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Abstract slow slip events (SSEs) in subduction zones can trigger earthquake swarms, especially

at shallow depth. The monitoring of seismicity rates has therefore the potential to help detect and
characterize SSEs, and transient changes in coupling. However, the relationship between seismicity rate
and slow slip rate during a SSE is unknown and made complicated by aftershock triggering within the
swarm. Here we propose to complement geodetic methods with an objective measure of the seismicity
rate that is directly associated with changes in slip rate. We show that this measure, applied to known
occurrences of SSEs in the Boso area, Japan, yields an estimate, albeit indirect, of their seismic moment,
hence their slip rate. We finally prove that the background rate in Boso has been accelerating since 1990;
this explains previous observations of the shortening of the recurrence time between SSEs in Boso, that
clearly predate the 2011 M,,9.0 Tohoku-Oki earthquake.

1. Introduction

Episodes of slow, aseismic slip on faults can trigger earthquakes, as found in the Hikuarangi subduction zone
[Delahaye et al., 2009], in Ecuador [Vallée et al., 2013], or in Cascadia [Vidale et al., 2011]. In Mexico, Liu et al.
[2007] noted increases in seismicity during slow slip events (SSEs) in 1998,2001-2002 and 2006. At the Kilauea
volcano, seismic swarms have systematically occurred during slow slip marking the destabilization of the
southeast flank of the volcano [Montgomery-Brown et al., 2009, 2011, 2013]. The rapid anomalous increase of
earthquake rate can therefore reveal slow deformation transients associated with slow aseismic slip, as long
as these transients occur in seismicity-prone areas, and at shallow depth [Delahaye et al., 2009]. The detection
of SSEs, particularly in subduction zones, is thus potentially feasible by monitoring changes in seismicity that
depart from a normal behavior.

Methods have been proposed to detect seismic swarms in a systematic manner that permit this monitoring.
Holtkamp and Brudzinski [2011] produced a catalog of such swarms in subduction zones, based on visual
inspection of seismicity. Zaliapin and Ben-Zion [2013a, 2013b] developed a clustering method to isolate swarm
activity but used a priori fixed model parameters, without testing the ability of the model in presence of a
nonstationary background rate. Reverso et al. [2015] developed a method, extending the approach of Marsan
et al. [2013], to measure the significance level of suspected episodes of aseismic deformation, based on a
data-driven parameterized seismicity model.

In subduction zones, while seismic swarms can therefore be detected systematically, and potentially associ-
ated to SSEs, the question remains as to whether they can help in measuring the associated total slip. In effect,
only numbers of anomalous earthquakes can be deduced from these methods. How these numbers can be
translated into slow slip is still not understood, especially as the seismic moment relaxed by accompanying
earthquakes is typically only a very small part of the total seismic moment relaxed by the SSE, similarly to
aftershocks and postseismic slip following main shocks [Shcherbakov et al., 2004; Kagan and Houston, 2005;
Perfettini and Avouac, 2007].

We here investigate the relationship between changes in earthquake rate and aseismic slip, for the Boso area
in Japan. SSEs in Boso (see Supporting Information S1) are known to occur repeatedly [Ozawa et al., 2007;
Ozawa, 2014; Kato et al., 2014; Hirose et al., 2014; Fukuda et al., 2014]. They are associated with aseismic slip
at the Philippine Sea plate-Okhotsk plate boundary. Slip has been inferred from geodetic measurements and
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Figure 1. Map of the Boso area. We select earthquakes with depths smaller than 40 km, from 1 January 1990 to 12 June
2014. Five known episodes of SSEs have taken place during this period. Filled circles represent earthquakes occurring
during these SSEs and are detected as abnormal using the method of Reverso et al. [2015]. The fault patch that
repeatedly slip during SSE is outlined in blue. We here study the seismicity rate of the spatial cell delimited by the

thick orange dashed lines.

affect a patch common to all known instances of SSEs that have occurred since 1996, with a surface of roughly
40 x 40 km?, over typically 10 days. Coupling is found to be high on this patch during inter-SSE periods
[Sagiya, 2004]. About 10 cm of slip is accommodated during each SSE; a mean waiting time of about
5 years between consecutive SSEs thus implies that most, if not all, of the 2.3 cm/yr convergence rate in
Boso [Nishimura et al., 2007] is effectively accommodated by this simple stick-slip process. Because they are
shallow, these SSEs are associated with seismic swarms, located at the edges of the slipping patch, and dis-
played a similar, relatively isolated geographical pattern each time. Ozawa et al. [2007] calculated the energy
released by these swarms and obtained a total moment of the order of 1% of the SSE moments, indicat-
ing that slow slip is the first process driving these earthquake swarms. The fact that several instances of
well-documented SSEs activated the same fault patch and that they always trigger a similar pattern of seis-
micity observed by one of the best seismic networks in the world, make Boso a unique place to conduct our
study. Moreover, this patch marks the eastern end of the locked portion of the Philippine Sea plate located
underneath Tokyo, and a better understanding of the mechanical properties of this area is therefore of
particular importance.

