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Megathrust earthquakes are responsible for some of the most devastating natural
disasters1. To better understand the physical mechanisms of earthquake generation,
subduction zones worldwide are continuously monitored with geophysical
instrumentation. One key strategy is to install stations that record signals from Global
Navigation Satellite Systems2,3 (GNSS), enabling us to track the non-steady surface
motion of the subducting and overriding plates before, during and after the largest
events4–6. Here we use a recently developed trajectory modelling approach7 that is
designed to isolate secular tectonic motions from the daily GNSS time series to show
that the 2010 Maule, Chile (moment magnitude 8.8) and 2011 Tohoku-oki, Japan
(moment magnitude 9.0) earthquakes were preceded by reversals of 4–8 millimetres
in surface displacement that lasted several months and spanned thousands of
kilometres. Modelling of the surface displacement reversal that occurred before the
Tohoku-oki earthquake suggests an initial slow-slip followed by a sudden pulldown of
the Philippine Sea slab so rapid that it caused a viscoelastic rebound across the whole
of Japan. Therefore, to understand better when large earthquakes are imminent, we
must consider not only the evolution of plate interface frictional processes but also the
dynamic boundary conditions from deeper subduction processes, such as sudden
densification of metastable slab.

Much of the research into earthquake hazard focuses on approximating the magnitudes of the next large earthquakes and estimating when they may occur. Accordingly, regions of the subduction
interface that are estimated to have accumulated enough elastic
potential energy to match previous earthquakes in that location are
considered to be mature segments where a major earthquake can be
considered overdue8. This hazard assessment is limited by our ability
to estimate the long-term relative velocities of the subducting and
overriding plates, especially if most of the accumulation period has
occurred over times when no modern geophysical instrumentation
was deployed. Recently, it has been discovered that relative plate
velocities recorded by GNSS vary not only as a postseismic reaction
to large earthquakes at neighbouring segments of the subduction
plate interface4–6, but also at mature segments years to days before
the onset of main earthquake ruptures9–11. Such precursory motions,
recorded on the overriding plate surface, are thought to be related to
a gradual evolution of stress conditions on the plate interface leading
to mainshock failure, which sometimes occurs as a cascading series
of foreshocks and respective foreshock afterslips9 and other times
as accelerating aseismic creep12. Earthquake precursory phenomena
have been extensively studied in laboratory shearing experiments and

consist of noticeable changes in acoustic emissions and fluctuation
in the measured stress13,14.
To ascertain the prevalence of tectonic transients in fault zones, we
need methods that distinguish the purely tectonic motion from the
other non-tectonic signals and artefacts in the continuous GNSS time
series15. A recently developed time series regression approach called
Greedy Automatic Signal Decomposition (GrAtSiD)7 allows for the
automatic estimation of variable interseismic motions at GNSS stations. This technique models the interseismic motions as the sum of a
slope, an offset and a sparse number of transient functions (for example,
exponential decays; see Methods).
We applied GrAtSiD to continuous GNSS time series in the broad
regions of the Mw 8.8 Maule, Chile, 2010 and Mw 9.0 Tohoku-oki, Japan,
2011 earthquakes (hereafter referred to as the Maule and Tohoku-oki
earthquakes, respectively) (Fig. 1 and Extended Data Fig. 1), outputting
a modelled trajectory for each directional component of the time series
that has been separated from jumps (both tectonic and non-tectonic)
and steady-state seasonal oscillations (Methods). To interpret this variable interseismic trend it is crucial to identify the sources of non-tectonic
signals that may be present in the original time series. By comparing the
transient signals of interest (that have been isolated by GrAtSiD) to time
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Figure 2 shows the detrended displacement time series before and after
the removal of background seasonal oscillation17,18 and common-mode
errors19. We can clearly see that there are variable interseismic rates
and strong accelerations in the months leading up to both great earthquakes. The application of GrAtSiD has reduced the noise (seasonal
and common-mode) that otherwise obscures this non-steady signal
(see also Methods, Extended Data Figs. 2 and 3, and Supplementary
Videos 1 and 2). Various transient motions exist in the time series, but
the most prominent and long-lived episodes are those in the final 5 and
7 months before the Tohoku-oki and Maule earthquakes, respectively,
during which the peak-to-peak amplitude of the horizontal reversals
range between 4 mm and 8 mm. These anomalous reversal signals before
the Tohoku-oki earthquake are prominent even in the non-filtered time
series, whereas before the Maule earthquake, one can clearly see the
reversals only after the removal of the seasonal. Before the Tohoku-oki
earthquake, there is an earlier, milder reversing signal beginning approximately 19–20 months before the mainshock that shares many spatial
characteristics with the later, faster reversals (Supplementary Video 3).
Owing to their appearance in the time series, we also refer to these fast
reversals in surface motion as ‘wobbles’. Before both earthquakes, the
approximate azimuth of the horizontal reversal is perpendicular to the
strike of the earthquake focal mechanism, which strongly suggests a
tectonic origin for the transient signal.
Given the exceptionally dense station spacing in Japan, we were able
to perform an along-strike analysis of the transient velocity field along
the whole subduction zone (Fig. 3). Although there is some variation
of the interseismic velocity along the subduction margin, there is a
strong wobbling beginning in October 2010 and lasting until the onset
of the Tohoku-oki earthquake in March 2011. A zoom-in on this time
window shows that, in the East component, there is a migration of the
velocity front across the Earth’s surface of approximately 1,000 km in a
fortnight (a rate of about 3 km h−1). This velocity front propagates along
Japan from the southwest and seems to start as far away as near Taiwan
(Supplementary Videos 3 and 4). Because there are fewer stations in the
South American network, it is harder to track a velocity front before
Maule, although we are able to see a mostly East–West wobbling along
Chile in the months preceding the Maule earthquake (Fig. 4, Supplementary Videos 5 and 6). We note also that the Maule reversal in Fig. 4
looks noisier than the Japanese reversal in Fig. 3c. This is because the
pre-Maule case has far fewer stations and so we are not able to spatially
average the de-trended displacements. Before the Tohoku-oki earthquake, anomalous wobbling occurs in both the vertical and horizontal
components (Fig. 3, Extended Data Figs 2 and 4), whereas before the
Maule earthquake, the wobbling is mainly in the East–West direction.
In the Argentinian stations, there is a strong transient subsidence beginning 4–5 months before the Maule earthquake that persists until the
rupture (Figs. 2, 4, Extended Data Fig. 3 and Supplementary Video 6).

