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Figure 4.  Snapshots of the spatial distribution of the grid cells with large seismicity changes (PT hotspots) for different change intervals
between t; and ¢, (2, = 1 January 2011). Change interval for each panel 1s shown at top (only ¢, is denoted). Warm-color grid cells show the
locations with large seismicity changes, including seismic quiescence and activation, during the change interval; this indicates high prob-
ability of earthquake occurrence after the change interval. Red-color regions correspond to the highest probability of earthquake occarrence.
Cold colors represent locations with small seismicity changes, indicating low probability of earthquake ocourrence after the change interval.
It should be noted that the blueregions include all ocourrence probabilities lower than —0.6. It can be seen that the locations of the PThotspots,
which are regarded as anomalous seismicity areas, approach the epicenter of the 2011 Tohoku earthquake, which is indicated by the red star.
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Figure 4 | Comparison of the characteristics of the different types of pre-earthquake sequence. a b, Mormalized slacked evolution of seismicily (in red)
before the interplate and intraplate earthquakes. Every sequence carries the same weight. The blue curve shows the corresponding epidemic-type
aftershock sequence simulation. ed, Probability that the acceleration of seismicity observed before large earthquakes is not due te chance. e, Location of
the last event before the 22 interplate earthquakes with last-day event (Fig. 2) relative to the mainsheck hypocentre. The map shows the projection of the
catalogue lacation on the plate interface and is centred on the earthquake hypocentre (red star). Subduction is in blue; transform in erange. Symbol size
varies linearly wilh magnitude, which ranges from 1510 5.5,

a b: MBLLMEFBOEREHE (FRR). TL—MEMEFIICHE ﬁ@ﬂﬂﬁﬁﬁiﬁ'bﬂ
B#HLND. ¢, d NERDMEROMEHZMABATIIAVFEE. o0 TL—MEHE
ERBECHEMME. #T BT HENER (BN TAREMETRAE.




4.2. AIBORZEHAREE (Lippiello et al, 2012)

ATERTE B ORI EL ORI O AREZ TR L X 5 LB T2iF7E. 2 19 FMICm
U740 =7 TRAELHE (M2.0 2L L) ZHWe. BIEEEBORZEMFEE 2 20
A (KRR D OWEE 2 M5k, AR D OB oML 2HAW Tt Lz s

%, ZEMICABRISEVE ERTRISENIIER TH Y, FERAICAEIZEOE S RTEEA
BOEL THRAETHZEEZRAM L., ZOFREZBE L THET LV (ETAS 7 /L% 4
EL72bD) ZERL, E@EMICT —2 2y MC#EA LR, M6 L EOARE 6 HD H
B5@%%ﬁb%é%ﬁﬁﬁ%nk.kﬁb,_n6$ SLISN OB & F8 A T IR R A
BT 5 2 7200, PR EZE O AN 2 TR ORI DN TEE 572 D REED 4
ETHD.

T T — T T — Figure 1:  Aftershocks and  foreshocks
spatio-temporal ~ organization in  Southern
California.

Left upper panel. The linear density probability p(Ar)
for foreshocks (filled circles) and aftershocks (empty
diamonds) are obtained considering all events
occurring within 12 hours from the mainshock.
Different colors correspond to mainshocks in
different magnitude classes, m € [M, M + 1), and
M = 2, 3, 4 for black, red and green symbols
respectively. We restrict the distribution to Ar < 3 km
in order to reduce the contribution from background
seismicity. Right upper panel The linear density
probability p( Ar) averaged over 50 independent
realizations of synthetic catalogs generated by the
ETAS model. Details on the numerical procedure are
given in the Methods. Data for aftershocks and
foreshocks in numerical catalogs are indicated as
continuous lines and pluses, respectively. Open
diamonds refer to the aftershock p(Ar) in the
experimental catalog. Black, red and green colors
correspond to M = 2, 3, 4 respectively. Lower Panel.
The inverse average distance R is plotted as
function of time from the mainshock. Here p(Ar, t) is
the linear density probability in the interval [-1.2t, —
t] ([t, 1.2t]) before (after) mainshocks for foreshocks
(filled circles) and aftershocks (empty diamonds),
respectively. We average 1/Ar, instead of Ar, in order
to reduce the influence of background seismicity and,
#ar- . for the same reason, we fix Rmax = 3 km. The same
oy vey’ | symbols as in upper panels are used.
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4.3. (%) BIROBE (Kato and Nakagawa, 2014; Brodsky and Lay, 2014)
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Figure 1. Seismotectonic setting of northernmost Chile. (a) Distribution of large subduction zone earthquakes (M,, 27.7)
along the Peru-Chile Trench. The red shaded zones denote the approximate extent of rupture zones [Chiieh et al, 2004].
The blue triangles represent seismic stations operated by the GEOFON Program of GFZ Potsdam, whose continuous wave-
forms were analyzed in the present study using the matched filter technique and the extraction of repeating earthquakes. The
arrow indicates the convergence direction of the Nazca plate relative to the South American plate [DeMets et al, 1994].