2. Data

We use the Japan Meteorological Agency seismic catalog for a period from the 1 January 1990 to 12 June
2014, for latitudes from 34.5° to 36.5°N and longitudes from 139° to 141°E (see Figure 1).

In the Boso Peninsula, the SSEs are located at the Eurasian and Philippine Sea plate interface, and the associ-
ated seismicity is located between 20 and 30 km depth [Ozawa, 2003; Ozawa et al., 2007]. However, the 1996
and 2002 swarms have earthquakes between 30 and 40 km depth, very possibly due to uncertainties in the
depth estimate. Consequently, we decide to keep earthquakes with depth less than 40 km. We estimate the
magnitude of completeness at m, = 2.0 for this data set (see Figure S1), which gives us a total of N=17,439
earthquakes. We further note that the catalog is effectively complete at m > 2.0 during SSEs, see Figure S2.
We detail in the supporting information, section 2, the characteristics of the SSEs at Boso, as described by
other studies.
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3. Method

The method proposed by Reverso et al. [2015] amounts to remove triggered earthquakes (i.e., aftershocks)
from the data, by a probabilistic declustering that makes use of the time spans and distances between
earthquakes. It is based on the probabilistic separation between two components, i.e., the background seis-
micity, which is the part of the seismicity due to aseismic processes, and the seismicity that corresponds to
earthquakes triggered by other earthquakes.

The main assumption of this method is that earthquake sequences which cannot be explained by “normal”
seismic triggering are modeled by an increase of the background seismicity. This separation is performed
using the space-time ETAS model, which represents earthquakes as points occurring with rate-density

Ax, y, t), defined as the mean number of earthquakes per unit area and unit time:

Ay, ) = ux,y, )+ vix,y, t) ()

with u(x,y, t), the background seismicity and v(x, y, t), the rate density of triggered earthquakes. The latter
term is modeled as the product of a temporal and spatial kernels

V(X’y’ t) = Z Vi(X’y’t) (2)
i<t
with
k(my) (y = DL(m)"

3)
E+C=0P " 2 ((x—x)? + (v — Y2 + L(m?)

vy, = /2

where the summation in equation (2) is done for all earthquakes i of magnitude m; occurring at time t; < tand
location (x;, y;), cf. also Marsan et al. [2013]. Here ¢, y, and p are model parameters, L(m) and x(m) represent
the rupture radius and the productivity law, respectively [Ogata, 1988; Zhuang et al., 2005]. The productivity
law x(m) is defined as k(M) = K, x e¥M~m) where k, and a are model parameters and m, is the magnitude
threshold. The rupture length L scales with magnitude according to L(m) = L, X 10%>(™-mo) where L, is the
rupture radius for an earthquake of magnitude m,, taken here as a parameter.

The model is first fit to the data by assuming u to be constant in time but variable in space, hence, p(x, y). The
background seismicity u(x, y) is computed with a smoothing length £ defined arbitrarily [Reverso et al., 2015].
In this first step, parameters a, p, ¢, K;, Lo, y and the background seismicity p(x, y) are estimated together using
an Expectation-Maximization algorithm. Namely, we first give an a priori (nonzero) guess of u(x, y), typically
assuming a uniform field (whose value, as long as it is nonzero, matters not). (i) Given u(x, y), we optimize the
parameters a, p, ¢, K,, Ly, v, here using a simplex method; (i) Expectation: Given these parameters and u(x, y),
the background probabilities are computed for each earthquake i as w; = % (iii) Maximization: The
a posteriori background field u(x, y) is then obtained by smoothing these probabilities with the smoothing
length £, here using a Gaussian kernel. We iterate steps (i) to (iii) until convergence of all parameters

and u(x, y).