500 km

−80°

−70°
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Fig. 1 | Locations of the great earthquakes and of the continuous GNSS
stations that capture the preceding transient motions. a, Continuous GNSS
stations (grey dots) used in this study. Inverted triangles indicate stations
whose time series are shown in Fig. 2 (corresponding to coloured time series).
The dashed black line is used in the along-strike analysis of Fig. 3. b, As for a, but
for the South American stations in the region of the Maule earthquake.

series predicted from the fluid loading (atmospheric, hydrological and
oceanic)16, and also by analysing the lateral extent of the transient signals
(to probe a possible reference frame explanation), we determine that the
source of these signals is most likely to be of tectonic origin (Methods).
2 | Nature | www.nature.com

Comparison with previous studies
We hereafter refer to the wobbling periods 5 and 7 months before the
Tohoku-oki and Maule earthquakes, respectively, as the unstable periods.
In previous studies of both mainshocks, precursory seismic periods
have been reported: before the Maule earthquake, anomalous shallow (≤40 km) and deep (≥80 km) seismicity occurred within 0.5° of the
mainshock hypocentre, beginning approximately 40 days before the
mainshock20. Before the Tohoku-oki earthquake, a foreshock phase is
reported to have begun in late November 201021 within 2° of the mainshock epicentre and with an enhanced rate of deeper (≥80 km) seismic
moment release at approximately 60 days before the mainshock20. Slow
slip, inferred from repeating earthquake analysis21, an onshore volumetric strainmeter22 and ocean-bottom pressure time series22, is thought
to have begun around 1 month before the Tohoku-oki earthquake and
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Fig. 2 | Time series before Tohoku-oki and Maule and the effect of noise
removal with GrAtSiD. a, East displacement time series before the 2011
Tohoki-oki earthquake (colours going from top to bottom correspond to
locations of coloured triangles on Fig. 1 going from north to south). Time series
have been manually de-trended for optimal display. Offsets (steps) in these time
series (automatically solved by GrAtSiD) have been removed. b, Time series
from panel a after removal of background, fluid-loading-induced seasonal
oscillations (annual and semi-annual) and network-correlated daily noise
(common-mode error). See Extended Data Figs. 2 and 3 for time series before
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GrAtSiD processing. The grey shading on the right indicates the unstable period
before the mainshock. c, Average (median) deviation from median velocity at
each station of the Japanese network, where median velocity of each station is
determined between 1 January 2006 and 8 March 2011. d, e, As for a and b,
except for the South American stations shown on Fig. 1 and in the West (mainly
trenchward) direction. f, As for c, but for the South American data. Median
station velocities calculated between 1 January 2005 and 25 February 2010. We
note that in both c and f, the average deviation from background velocity is only
calculated if more than 55% of stations have data on that particular day.
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Fig. 3 | Visualizing the along-strike signal migration and reversal of Japan in
the years and months preceding the Tohoku-oki earthquake. a, Table of
velocities (East component) within non-overlapping rectangular regions
before the Tohoku-oki earthquake. Velocity for each station within each
rectangular region is detrended relative to the median velocity of that station
between 1 January 2006 and 8 March 2011. The medians of these detrended
velocities are then chosen as the representative regional velocities. The y axis
indicates distance in the northeast direction for the centroid of each
rectangular region of Fig. 1 (beginning in the southwest). Green lines indicate
the along-strike locations and times of earthquakes exceeding moment

magnitude 6. b, A zoom-in of panel a, between the beginning of September
2010 and the beginning of February 2011 (dashed vertical black lines on panel
a). The dashed line on panel b indicates the velocity front that migrates across
Japan from the southwest. c, Snapshots of median displacement for stations
within 1° squares (after detrending each time series) for 10-day windows from
October 2010 until the Tohoku-oki earthquake (see also Supplementary
Video 4, which covers this period). Green arrows indicate horizontal
displacements and coloured circles indicate vertical displacements. The
period covered by snapshots is the unstable period described in this study.

within the extent of the mainshock source area, whereas seismic tremor
is reported as having begun in late January 2011 within 100 km of the
Tohoku-oki mainshock hypocentre23,24. The stress field in the crust above
the Tohoku-oki mainshock slip area, as determined by analysis of focal
mechanisms25, shows a gradual reduction in compression over three
years in the run-up to the mainshock, although the time resolution of
this reduction is limited by the number of large enough earthquakes.
Previous studies in which pre-Tohoku-oki surface trajectories were
modelled10,11,26 suggest a gradual acceleration in uncoupling of the plate
interface near the mainshock region over the decade preceding the

mainshock, although these analyses have not extended far beyond the
mainshock rupture extents. There are no previous reports of precursory
continental surface motions preceding the Maule earthquake. Although
able to capture the main decadal-scale features, previous efforts to characterize secular tectonic velocity changes leading up to the Tohoku-oki
and Maule earthquakes have been hindered by the need for iterative,
manual improvements of the trajectory model. With GrAtSiD, we have
been able to identify the subtle transients in the time series across the
whole Japanese and South American networks that would have taken an
unreasonable amount of time without an automated approach.
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Investigation of deformation mechanisms
To investigate the physical processes responsible for the pre-Tohoku-oki
unstable period, we modelled the displacements (obtained from the
trajectory modelling) using a simple elastic dislocation approach27,28
(Methods). The model supports the possibility of an initial migration of
slip across the subduction interface and indicates that the unstable period
began with a large slab extension localized in the downgoing Philippine
Sea Plate (Fig. 5 and Supplementary Video 7). This proposed slow slip
across the margin is apparent from the general increase in apparent slip
along the fault model from southwest to northeast. The occurrence of
slow slip is also supported by similar propagation velocities (a few kilometres per hour) of the signal along the continental surface that have been
observed in the Cascadia subduction zone29 and the Nankai Trough30.
Furthermore, the velocities of the in situ slip (of the order of 1 mm per
day) match the velocities expected for slow-slip events31. The extension
appears in the simplified dislocation model as an apparent simultaneous shallow updip slip and deep downdip locking (backslip32) centred at
approximately 50–100 km. Following this extension, the surface velocity
swings between pointing at the subduction trench, towards Eurasia, and
then again towards the subduction trench. During this swing, the elastic
dislocation model seems to indicate that the plate interface switches
between enhanced locking and creeping: a more likely explanation is that