(b} Distribution of the epicenters of template events before and after the 2014 Iquique, Chile M,, 8.1 earthquake, showing events
listed in the USGS catalog (yellow and white circles). The black and white stars denote the epicenter of the main shock and the
largest aftershock (LA) with the moment tensor solution by the USGS. The color scale and black contour lines show the coseismic-
slip distribution estimated by a teleseismic waveform inversion (Tectonics Observatory, California Institute of Technology:
httpy//www.tectonics.caltech.edu/slip_history/index.html). The contours are =1.5 m with an interval of 1 m. The locations

of seismic stations are indicated by blue triangles. The black rectangle in Figure 1a indicates the area shown in Figure 1b.
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Figure 4. (a) Space-time diagram of all the detected events before and after the 2014 Iquique, Chile M,, 8.1 earthquake. The blue and red circles denote the foreshocks
and aftershocks, respectively. The red stars indicate the repeating earthquakes. The diagram shows the earthquake origin times and locations projected onto the strike of
the fault plane. The black, yellow, and white stars denote the hypocenters of the M,, 8.1 main shock, the largest M,,, 6.7 foreshock, and the largest aftershock M,, 7.7,
respectively. Focal mechanisms (from the USGS) are plotted as green beach balls. While all available focal mechanisms are used from January to February, only

focal mechanisms with M,, > 5.0 are selected from 1 March until the main shock origin. (b) Enlargement of Figure 4a showing the intensive foreshocks between 14 March
and 1 April 2014 (blue circles scaled to magnitude). The red dashed lines represent the approximate locations of the fronts of earthquake migrations.
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5.1. ¥ 3ERINBW - VT D FEH (Uchida & Matsuzawa, 2013)
/N D IR LB ORI S, AL HIEERTR O 7 L — N OT RO R EHEE. T — X1
1984 4 1 H-2011 4F 12 H, AFEATM2.5 DL E, AKEHR M4.0 LLE O RFEEHRS 2641,
AREOK) SHERME, —EROHIE (K 8, 11, 13, 15) TV EENBIML, HES A
7 VDAL DBEIZ I T D EEROHEERTDOW 5 A% w2, ZiuL GNSS[Ozawa et al.,
2012] RMEEJE )G [Ttoet al., 2012] T2 b AR =AY v F LRI T HDEZH TN
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Fig. 7. Time histary of aseismic slip at each portion of the plate boundary. (a-c) Averaged cumaulative slip fime series estimated from repeating earthquake groups in regions
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5.2. Wo< VI RY ORFEERE (B - 1, 2013)
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5.3.

2011 45 1-2 A OEHBIS (Marsan et al., 2013)
SSE Wi RO E AIZ L o THIEEIEEININT 2 Z &85 5. AR, AE-REMT
XA TERNZD L D e HEIEE O b5, SSE O X 5 2EBH R A ML X5
RATZbDOTHD. FHT—XIXKRGTH X v 7 (36-41°N, 140.5-146°E, 1990/01/01 -
2011/03/09( KATFRELRT), M3.5LLE, WA T). /KL - HHIRH (20 km, 40 H) @
BB AT 7 L — F O TRAE LT, Tto et al. [2012, Tectonophys. |23 45
L7 2011 4F 1-2 H OBBBISR LI 2 7203, MR 21 FOF TRLBEE & W
INEE T2, 2008 4F 11 A O#HET < @ SSE [Tto et al., 2012, Tectonophys.] (3f#
T ol —J, KHM - BHIF (80 km, 100 H) OEBBIGDZ < 1348 & R
~FRIRIE IR X OVEEICA LI, &2 T 5.9 FFMTRA L TD. 2t Uchida
et al. [2016, Science] & #&A& 1.

145 146

Figure 8. Map of the large-scale transients. The red dots
show the earthquakes that are part of the eight most intense
transients shown in Figure 7.