Focusing on the specific area where swarms occur, i.e., for latitudes from 35.15° to 35.51° and longitudes from

140.18° to 140.62°, we compute the local stationary background rate u,,. The log likelihood is

C=—TSuy, + In(v;+u,,), where jrepresents all the earthquakes occurring in this geographical box of surface
)

S,and T is the duration of the catalog. The Maximum Likelihood Estimator (MLE) is then given by

1

s-yY — =
j (Mxy +Vj)

4
Likewise, the time-varying background rate u,,, can be estimated with the MLE for nonoverlapping time
windows of duration 7 as

1

s-y — =
j (”xyl + V])

(5)
the summation now being done on all earthquakes j in the geographical box and in the time window
considered. We finally quantify the significance of the difference in log likelihood between the stationary and
the nonstationary background models using a Monte Carlo method, see Reverso et al. [2015] for details.
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Figure 2. Cumulative number of earthquakes (in red) and time series of the background seismicity rate Hxyt (in blue) for
the Boso area. The three transients occurring outside the five known SSEs are labeled A;, A,, and A3.

4. Relationship Between Slow Slip and Background Seismicity

Inversion of the model parameters, for £ =40 km, gives p=1.132, c=0.002 days, L, =0.099 km (for m_=2.0),
y=2.339,and K, =0.006. We fix a to 2.0, otherwise the inverted a value is low (<1.0). Itis known that seismicity
dominated by swarms cause the estimated « to yield unrealistic low values [Hainzl et al., 2013]. Moreover,
with a too low « value, the model becomes more flexible and able to adjust to sudden variations in the time
series, preventing it to detect abnormal seismic activity in the data. The nonstationary background rate is
then computed using = 10 days. We show, in Figure 2, the cumulative number of earthquakes and the time
series of the background seismicity rate-density p,,, calculated for the 40 x 40 km? cell of Figure 1. SSEs are
clearly marked by large values of ,,,, although the mostimportant increase is found in 2011.2, right after the
2011 M,,9.0 Tohoku-Oki earthquake. The widespread activation of seismicity following this shock included
the eastern part of our study area [Hirose et al., 2011; Ishibe et al., 2011; Toda et al., 2011; Toda and Stein, 2013].
The high increase of background seismicity is produced because the Tohoku-Oki earthquake is located out-
side the studied area (i.e., Kanto region). It is therefore absent from our catalog; the triggering term v thus
cannot explain this increase in earthquake activity, which is therefore included in the background term. Other
peaks in background rates are discussed in the supporting information.

The anomalous sequences detected during known SSE episodes are listed in Table 1. All these anomalies are
very significant, with probabilities to be abnormally greater than 95%. We note that the numbers of earth-

quakes occurring during these swarms are only weakly correlated with the moments of the SSEs (Figure 3a),
Hyyt
Hxy

Msge =0), see Figure 3b. This correlation is in agreement with the linear relationship found at large

while the increases in background rate are at 0.96 (increasing to 0.97 if further requiring that p,,, =0 for

scale for subduction zones [/de, 2013]. We estimate the best linear trend Mg = a x10 days x? with
xy

a=2.431 + 0.078 x 10'® N m d~". This coefficient a is equivalent to the long-term seismic moment rate My,

Table 1. Earthquake Swarms Detected by Our Model for £ =40 Km and 7= 10 Days, at the Time of Known SSEs®

Date (years) Numbers of m > 2 Earthquakes Ratio s,,:/ pyy Probability to Be Anomalous
1996.4 10 18.3 >99.99%

2002.8 29 29.1 99.94%

2007.6 63 49.9 99.94%

2011.8 22 50.3 >99.99%

2014 21 18.6 97.3%

aWe note that all swarms are detected with very high significance levels.
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Figure 3. (a) Seismic moment relaxed during the SSEs versus the number of m > 2.0 earthquakes occurring at the same
time in the cell of Figure 1. The coefficient of correlation is p = 0.53, due to the fact that we count all earthquakes in the
cell, including aftershocks. (b) Relationship between the increases in background rate- denS|ty %4t and seismic moment

of the SSEs (for a common duration of 10 days for all SSEs) usmg dlfferent a values (1.0, 1.5, and 2 0). For the best fit, i.e,
/‘xyr
, obtained

Y
fora=2.431+0.078 x 10" Nmd~".

since the moment release rate is equal to a when ”:y' =1,i.e, over long time scales. It gives a yearly rate equal
xy
t08.88 x 10'® N m yr~'. In the seismic moment relationship [Aki, 1966]

Mz=GxSxD (6)

with a rigidity modulus G of 30 GPa and a surface S of 40 x 40 km?2, we infer a long-term (over nearly 25 years)
displacement rate of 0.185 + 0.006 m/yr. We tested the sensibility of our results with «, by rerunning our
analysis fora =1.0and & =1.5. We found a long-term displacement of 0.178 and 0.18 + 0.006 m/yr for these two
cases, but with a lower correlation between the increases in background seismicity and the seismic moments
of the SSEs (0.942 and 0.949, for « = 1.5 and a = 1.0, respectively), see Figure 3b.