Earthquake. This time period covers the unstable period described in our
study. Green arrows indicate horizontal displacement and coloured circles
indicate vertical displacement.

the model is incorrectly projecting deformation of a viscoelastic rebound
to the sudden extension. Figure 6 illustrates the possible series of events
in the pre-Tohoku-oki unstable period. The initial slow-slip migration from
the southwest to northeast of the study region is possibly facilitated by
fluid release onto the plate interface. Seismic tomography of the downgoing Philippine Sea Plate33 shows Poisson’s ratio values that indicate a
slab with fluid-filled porosity at the depths where we suspect slow slip to
have begun and where extension is thought to be centred. Tomography
of the Pacific slab also indicates sufficient fluids from the depth of the
continental Mohorovičić discontinuity (Moho)34 and shallower35. Such an
expulsion of fluids and propagation of the slow slip would be supported
by geological evidence for chemical mineral reactions. These reactions,
that typically last between one and four months36, produce pulse-like
slab dehydrations that in turn suddenly increase pore-fluid pressure,
thereby causing a feedback effect that mechanically weakens the plate
interface31,36,37. This timescale, taken as an upper bound on the duration
of these processes, fits the timescale of the suspected slow-slip duration
that we describe in this study.
We hypothesize that the sudden extension that began towards the end
of October could have been caused by either eclogitization of the slab
just below the extension centre (for example, 50–100 km), or deeper slab
pulling. Eclogitization processes can be rapid and mostly aseismic under
thermodynamically overstepped conditions36,38 in which pressure and
Nature | www.nature.com | 5
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Fig. 5 | Surface velocities and kinematic models of apparent slip or backslip
for three daily time windows during the unstable period preceding the
Tohoku-oki earthquake. The date of the daily model is indicated above the
view of the fault (all frames from September 2010 onwards are shown in
Supplementary Video 8). Corresponding data and model predictions (for
horizontal and vertical displacements) are shown in the maps underneath each
view of the fault. The fault consists of two downgoing oceanic slabs in contact
with the overriding continental plate: the Pacific Plate to the northeast and the
Philippine Sea Plate to the southwest. On 27 October (a), the Philippine Sea
Plate seems to be in a state of extension centred at approximately 50 km depth,
as indicated by the updip positive and downdip negative dislocation pattern.

Comparing the modelled kinematics of 23 November (b) and 7 March (c) (top
right and bottom left subsets) we can see that the sense of dislocation is
reversed for data displacements that are also approximately reversed. The
junction between the two downgoing slabs also seems to demarcate a change
in kinematics throughout all of the unstable phase. We note that the oscillating
signal following the sudden pulldown (extension) is probably not well modelled
by elastic dislocation. The apparent switch between enhanced locking,
creeping and locking is likely to be an artefact of the elastic dislocation
approach, which models the suspected viscoelastic response of the
subduction zone as a purely plate interface process.

temperature make the reaction energetically favourable but sufficient
activation energy for the initial reaction has been lacking. Conditions for
fast eclogitization would require metastable regions in the downgoing
slab, which receive infiltration of external fluid to overcome sluggish
kinetics39,40. Although the presence of fluids—a catalyst for such a sudden densification to occur—is highly likely33, the volume of metastable
slab material (lower-crustal gabbroic rocks) in the Philippine Sea slab
at depths of approximately 50–100 km is not known and, owing to the

rather slow spreading of the related ridge (about 4 cm yr−1)41, is expected
to be small42.
An alternative to pull from fast eclogitization is that the sudden pull
comes from a deeper source. From the dislocation modelling, it is not
clear if this initial downward slab pull has a shallow or deep origin. Figure 5 and Supplementary Video 7 show that the largest values of apparent enhanced locking are usually in the deepest patches of the model
(approximately 400 km) on the Philippine Sea Plate interface. A possible
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Fig. 6 | Cartoon (not to scale) to illustrate the possible processes explaining
the deformation recorded in the unstable period captured before the
Tohoku-oki earthquake. a, An initial pulse of fluids is released onto the plate
interface via instraslab fluid pathways and dehydration reactions. This
facilitates a slow-slip event caused by a reduction in the effective coefficient of
friction. b, Slow-slip front migrates along strike. Sudden slab densification
occurs and creates a buoyancy instability and enhanced downwards pull. This
initial downwards acceleration causes slab extension and a quasidynamic
wobbling of the subduction zone as the slab viscoelastically rebounds. Slab
extension also results in faster creep downdip of the seismogenic zone and
below the continental Moho. c, The slab extension continues, resulting in
prolonged deep slip. The sudden slab pull and viscoelastic response, along with
the large slow slip facilitated by fluid release has resulted in enhanced creep in
the seismogenic zone that critically stresses a configuration of mature
asperities, resulting in large foreshocks and the mainshock Tohoku-Oki Mw 9.0
earthquake.