Figure 3. Map of all m =
1990 to 9 March 2011, The transients are depicted using
the same symbols and labels as with Figure 20 the red
dots are all earthquakes that occur during the nine most
intense transients; the magenta crosses are the earthquakes of
the aftershock-related transients. The anomalous aftershock
sequence of 2003 is located between transients 2 and 8. Mag-

3.5 earthquakes, 1 January

nitude m = & earthquakes which radii equal Ly = 107535
are shown with circles. The trench [Haves ef al, 20M2] is
shown with the thin black line.
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Figure 2. Temporal distribation of the 3% loading tran-
sients found with £ = 20km and = = 40daye (blue dots).
The thick red dots and labels mark the nine most intenze
transients not related to aftershock sequence (o > 50,
while magenta crozses are for transients related to aftershock
sequences (Mms > €). The maximum magnitde mp,, is

Figure 7. Temporal distribution of the 19 loading tran-
sients found with £ = 30km and 7 = 100days. Legend is
the same as in Figure 3. We here used a threshold p > 35 to
display the most intense transients {in red). The eight most
intense transicnts are labeled from 1 to § in the upper left

graph, with the two occurring in the north having vellow
labels.

ER:/MEE-EHROBBEZOME. AR KRE- REMOEBIRKZOHME.
O (TMH SN - ERREYRMICHKELIzARUL.

X [IBBRBRELTHIEEINT=A, REIZEELI=AAK.
QIEZFNLUSNDARUET, M6.0 LLEIFIRBIZIECLTRESZLEZTLNVA.

among all earthquakes in the transient.
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5.4. A#IBRP o< 4Y (Uchida et al., 2016)
N D IR LR DT 6, A E~B R TR A =2 U v IR EL TN D
ZEEFEA Zoru—2 ) v FIZEHI L TREDOHBEM>5.003FAEL TS, ik
HHER S A —2 Y v L — bR KRERFA I T ThHhoTo. 1984-2011 OFT — X
DHEE S A HIBI S A 118 25(1930-1983)ITIE K L 72556 & K& D OHIEE(M>5.0) & DFRF
M 726 il B U, @ B R~ L v 2> T, Marsan et al. [2013, JGR] Dk 5
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Fig. 2. poral ion of and variation of  offshore (B} and near-shore {C) areas off Sanriku shown in (A) {see fg. $3 for

slow slip. (A) Distrioution of repeater sequences {red circles) and siip areas of
large earthauakes (black and wnite contours) (11-13, 23, 30). Cyan squares show

corresponding data for all otherareas), Vertical lines show the times of the 1934
M76 Sanriku-axi and the 20110 9 Toncku-oki earthquakes. The number of =

seismic stations, Green stars show a M 6.1 earthquake in 2008 {north) and a
M 73 earthquaxe in 2011 (south) that were preceded by slow slio (i8). (B and C}
Termporal distrisution of repeaters near Sannku aligned by [atitude (tao) {see
fig. S1 for vertical enlargement), magnitude-time plot of M = 5 earthquakes
(middle), ardd temporal change of slip rate inferred from repeaters {botlom) for

5 events in offshore and near-shore areas is 194 and 68, respectively. The red
curves in {B) and {C) are best-fit sinusoidal functions fit to the slio-rate time
sories with 3.09- and 2 /2-year periods, respectively. Repeaters and M = 5 events
during the postive phase of the best-fitted sinusoid are shown by colored sym
pols, whereas those during the negative phase are shown by open symbaols.

IMEYVIRLHET —AALHEL-TL—

BRTOITRYFEERO—RYyTD

B). FRRIFTANYREIZHTIIHT=FAH
E%. ZE2XAHAEBDOLMAEAIE(FAY

REMEOEH) ICHEELZDO.

INEYIRLUIHER

TORO—RY)YTDREE LV EEAED

BEDHDMH. AL GPS T—aMDHESh =
gj;‘mﬁi&ﬁﬁﬂo)mﬁwﬁﬁﬁﬁfﬁd)ﬁ

pd

Fig. 4. Spatial distribution of degree of
periodicity and dominant period esti-

mated from the repeater data. T he color

ity shows the degree of periodicity, and
the colors show the dominant period for the
perlods from 1984 to 2011 (between 36.5° and
A415°N) and trom 1953 to 2011 {nocth of
41.5"N and south of 36.5°N). The periods
indicated for each area represent the domi-
nand peak in the amplitude spectrum of the
slip-velocity variations inferred from repeaters

for 0.4° (latitude) by 06" (longitude) spatial
windaws, Contours show slip areas for the
2011 Tohoku-oki earthquake (M 9.0) and other
M)’ or larger earthquakes since 1930

2 spectrum of gradent ime
s in profile lines ato | that are used to
1pute the dominant periods).

