (d) Same as (c), but for DONET2.

Figure 5. Spatiotemporal relationship between fluid supply, slow earthquakes,
and pore pressure. (a) Velocity increase at shallow depths due to fluid drainage
to seawater, with a geological interpretation of Akuhara et al. (2020). Blue
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shades represent the amount of fluid. (b) Slow earthquake generation and fluid
supply in the source region for low pore pressure. Beach balls and orange lines
show sVLFEs and SSEs. Magenta arrows indicate fluid flow. (Right) Temporal
variation in pore pressure (Pf) at the source region for low pore pressure. Pink
and light-orange areas indicate the amount of fluid supply to the source region
and the activity period of slow earthquakes, respectively. The characters of A–D
represent stages of Pf variations (see details in the text). (c–d) Same as (b), but
for high pore pressure.

Figure 6. Spatiotemporal variations of scattering coefficient changes (Δg). (a)
Map showing the scattering coefficient changes in the southern part of DONET1
for Event 1 (the event numbers are shown in Fig. 4). Dashed blue-boxes rep-
resent the regions of SSEs detected by Araki et al. (2017) (the slip region only
in the dip direction was referred from the paper). Light-blue triangles show
the locations of the DONET stations for nodes KMB, KMC and KMD. (b–f)
Same as (a), but for Events 2–6. Purple and light-brown circles in (c) and (f)
show sVLFE locations during 2015 (Nakano et al. 2016; 2018) and December
2020–January 2021 (Takemura et al. 2021)
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