This slip rate becomes 0.201 m/yr when keeping m > 1.5 earthquakes, and 0.161 m/yr form > 3.0, cf. Figure S3
in the supporting information. This estimate is thus robust regarding the changes in both « and m,.

Our long-term slip rate is estimated for a 25 year long period that covers several phases of co- and inter-SSE

periods. Nishimura et al. [2007] suggested a total coupling in this region during inter-SSE phases, along with

a convergence rate of 23 mm/yr. In the case where shear is totally relaxed in Boso during SSEs, i.e., there is full

coupling during inter-SSE phases and full uncoupling during SSEs, the slip rate over the 1990-2014 period

should equal the long-term convergence rate estimated at 23 mm/yr [Nishimura et al., 2007]. Our estimate

is 8 times higher, implying that the gains ’;XV’ during SSEs would be underestimated by a factor of 8 if our
Xy
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argument were valid. This discrepancy likely comes from the fact that the slip causing earthquakes to occur
in this area is different in the inter-SSE and the co-SSE phases, both in duration and in location: seismicity is
driven during SSEs by slip on the SSE patch, and during inter-SSE periods by slip downdip on this patch, as
coupling is estimated to be complete above 20 km depth. We here examine these two differences.

Afirst explanation is that i evolves in time more slowly than does the slip rate, as expected with rate-and-state
friction [Dieterich, 1994; Dieterich et al., 2000], which predicts that a sudden change in stressing rate 7 from 7,

to 't(') = X X 7, (gain x) at time t = 0 will cause the rate of earthquakes to increase from y to ﬁ where
+(Xx—=1)e a
t; = t;” = :‘—: is a characteristic time. For a gain in rate u to be 8 times less than the gain in stressing rate 7,
0

10
In(x/7)

after a typical time of 10 days, it is required that t/ = ’;” ~
two quantities that are largely unknown:

days (assuming x > 1). This equation relates

1. t,, the characteristic relaxation time, was estimated to 2 years for the Kanto region [Toda and Stein, 2013].
This parameter t, is typically of the order of years when analyzing regional earthquake catalogs.

y .
2. The relative increase x = :—" in stressing rate 7 (or, equivalently, in slipping rate ) suffers from the lack of
0

resolution of the inter-SSE slipping rate.

According to Nishimura et al. [2007], it could amount to about 12 mm/yr, i.e., the difference between the
modeled slip rate of 42 mm/yr and the estimated 30 mm/yr inferred from SSE return times, see paragraph [40]
of Nishimura et al. [2007]. For a typical slip of ~20 cm O\t/er 10 days during a typical SSE [Ozawa, 2014], the ratio
1+(x—1) exp(—t' /t}) QXF)(I/T%H) equals X/S
after t = 10 days, we obtain that t/ = 1.50 days, which would give t, = x Xt = 2.4 years, yielding a plausible
estimate of t,. This shows that the apparent overestimation of the long-term slip rate inferred from SSEs, using

our method, is coherent with a rate-and-state friction model of the Boso area.

J
x equals 600. Since the mean gain of seismicity rate %/dt’+ = %"xln (1 +
0

A second explanation is related to the different locations of the two slip sources. As stress change decays
inversely to the cube of the distance, a factor of 8 is equivalent to locating the centroid of the inter-SSE slip
about half as far as the barycenter of the co-SSE slip. Since the latter is at about 25-30 km from the seismicity
swarm [Hirose et al., 2014; Ozawa, 2014], this implies that the transition from full coupling to full uncou-
pling is relatively sharp, i.e., over distances less than 15 km, hence with full uncoupling starting at depths of
about 25 km.

5. Long-Term Acceleration

SSEs in Boso have been occurring with shorter and shorter recurrence intervals since 1996 [Ozawa, 2014].
In particular, the 2014 SSE followed the October 2011 SSE by only 2.2 years, so significantly less than the
typical 4 and 6 year long intervals for preceding SSEs. Whether this shortening is mostly due to the 2011 M,,9.0
Tohoku-Oki earthquake and more particularly its postseismic slip [Hirose et al., 2012], or to a much longer
process taking place over years and independent of the 2011 shock, is unknown. Ozawa [2014] suggested
that it could indeed mark the nearing of the end of a slip cycle in the Sagami Trough, as confirmed by friction
models [e.g., Mitsui, 2015].