EMSHEESN-TL—MER

co

©0000000/

?ﬁiﬁ%o

13




6. R ARG —RY »7

TR IR O 135572 > 72,

AKEO 10 FIFEHINOHILPEHPO T L — MEBEE XTI E > Tz, 72, BEHEM LD

6.1. BEREHDOS L — R EH v 7V T DR (Sato et al., 2013)
GPS FEJHEANTIZ L 0, 2011 FFHALFHHIZE ORI 9 AR O E IRt & 18 5 i O
BEhz 5 M CHMIL-. BESRIEMNTIE, 2005 EE i HIEMT.2)% O 2006 4F 12 H
PIBED 7 L— NEEE T, Bk 7 L — MTKE L 4-5 em/year C, 2005 41 X2k DR 6-7
cm/year K0 23RV /NS, T L, 2007 AEE S O EIRIBIHO S L — Nk v 7

U 70132005 DA X RURTE VW Z E 2R L TWA. —JFF, BB R TIX, 2002

~2008 FEDHIFEM O TIX, £ 2 cm/year O—E D P [n] & MR EE A BIHI STV 5.
BREBEMO TV — b > 7V T ESIRP LD 27D 550 2O Z &1 2011 FOHl

ERFICEIRRM LV @R OTOT RO NNEpoTc Z L EBETD.

138°E 140°E 142°E 144°E

Figure 5. Site velocities at seafloor reference points relative
to the North American plate estimated from the time series
shown in Figure 4 after correcting for the intraplate velocity
at Shimosato [Sengoku, 1998] and the relative velocity be-
tween the Eurasian plate and the North American plate calcu-
lated from the plate motion model, NUVEL-1A [DeMets
et al., 1994]. The blue and red arrows at MYGI show the ve-
locities for the periods from May 2002 to August 2005 and
from December 2006 to February 2011, and those at FUKU
show the velocities for the periods from July 2002 to
February 2011 and from July 2002 to March 2008, respec-
tively. The ellipse attached to the arrow represents the |
sigma estimation error in the linear fit to the time series.
The velocities of terrestrial GPS stations calculated from
the daily positions provided by the GSI [Nakagawa et al.,
2009] and that of the Pacific plate calculated from the
NUVEL-1A model are also shown with black and white
arrows, respectively.

EIPMYGDD ZE L IE 2002.5-2005.8(F), 2006.12-2011.2(FR).
FEEM(FUKU)DZERLIE 2002.7-2011.2(F), 2002.7-2008.3(FF).

B RS O FRZ227 (2011, TELESER) & 1T UNE.
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PUFIERTEEAS L7- Ozawa et al. (2012)12 X 5 2003 FEELS OEY « @E o2z —2 Y »

7 LR LBRRIONTHE#H LTV 5.

6.2. WAL O MAREBEIDOINE (Mavrommatis et al., 2014)

WAL ERT O 1996 ~ 2011 4 D
GPS ¥ —% (GEONET F3 f#) 7>
Lt A4 X, Mw6.5 DL EDOHE
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L7z, BABMITE & 23722 s 23 i/, &
AU, BALAEER o 1 = o hnE i
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WEIZED O LR, K
e EEE O NI L & TR R
WEIIZHADBILD.

Figure 4. Inversion of
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arations with 2a error ellipses are shown in black; model fit in green. Colored patches show the estimated distribution
of slip acceleration (dip-slip component) on the plate interface, Black contours indicate the slip distribution of the 2011
M,, 9.0 Tohoku-oki earthquake in 10 m intervals [Hoaper et al, 2013].

6.3. 2003 FEEN D DEBA X b (Yokota and Koketsu, 2015)

1996 45 3 H/»5 2011 4 3 A 8 HETO
GEONET HEZEfl % Hvy, BAMEED TR X
R ZHEE L7z, £, HUER, HE#O
A &FRZEL, 2002 FLARTOT — % N HHEE
L7z Ly REBRELE. BJIALFmEEEo L F
FER TR &, B CIEE I = O 2
NRLEND., ZALIETL— MERDTRY
WCEBELTA "=V artbe, EFIC
EHIMOEEB A~ F Mw7.7) EAuflo
v 7 A v (Mw7.4) IZXVFBATX 5.
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Figure 2 | Distribution of total deviations and the result of a two-source
inversion. The red and purple contours represent the distributions of the
forward slip by the very long-term transient event and the backslip by the
northern source, which were obtained through the two-source inversion of
the total deviations (pink arrows). The black arrows denote synthetic
deviations computed for the inversion result. The co-seismic slip
distribution of the 2011 Tohoku earthquake® is also displayed with the
epicentre (white star} and Japan Trench (dark green line). The black bar at
the bottom right denotes 100 km.