mechanism to explain this deeper pull would be buoyancy instability
caused by a sudden densification of slab material from alpha-olivine into
beta-olivine or even gamma-olivine (that is, wadsleyite and ringwoodite
formation) as it moves through the mantle transition zone at depths of
410 km and 660 km (ref. 43). Intrinsic chemical heterogeneities would
cause the reaction to start at spatially heterogeneously distributed
locations within the slab; the reaction would then spread with increasing velocity owing to the exothermic reaction and resulting densification43. The sudden increase of slab pull would cause a perturbation
of the force equilibrium at the plate interface sufficient to trigger a
nonlinear response such as shear-heating-related slip acceleration or
a power-law stress-dependent creep44, which by its nature is a transient
phenomenon.
From the tomography45, the Philippine Sea Plate at mantle
transition-zone depths seems to be in contact with (or in close proximity to) the slab of the metastable Pacific Plate46, which has subducted
under the Philippine Sea Plate in a flat fashion45. Therefore, it could be
the sudden densification of metastable material in the Pacific slab and
its subsequent dragging against the Philippine Sea slab that has caused
the increased slab pull. Related to this possibility of slab communication,
the dislocation model (Fig. 5 and Supplementary Video 7) suggests an
interaction between downgoing slabs at their lateral juncture—whereby
it seems that the plunging Philippine Sea Plate has dragged the Pacific
Plate, which also appears to undergo some extension in the unstable
period. This slab communication, however, is only apparent from the
simple dislocation model, which has projected all deformation onto
the fault plane. Accordingly, future work should focus on clarifying the
roles of each slab in the observed unstable period, with the inclusion of
processes additional to elastic dislocation.
This sudden extension in the slab before the Tohoku-oki earthquake that
we describe in this work was previously reported in a study of satellite gravity measurements47, although the statistical significance of the reported
gravity gradient anomaly is disputed48. This anomalous gravity-gradient
signal begins a month later than the onset of extension recorded by GNSS
in our study. Assuming that the reported gravity-gradient anomaly is
valid, then a delay of just one month in these observations would indicate
that these independent measurements are capturing the same process.
The discrepancy in onset could also be reduced if we consider monthly
sampling of the gravity data. The favoured extension model for the gravity gradient signal is a deep normal faulting in the Pacific Plate at depths
greater than 245 km, whereas our modelling suggests that extension (the
hinge line between apparent enhanced slip and locking) is shallower, at
depths of approximately 50–100 km and with the extension signal starting in the Philippine Sea Plate.
Compared to the pre-Tohoku-oki case, prior to the Maule earthquake
there were far fewer GNSS stations and much higher variability in station
spacing. Therefore, elastic dislocation modelling for the Maule unstable period was not carried out. Nevertheless, owing to the reversing
nature of the pre-Maule signal, we suspect that a sequence of events
consisting of deeper slab pull interacting with bursts of slow slip further
updip—similar to what occurred before the Tohoku-oki earthquake—also
occurred before the Maule earthquake (see discussion in the Methods).

A spectrum of interseismic processes
In conclusion, we have identified enhanced slab pulling as the likely
driving mechanism for the wobbles observed before the Tohoku-oki
and Maule earthquakes. However, had the asperities updip of the pulling not been mature, it is conceivable that the unstable periods caused
by enhanced slab pulling would have ceased without any great earthquake occurring. Likewise, we suggest that overdue (mature) earthquake segments might only tend to rupture after receiving sufficient
additional shear stress from an acceleration in deeper subduction. In
this context, the earthquake research community should be considering the frictional conditions of the seismogenic plate interface in
Nature | www.nature.com | 7
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conjunction with the variable boundary conditions that seem to have
a role in bringing large mature segments to failure.
Comparing the timing of the unstable phase reported in our study to the
reported foreshock activity of other studies is not straightforward, owing
to considerations of seismic network resolution and varied waveform
processing strategies. Although there is anomalous seismicity identified
before the Tohoku-oki and Maule earthquakes on the timescale of one
to a few months before the mainshock, most of this analysis has been
focused closer to the mainshock location. The large wobbles reported in
our study appear to be mainly aseismic and affect far-field regions larger
than the extent of the rupture zone on the subduction plate interface. It is
worth noting here that the adjective ‘aseismic’ is defined by the threshold
for which events can be detected with existing seismological networks.
This threshold can be limited both by seismic processing strategies and
network geometry. Therefore, there may be some as-yet-undetected
seismic signals either along the plate interface or deeper inside the slab
that correlate with these large-scale anomalous GNSS recorded motions.
Finally, we have focused on describing the most striking transient tectonic motions that we observe before the Maule and Tohoku-oki earthquakes. There are, however, many other tectonically intriguing signals
in the periods analysed (Supplementary Videos 3 and 5), some of which
could be related to other, smaller-magnitude earthquakes. Although we
are able to notice large, tectonically driven wobbles of the surface before
the Maule and Tohoku-oki earthquakes, we still do not know how prevalent
these wobbles are at plate boundary zones worldwide, whether they scale
according to subsequent earthquake magnitude, and therefore whether
or not they can be used as reliable precursors for the imminence of major
earthquakes. What is clear from this study is that subduction zones are
highly dynamic on the human observable timescale and that whereas
some transient events are apparent on the thousand-kilometre scale, others are very localized. To improve our understanding of the interaction of
boundary conditions on relatively smaller potential rupture zones it will
be essential to harness the growing amounts of GNSS data49 to investigate
the interaction of tectonic systems on the continental scale.
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Methods
GNSS time series
For the South American network, all GNSS data were organized in
units of 24-h periods and were processed using the Earth Parameter
and Orbit System software (EPOS)50. The data processing was done in
three steps. In the first step, all the stations were processed in a precise
point positioning (PPP) model using the GNSS satellite clock and orbit
products of the GFZ German Research Centre for Geosciences51. During
PPP processing, bad observations and outliers were removed. In the
second step, we followed a network-processing strategy based upon
the PPP solutions and remaining observations. Up to 56 well distributed International GNSS Service (IGS) core stations are included in the
network. Since the number of project stations can reach up to about
800, and the Earth Parameter and Orbit System software can process
up to 250 stations for one single network, the project stations were
processed in several sub-networks. Depending on data availability,
ten well distributed IGS stations were included in each sub-network to
connect all the sub-networks. In the network processing, all the stations
were treated with the same weight. Since we did not fix any station in
the network processing, the coordinate solution is the same as a free
network solution. The datum of the coordinate solution was defined by
the satellite orbit and clock products used in the 2008 realization of the
International Terrestrial Reference Frame (ITRF2008; http://itrf.ensg.
ign.fr/). In the third and final step, the network solution was aligned
to the IGS second reprocessing combined daily coordinate product
in ITRF201452,53 to reduce the impact of the datum effect. To avoid the
artefacts caused by reference stations, the IGS second solutions were
visually inspected. Those IGS station time series that show transient
signals in the unstable period defined in this study were not used for
the alignment. The coordinate results from the network solution have
an accuracy of a few millimetres. IGS stations used in the network data
processing are indicated in Extended Data Fig. 1.
For the Japanese case, we use coordinates from the network solutions (version F3), provided by the Geospatial Information Authority
of Japan54.
GNSS data postprocessing for the pre-Maule-earthquake
solutions
We considered time series between 1 January 2005 and 25 February 2010.
Time series were retained if they had a minimum of four years of data and
also spanned the year preceding the Maule earthquake. Obvious, grossly
outlying points were removed from the network solutions by manual
inspection. Likewise, any very large artificial steps were removed. Data
were further de-spiked by the application of a median filter and removal
of points far from this filtered trace. We note that the median filter is
only used for outlier detection and the unfiltered series, with outliers
removed, is fed into the GrAtSiD algorithm.
GNSS data postprocessing for the pre-Tohoku-oki-earthquake
solutions
Time series were truncated between 1 January 2006 and 8 March 2011.
Time series were retained if they had a minimum of four years of data
and also spanned the year preceding the Tohoku-oki earthquake. Data
were provided in degrees and so these were converted into metres.
Next, the median filter approach for outlier removal (as done for South
American data) was applied.
Signal decomposition with GrAtSiD
The post-processing procedure described in this section was applied
to both the pre-Maule and pre-Tohoku datasets. For each directional
component (East, North and Up) of each GNSS station, we applied an
initial GrAtSiD fit7 with one convergence only. GrAtSiD is a greedy linear
regression routine that aims to find a minimum number of transient
(multi-transient) and step (Heaviside) basis functions present in the time