Earthquake activity has accelerated over the last 25 years in the Boso area. Figure S4 shows that a quadratic
polynomial fit can account for the observed acceleration, at magnitude cutoffs 1.5, 2.0, and 3.0, making
this observation robust. We also observe a similar quadratic acceleration for the background rate y,,; using
the relationship of Figure 3b, keeping a rigidity of 30 GPa, and taking into account the % proportional-
ity factor between the estimated slip rate and the true slip rate (for 10 day long intervals, see Supporting
Information S1), we infer that the inter-SSE slip rate in the Boso area has also been accelerating at a rate of
1.1 mm/yr/yr since 1990, see Figure 4. This acceleration reduces to 1.0 mm/yr/yr when removing the tran-
sient increases in background rate related to swarms A;, A,, and A;, and to the immediate effect of the 2011
Tohoku-Oki earthquake.

Interestingly, we find that the recurrence intervals between the 1996, 2002, 2007, and 2011 SSEs correspond
to the accumulation of 11.4 £ 0.3 cm of our estimated slip each time. The 2014 SSE is an exception to this rule,
since only 6.8 cm accumulated between the 2011 and the 2014 SSE. A local maximum of postseismic slip fol-
lowing the 2011 Tohoku earthquake is found near Boso, although its exact location is uncertain [Ozawa et al.,
2012; Perfettini and Avouac, 2014]; it is therefore likely that extra forcing on the seismicity-prone area of Boso
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Figure 4. Inferred displacement at Boso, using our estimated background rate, and the relationship of Figure 3. The
dashed curve is obtained after removing the SSEs; the thick curve has also the transients A;-A3 and the direct effect of
the 2011 Tohoku-Oki earthquake removed. The best quadratic polynomial fit is shown. It yields a fixed displacement of
11.4 cm between the 1996, 2002, 2007 and 2011 SSEs.

caused a clock advance for the 2014 SSE, as already suggested for the 2011 SSE by Hirose et al. [2012].
This suggests that slow slip events in Boso are indeed related to a simple threshold (stick-slip) mechanism.
Seismicity in Boso therefore results from both (i) inter-SSE phases, as the loosely coupled downdip exten-
sion of the Philippine Sea plate slab interface forces the transitional zone delimiting the base of the locked
SSE-prone patch, and (ii) the co-SSE phase that causes the background seismicity rate to increase by a factor
of 10 to 50 (Figure 3b) over 10 days. The long-term acceleration of seismicity described here is thus likely due
to a slow uncoupling downdip in the SSE patch, i.e., at depths larger than 20 km or equivalently to an updip
migration of the top of the fully uncoupled slip interface at depth, i.e,, a shrinking of the transitional zone.
With this model, the shortening of inter-SSE intervals of Ozawa [2014] is a natural consequence of the accel-
eration of the displacement rate of Figure 4, which clearly predates the occurrence of the 2011 Tohoku-Oki
earthquake. It is therefore likely that the Boso area is indeed slowly decoupling at depth (possibly via a
shrinking of the transitional zone), increasing the stress transfer rate to neighboring locked patches of the
Philippine Sea plate slip interface, especially in the Sagami Trough which has not ruptured since the 1703
Genroku Kanto earthquake.

6. Conclusion

We found a linear relationship between the seismic moment relaxed by SSEs in Boso and the change in back-
ground seismicity rate, estimated from a seismicity model of the wider Kanto region at shallow depth. This
proportionality is in agreement with a similar finding by Ide [2013] who related plate velocity and background
rate in subduction zones. The present analysis shows that this proportionality exists also at small (~40 km)
scale and holds even during slow deformation transients. Moreover, friction modeling, although difficult to
parameterize accurately, can explain the modest gain in background seismicity rate during SSEs, relative to
what would be expected if background activity were to follow changes in slip rate without any delay. This
method has therefore the potential to provide indirect estimates of the slip rate during slow slip events, with-
out the use of geodetic data, even at depths where slow slip manifests itself through swarms of low to very
low frequency earthquakes [Shelly et al., 2007; Frank et al., 2015; Ghosh et al., 2015]. However, since the linear
relationship is based on a limited sample (only five SSEs, in addition to the constraint that p,,, = 0if Msge = 0),
we must stress that future observations of SSEs are required to fully validate and calibrate this proportionality.

Acceleration of slip in the Boso area is found to occur steadily over the 1990-2014 period, with a rate of
+1.0 mm/yr/yr. This acceleration can explain the observation by Ozawa [2014] that SSEs occur with shorter
recurrent intervals, if SSEs are triggered each time the accumulated slow slip has reached a total displace-
ment of 11.4 + 0.3 cm. This long-term acceleration in Boso thus predates the occurrence of the 2011 Tohoku
earthquake, and could mark the slow uncoupling at depth (z >20 km) potentially related to the nearing of the
seismic cycle of the easternmost locked portion of the Philippine Sea plate.
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