6.4. (B8) RPEEIBIT B~ MOKEEEFROEE (Sun et al., 2014, Sun and
Wang, 2015)
BUALH 7 RO R O 8 AR B 1% O BRI & O BRI g ak b CBLMN S 7o v Hi s
L, F— MRERAORDT AV IZF TITHRPTES | v ML OREE R 2 ZE T2
VERD D, HHEEEEZBE LRWEA, 7 L— MEROR TR &2 ERIC L Vi
K E/NHELTLE S [Sunetal, 2014],

a Cosessmic duplacement b Postseismic displacement (1 yoar)

ALt AR E R EDARE(C
F5HBES () RVZFDE 1 &
HORMEE (b) . FTRLVKENHER
BlTF—42, FLWKHNAETILICEK
HETEME. RHNEBDOEMHS A
X BERVESOLTRIZEL
THIVRIL D EEEEELT
ETILICKY XLGERBATNS,

407N

5 8 8

Cossismic siip (m)
I
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38N
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Figure 1 | Coscismic and postscismic deformation of the 2011 Tohoku-oki  obtained through fisting campaign data with logarithmic functions as in
carthquake. a, Cosclsmic displacements of land (for example, ref. 10) and Extended Data Fig. 6. Site GIT4 failed shortly after the carthquake. Black
seaflooe™® GPS sites and modd predicted displacements based on the fault slip  contours (m)are theaftersdip distribution used in our modedling (see Methods)
muodel shown (see Methads), b, One-year postseismic displacements of land"™  Observed and maodel time series at sites marked with a green circle in the main
and seafloor (refs 16 and 17 and Methods) GPS s made] predicted corridor of interest are shown in Fig. 3.

values based on the viscoclastic model of this work. Seafloor GFS vectons were
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Figure 3 | Observed (red) and model-predicted (blue) time series of the east
comp of postseismic displ ts. The locations of the GPS sites
are shown in Fig. 1b. a, Seafloor sites. For TU site GJT3, error bars (standard
error) are based on error analysis, and sub-arrays are formed by different
combinations of seafloor transponders, both as explained in Methods. For the
JCG sites'™", error estimates were not provided but are estimated to be smaller
than those of GJT3 (see Methods) except for the first one or two less reliable
measurements at each site (open stars). Circles for KAMS represent position
data after a manual correction for an assumed delayed local afterslip during
2012. The one-year vector for this site shown in Fig. 1b is based on the corrected
data. b, Randomly selected land sites in the main corridor of interest. Other sites
in this corridor have similar results,
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Figure 2. Model structure and rheclogy of the 2-D reference model
REF (Table 1). Assigned coseismic fault slip is uniform (U;) in the solid
segment of the shown rupture zone and linearly tapers to zero over the
dashed segments. Orange amows ill the asy ic coseismi
motion of the two fault walls (see Figure 1 and section 2). Larger and
smaller diverging white armows represent different degrees of tension
induced by the thrust rupture. The Burgers rheology applies to both the
mantle wedge and the oceanic mantle. Symbols 4 and y denote rigidity
and viscosity, respectively, and subscripts M and K indicates Maxwell and
Kelvin components, respectively.
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Figure 4. Results of four models with different viscosities but identical fault
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ship U, of a surface site above the rupture zone (location shown as the solid
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7.2. 2008 F£ & 2011 SED R 1 — R Y v FOEHICEE H 5B %4 (to et al., 2015)
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Figure 4. (a) Root median square (RMS) envelope (red, blue, and green) seismograms and atmospheric pressure observed
at KNK from 1 December 2010 to 11 March 2011. RMS envelopes for the filtered outputs, determined using a band-pass
filter with cutoff frequencies of 2 and 10 Hz, are plotted. (b) Envelope ratios referred to station LS2. Purple-shaded windows
indicate triangular-shaped excitations observed at Station TJT2. 51, S2, and 53 correspond to Sequences 1, 2, and 3,
respectively, in the text. (c) Magnitude-time plot and cumulated number of seismicity with magnitude >2 within the area

shown in Figure 1 from 1 December 2010 to 11 March 2011.
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8.1. MEBOHIJKRIEHBEILOMw7EM: (Heki and Enomoto, 2015)
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