series. In general, greedy algorithms sequentially test for the improvement of fit when including additional basis functions in the model55.
Basis functions that are always present in the GrAtSiD solution (permanent functions) are the Fourier functions for annual and semi-annual
oscillations, the first-order polynomial terms (linear trend and constant
shift), and the steps imposed owing to known hardware changes or
when the station is within a radial cut-off distance from a catalogued
earthquake, with the cut-off distance r (in kilometres), being r = 100.5M − 0.8,
where M is the earthquake magnitude (as also used by the Nevada Geodetic Laboratory49). For the Maule data, we considered all events with at
least magnitude 5, as provided by the catalogue of the National Earthquake Information Center of the United States Geological Survey (USGS
NEIC) (https://earthquake.usgs.gov/earthquakes/search/), whereas
for the Tohoku-oki data we considered moment magnitudes ≥6, again
taken from the USGS NEIC catalogue. Permanent functions also include
the known times of steps due to equipment- or processing-related discontinuities.
The regression model, x(t), of GrAtSiD is formulated as follows:
n

k
[sk sin(ωk t) + sk cos(ωk t)]
x(t) = mt + d + ∑ k =1

nj
nr
ni
+ ∑ j =1
∑i =1
[Ai (1 − e−(t − t r )/Ti )] + ξ (t)
bj H (t − t j) + ∑ r =1

in which t is time, and m and d are the coefficients of the first-order
polynomial. The sine and cosine functions model the annual and
semi-annual background seasonal oscillations in the signals (coefficients sk). H(t − tj) represent the Heaviside functions that are pre-defined
as basis functions or automatically found with GrAtSiD (with bj being
the coefficients for events at time tj). The double summation term represents the r multi-transients, which are the sum of exponential functions starting at tr. Ti are the decay constants and we use three for each
multi-transient. A multi-transient is a decaying function that is made
from the sum of multiple decay functions—in this case we implement
exponential decay functions but we could also use logarithmic decays.
By not constraining the signs of coefficients (Ai), we can produce, with
one or two multi-transients in series, a variety of signal shapes. Accordingly, the multi-transient is chosen as a sparse basis function in the
regression because it is a versatile function that can capture transient
signals of varying durations. ξ(t) is the residual. The above equation
looks very similar to the Extended Linear Trajectory Model (ELTM)
described in equation (10) of ref. 56 except that the transient functions
(single-transients) are replaced with multi-transients. Full details of the
algorithm can be found in the GrAtSiD methods paper7 along with videos
that illustrate the convergence of the solution for multiple examples.
The purpose of the initial GrAtSiD fit is to estimate a residual time
series for each component of each station. Using the common-mode
error reduction approach19, we then took the median residual value for
each directional component (as a function of time) and subtracted this
from the corresponding time series. Next, we applied GrAtSiD again on
the common-mode corrected time series. The common-mode filter also
serves as a low-pass filter and is effective in removing high-frequency
noise such as reference frame jitter56 as well as reducing heteroskedasticity in the network solutions. Five convergences were run for
each time series of the Japanese F3 solutions and 30 were run for the
pre-Maule-earthquake time series. The solution that is most similar
to other convergences was chosen as the solution for the decomposition. Similarity is defined by the solution that has the smallest average
residual to all other solutions7. For Fig. 3, Extended Data Fig. 4, and Supplementary Videos 3–8, the seasonal contributions and the steps in the
GrAtSiD trajectories were removed: that is, the Fourier functions and
Heaviside functions (that have been imposed from seismic catalogues
or automatically found with GrAtSiD), are removed from the solution
(simply done by removing these terms from the linear combination of
basis functions).
Extended Data Figs 2 and 3 show example results of the signal decomposition and how time series are cleaned by the removal of background
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seasonal oscillation and common-mode noise (see also Supplementary
Videos 1 and 2). Extended Data Fig. 4 shows the velocity table for all three
directional components in Japan (as shown in the East component only
in Fig. 3a) while the Source Data for Fig. 3 gives the non-overlapping
along-strike rectangular regions used in this analysis. Extended Data
Fig. 5 shows the effect of removing modelled terms from the trajectory
model that was optimized by GrAtSiD.

Investigating possible non-tectonic sources of the transient
signal
The following sub sections describe the tests done to determine whether
the unstable periods before the Maule and Tohoku-oki earthquakes,
defined in this study by times where we observe the strong transient
motions in the GNSS time series, are likely to be non-tectonic in origin.
Possible non-tectonic sources that we investigate include: (1) artefacts
from GNSS processing, such as systematic and sustained distortion
of the reference frame over large distances, and (2) unusually strong
interannual variations in seasonal fluid loading of the Earth’s surface
(oceanic, atmospheric and hydrological) that would be decomposed
into the non-seasonal portion of the signal by the GrAtSiD algorithm
(GrAtSiD assumes a steady background oscillation described by annual
and semi-annual Fourier functions).
(1) Investigation of possible processing-related artefacts. As stated
above, for both sets of time series, we applied a common-mode filter
that removes much of the higher-frequency reference frame jitter in the
network solution. To reduce the chance of having large lower-frequency
distortions of the reference frame (which can appear to be tectonic transients in the region of interest) one must exclude any stations that cannot
be well modelled by the assumed trajectory model from the list of stations used to define the reference frame56. For the pre-Maule-earthquake
analysis, we followed a careful selection of reference stations that are
largely free of artefacts and, furthermore, we selected stations far away
from the regions suspected to be strongly affected by tectonic transient
motion. As an additional test, we split our analysed time series into two
groups: group 1 we deem to be affected by the unstable period and group
2 we deem to be unaffected. Extended Data Fig. 6 shows a map and median variation in detrended velocity in each directional component for
both groups. We can see that the strong east–west wobbling is most pronounced in stations that are not used in defining the reference frame and
in regions where we are interpreting the pre-Maule unstable transient
period to be manifest. There is a hint of some of the transient signal of
group 2 in the North and Vertical component correlating with the Group
1 East component, although this analysis is hindered by the relative lack
of stations in regions far away from the suspected transient-affected
region. Furthermore, it can be observed in Supplementary Videos 5
and 6 that the wobble of the unstable period in the East–West direction is strongest along the Group 1 stations. The observation that the
East–West unstable period transient motion is not as pronounced in
Group 2 points towards the observed transient in Group 1 being largely
unrelated to processing artefacts.
One notable feature of the pre-Tohoku-oki wobble that cannot be
easily explained by a reference frame problem is the propagation of
the wobble signal (as shown in Fig. 3a, b). Still, for the Tohoku-oki earthquake we wanted to perform an analysis similar to that done for the
Maule earthquake, in which we look for the spatial extents of the wobbling signal. For the Japanese F3 network solutions, we are not able to
replicate such an analysis because the whole of the network seems to
be affected during the unstable period. Therefore, we took IGS08 (the
2008 datum of the IGS) PPP solutions57,58 from the Nevada Geodetic
Laboratory49 for stations spanning a wider spatial extent on the globe.
The signal decomposition is as described above (that is, outlier removal
and application of GrAtSiD for signal decomposition) but without the
application of a common-mode filter (since high-frequency noise in the
PPP solutions correlates less on the daily scale compared to network

solutions). Extended Data Fig. 7 shows the extent of the network with
group 1 (affected stations) and group 2 (largely unaffected stations)
with the median variation in detrended velocity of each directional
component for both groups. From Extended Data Fig. 7 and the video of
the unstable period for this larger-spatial-scale dataset (Supplementary
Video 8) we can see that the affected region spans into the Korean Peninsula, China, Russia, and elsewhere, with a hint of extension between
Japan and the Korean Peninsula and Russia. Much further away, we see
that there is minimal variation in the detrended velocities during this
unstable period (Supplementary Video 8).
A direct comparison of the Nevada Geodetic Laboratory (NGL)’s PPP
and the Geospatial Information Authority of Japan (GSI)’s F3 solutions
can be seen in Extended Data Fig. 8. Here we see that the wobble of the
unstable period is apparent in both sets of solutions. From this analysis
of the GNSS time series before the Tohoku-oki earthquake, we conclude
that the transient of the unstable period is most probably not an artefact of GNSS processing. Furthermore, from both velocity analysis of
modelled trajectories and visual comparisons of daily solutions we
see the same duration and motions of the unstable period for the East
component, both in the PPP and network F3 solutions. In the North and
Vertical components of the PPP, we do not see the unstable period in
group 1 as clearly as we do for the F3 solutions. This is partially due to
the daily repeatability noise being larger in the PPP solutions.
(2) Investigation into interannual variations in fluid loading. It is well
established that hydrological, oceanic and atmospheric loading controls
the seasonal oscillation observed in GNSS time series17,59. Accordingly,
highly anomalous changes in the amount of fluid loading can greatly
affect the amplitude of the oscillation of a particular season60, whereas
longer changes (for example, Earth’s current rapid climate change) can
manifest themselves as noticeable changes in the background trend of
GNSS time series61,62, particularly in the vertical component of motion.
One simplifying assumption of the GrAtSiD algorithm is that there exists
a constant background seasonal oscillation that is modelled as the sum
of annual-period and semi-annual-period sine and cosine functions.
Accordingly, GrAtSiD will map any strongly anomalous (unseasonal)
fluid-loading-induced motion into the sparse portion of the signal that
comprises multi-transient functions7. Such an assumption, however,
is workable when we do not anticipate too much anomalous seasonal
motion in the time series. Given the constraints in the assumptions
of the GrAtSiD algorithm, we performed an additional investigation
into whether the fluid loading (caused by precipitation, and by oceanic
and atmospheric loading) could be a strong candidate to explain the
unstable period motion before the Maule and Tohoku-oki earthquakes.
At all GNSS station locations, we gathered predictions of displacement
due to fluid loading and decomposed these into annual and interannual
surface displacements using GrAtSiD. The predictions for surface displacements are a sum of predictions provided by the GeoForschungsZentrum Potsdam Earth-System-Modelling (http://esmdata.gfz-potsdam.
de:8080/repository)16. We summed the predictions of non-tidal atmospheric loading, non-tidal oceanic loading, hydrological loading and
barystatic sea-level loading (NTAL + NTOL + HYDL + SLEL) to produce
daily time series of predicted GNSS displacement in the same three
directional components as the GNSS time series. All of these prediction
products are generated by convolving fluid loading measurements with
Green’s functions of Earth’s elastic response16.
For both GNSS measured and fluid predicted displacements we applied
the same processing flow: first we ran GrAtSiD to fit a trajectory model
to each time series. Next, we isolated the multi-transient and polynomial
terms for each time series and generated velocity time series. From these
velocity time series we subtracted the median velocity of the observation
period to leave behind a time series measuring the deviation from median
velocity (the deviation from the ‘steady-state’ velocity at each station).
Finally, we take the median of these median corrected velocities across
all time series to produce a measure of the overall transient motion of

the stations. This is the same approach as described above (Extended
Data Figs. 6, 7 and Fig. 2c, f). For the Tohoku-oki and Maule earthquakes,
respectively, Extended Data Figs. 9 and 10 show the maps and time series
of stations used in the comparison of measured and predicted displacements for the Tohoku-oki and Maule earthquakes, respectively.
From comparing the predicted and observed velocities in Extended
Data Figs. 9 and 10, we see that there is no strong agreement in the onset
of the observed unstable phase and the predicted velocities. This is especially so in the East component in both pre-Maule and pre-Tohoku-oki
data, for which the strongest explanation of this motion in this component remains tectonics. Perhaps the strongest indication that fluid
loading might be involved in the observed unstable period can be seen
in the Vertical component in Japan. In this case, the median predicted
deviation of velocity of the network is relatively unstable compared to
the previous period across the whole network from mid-2010 until the
onset of the Tohoku-oki earthquake and, although both the polarity of
motion and onset of the predicted and observed unstable phases are not
in good agreement, it could be that the unusually strong fluctuations
in fluid loading (visible in the Vertical prediction) have contributed to
tipping a critically stressed subduction system into instability.

Elastic dislocation modelling of the pre-Tohoku-oki unstable
phase
To aid in the interpretation of the surface signal of the unstable phase, we
constructed a kinematic model in which the surface displacements are
predicted using Green’s functions of elastic dislocation on the subduction plate interface in a layered isotropic spherical Earth27. The major
drawback of such modelling is in the assumption that all motion can be
related to plate interface kinematics in a purely elastic medium, whereas
a more realistic (but harder to model) scenario includes processes such
as viscoelastic and viscoplastic deformation.
From the Slab2 subduction interface geometry28 we constructed
1,151 rectangular patches from which the Green’s functions for elastic
dislocation were calculated using the default Earth layering parameter
file of the Static-1D software (https://github.com/fpollitz-usgs/STATIC1D)27. We used the convex optimization software CVXOPT63 to
solve for the updip dislocation value, m in the following problem:
minimize{d − Gm + λ m } , where d are the surface displacements, G is
the matrix of Green’s functions containing the surface predictions for
unitary updip dislocations on each patch, and λ is the damping factor
to regularize the inversion. We allowed the solution to find both negative and positive updip dislocation values, whereby negative values
indicate transient enhanced locking32 and positive values indicate transient slip. This freedom is given to the model because the nature of the
signal (wobbling in East–West and Vertical directions) possibly indicates
that there were periods of both enhanced slip and locking in this unstable phase. Furthermore, previous studies have allowed for the simultaneous presence of both enhanced locking and slip in kinematic models
of the interseismic period10,26. The data have been interpolated onto a
grid with squares of 2 decimal degrees, with each square containing at
least ten stations and taking the median displacement from time series
within each square, where each time series has been de-trended from
its median velocity. Figure 5 shows the results of the kinematic modelling at three separate points in time during the unstable phase. A separate model was made for the displacements of each day and these form
the frames of Supplementary Video 7.
Interpretation of the pre-Maule unstable period signals
There are far fewer stations for the pre-Maule unstable period compared to the pre-Tohoku-oki unstable period. Nevertheless, given the
similarity of the data features to those captured before the Tohoku-oki
earthquake, we can hypothesize on the likely mechanisms at play.
Whereas we do see some strong subsidence that could be indicative
of enhanced slab pull, particularly in the back arc away from the Maule
rupture zone and into Argentina, there is not a strong vertical reversal

(as observed before the Tohoku-oki earthquake) and the wobbling that
defines the unstable period is only clear in the East–West direction.
Furthermore, there are insufficient stations to determine whether
subsidence signal began with, before or after the East–West wobbling.
Within the pre-Maule unstable period, there also does not appear to
be a period of obvious extension. Therefore, we hypothesize that the
simplest sequence of events starts with an increase in slab pull force
causing a plunge (without any noticeable extension) of the downgoing
slab and simultaneous eastwards motion as the locked shallower portion of the plate interface drags the continent at a higher-than-usual
rate. This is followed by a large slow-slip event triggered by the increase
in plate interface shear stress, which causes the overriding plate to
move westwards. Fluids on this slab segment (which could facilitate the
slow slip) have been inferred from tomography and are also thought
to control longer-term subduction kinematics64. This slow slip is then
arrested, while the faster velocity of the slab persists, resulting again in
faster-than-usual westward motion. The next slow slip is either so close
to the mainshock time that we do not resolve it before the mainshock, or
it does not occur at all, with the enhanced shear stress on the plate interface causing the mainshock asperities to fail with minimal foreshock or
foreslip activity. It is possible that the large slow slip that occurs during
this sequence of events acts as the destabilizing event that enhances the
slab pull. It is not clear how much of a viscoelastic component there is
to the wobble signals recorded during the pre-Maule unstable period,
although future modelling could tackle this question. The pull of the
pre-Maule sequence seems to be coming from a very deep source: if we
project vertically from the stations of strong subsidence down to the
plate interface, we arrive at depths of several hundreds of kilometres,
with depths of approximately 500 km estimated for the stations in
Argentina65, leading again to the interpretation of a buoyancy instability caused by a sudden transition of slab mantle material as it moves
through a mantle transition zone.

Spatial averaging, time series de-trending, and deviations from
background velocity
In Fig. 3 and Extended Data Fig. 4, we plot the regional median deviation
from background steady velocity, where the steady velocity of each station is first calculated by taking the median of the trend (minus seasonal
and steps). Median velocity values are convenient to calculate owing to
the smooth interseismic trends (the sum of the first-order polynomial
and multi-transient functions) recovered from GrAtSiD. For each rectangular region, we calculate the median deviation from the background
steady velocity (as a function of time) across each velocity time series
in that region. Bounds for the non-overlapping regions are provided in
the Source Data for Fig. 3 and Extended Data Fig. 4.
As done in Fig. 3 and Extended Data Fig. 4, we plot the median deviation in velocity from the background (also using median) velocity across
groups of stations in Fig. 2c, f and Extended Data Figs 6, 7, 9 and 10.
Essentially, this allows us to generate measures of velocity that deviate
from a steady state for particular directional components across groups
of stations. As mentioned in the legend of Fig. 2, this average deviation
from background velocity is only calculated if more than 55% of stations
in the group have data on that particular day. This is to avoid spurious
apparent deviations from velocity that arise from fewer samples.
For all Supplementary Videos 3–8 and for Figs. 3c and 4, the displacements are calculated from de-trended time series, where the trend of
the time series is determined by the median velocity of the smooth
interseismic trends. Then within each regional window (for example,
2° by 2° for Supplementary Videos 3 and 4) the median detrended displacements are plotted in each frame.

Data availability
The daily GNSS displacement time series and the predicted displacements from fluid loading models are available in a data supplement to
this paper66.
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To create the maps in the figures and Supplementary videos, we used
Python package Matplotlib67 and Generic Mapping Tools68. The GrAtSiD
code used for the trajectory modelling in this study can be provided
upon request from the corresponding author.
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Extended Data Fig. 1 | Stations used in the processing and analysis of the
pre-Maule-earthquake GNSS data. Locations of IGS stations used to define
the reference frame of the network solutions are shown in gold. Black dots are
the stations where network solutions are used in the time series analysis of the

pre-Maule signals. Coloured triangles indicate locations of time series shown
in Fig. 2 and Extended Data Figs. 2, 3. There are some stations used to define the
reference frame that are not used in the time series analysis owing to lack of
data in the desired window (1 January 2005 until 25 February 2010).
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Extended Data Fig. 2 | Time series before the Tohoku-oki earthquake and
the effect of noise removal with GrAtSiD in all three directional
components. Left panels show the pre-Tohoku-oki F3 time series. Right panels
show these time series after the removal of background seasonal and
common-mode noise (with the GrAtSiD routine). The transient behaviour in the

months before Tohoku-oki is heavily obscured by seasonal and common-mode
noise. Colours correspond to locations on Fig. 1. For clarity, steps have been
removed from all time series. Time series in these plots extend until three days
before the mainshock.

Extended Data Fig. 3 | Time series before the Maule earthquake and the
effect of noise removal with GrAtSiD in all three directional components.
Left panels show the pre-Maule time series. Right panels show these time series
after the removal of background seasonal and common mode noise (with the

GrAtSiD routine). The transient behaviour in the months before Maule event is
heavily obscured by seasonal and common-mode noise. Colours correspond to
locations on Fig. 1. For clarity, steps have been removed from all time series.
Time series in these plots extend until two days before the mainshock.
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Extended Data Fig. 4 | Visualizing the along-strike signal migration and
reversal of Japan in the years and months preceding the Tohoku-oki
earthquake for all three directional components. Velocities within
non-overlapping rectangular regions before the Tohoku-oki earthquake. The
velocity for each region is detrended relative to the median velocity of that
region between 1 January 2006 and 8 March 2011. Green lines indicate the

along-strike locations and times of earthquakes of moment magnitude
exceeding 6. Panels d–f are zoom-ins of panels a–c between the beginning of
September 2010 and the beginning of February 2011. The dashed line on panel
d indicates the velocity front that migrates across Japan from the southwest
(shown in Supplementary Videos 3 and 4 and Fig. 3).

Extended Data Fig. 5 | The corrections to the time series made possible
after application of the regression model solved by GrAtSiD. a, The example
time series is for the East component of station Ooamishirasato in Japan. Blue
dots show the time series input into the GrAtSiD routine. This time series has
been corrected for the common-mode error. The red line shows the complete
fit of the regression model solved by GrAtSiD. This includes steps, oscillation
terms, the first-order polynomial and the multi-transients. The time series has
been optimally tilted (de-trended) for clarity of presentation. b, The time series

(blue dots) and trajectory model (red line) after removal of the modelled step
offsets. c, The time series and the regression model following the removal of
the modelled seasonal and step terms. The remaining terms in the model are
the first-order polynomial and multi-transients. It is these de-trended
modelled trajectories following seasonal and step removal (shown in panel c in
red) that are represented in Supplementary Videos 3–8 and Figs. 3 and 4 and
Extended Data Fig. 5.
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Extended Data Fig. 6 | Investigating spatial extents of the
pre-Maule-earthquake wobbling in the network solutions. The map shows
the locations of two groups of stations used in the investigation into spatial
extent of the unstable period observed before the Maule earthquake. The time

series show the average (median) deviation from median velocity at each
station of the two groups in the above map for each directional component,
where the median velocity of each station is determined between 1 January
2005 and 25 February 2010.

Extended Data Fig. 7 | Investigating spatial extents of the
pre-Tohoku-oki-earthquake wobbling using the Nevada Geodetic
Laboratory’s IGS08 PPP solutions. The map shows the locations of two
groups of stations used in the investigation into spatial extent of the unstable
period observed before the Tohoku-oki earthquake. The time series show the

average (median) deviation from median velocity at each station of the two
groups in the above map for each directional component, where the median
velocity of each station is determined between 1 January 2006 and 11 March
2011.
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Extended Data Fig. 8 | Comparison of GSI’s F3 solutions with NGL’s IGS08
PPP solutions for selected stations across Japan before the Tohoku-oki
earthquake. All time series shown are in the East component. Circles show the

F3 and crosses show the PPP solutions. Colours correspond to the stations
located on the inset map.

Extended Data Fig. 9 | Comparing the transient surface motions recorded
by GNSS and predicted by fluid-loading models before the Tohoku-oki
earthquake. The map shows the GNSS station locations used in the analysis
comparing fluid-loading displacement predictions to GNSS displacement
measurements for the pre-Tohoku-oki case. The time series show a comparison
of the median velocity variations for GNSS-measured (GSI’s F3 solutions) and

fluid-loading-predicted displacements at the locations in the map. Velocities
are taken from the trends estimated by GrAtSiD. In the horizontal components,
the prediction from fluid loading produces much lower velocities than those
observed. In the vertical component, there is considerable deviation from
steady-state velocity in both the GNSS observation and fluid-loading
prediction but with visibly low agreement in sense of motion.
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Extended Data Fig. 10 | Comparing the transient surface motions recorded
by GNSS and predicted by fluid-loading models before the Maule
earthquake. The map shows the GNSS station locations used in the analysis
comparing fluid-loading displacement predictions to GNSS displacement
measurements for the pre-Maule case. The time series show a comparison of

the median velocity variations for GNSS-measured and fluid-loading-predicted
displacements at the locations in the map. Velocities are taken from the trends
estimated by GrAtSiD. In the East component (in which the pre-Maule unstable
motion is most pronounced) the prediction from fluid loading produces much
lower deviation from steady-state velocities than those observed by GNSS.
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