
How large earthquakes that break the entire brittle 
crust or significant sections of subduction zones (that 
is, events with Mw > 7) are generated remains a funda-
mental unsolved scientific question, with substantial 
societal and economic importance. Large earthquakes, 
for example, can produce devastating destruction and 
loss of life, as illustrated by recent catastrophic earth-
quakes in Japan, Haiti and Indonesia, collectively pro-
ducing over 500,000 fatalities and economic damage that 
may exceed US$200 billion. Moreover, with increasing 
population density in seismically vulnerable major  
metropolitan areas such as Tokyo, Los Angeles, Mexico 
City and Istanbul, amongst others, there is a clear need 
to improve understanding of the processes that lead to 
large earthquakes.

Fundamentally, the initiation of large, dynamic rup-
ture is linked to the evolution of stress and strength in 
a fault zone. Three main conceptual models (or frame-
works) have been developed to explain the process1–6 — 
cascade-​up, pre-​slip and progressive localization — each 
of which requires that the stress field is relatively high 
and correlated over large distances7–9. The cascade-​up 
framework describes large earthquakes on a heterogene-
ous fault as occurring in response to static and dynamic 
stress perturbations induced by previous earthquakes, 
which add locally to the long-​term tectonic stress10–12. 
In this model, earthquakes trigger a sequence of events 
on a set of pre-​existing faults that culminate in large 
mainshock rupture4. The magnitude of the earthquake 
is unpredictable until the dynamic rupture has stopped5.

The pre-​slip model, by contrast, outlines the gener-
ation of large events on a relatively homogeneous fault 
surface. These are initiated through an aseismic nuclea-
tion process involving slow slip or fluid movement that 
can trigger subsequent larger earthquakes13–15. As in the 
cascade-​up framework, the pre-​slip model is focused on 
processes that occur along a pre-​existing large fault sur-
face. This model is further underpinned by the assump-
tion that tracking growing aseismic slip can be used as a 
sign of an imminent large earthquake. However, forecast-
ing large earthquakes through monitoring prior aseismic 
slip has not yet been possible in natural settings3.

The progressive localization framework differs in that 
it does not focus on processes limited to pre-​existing 
faults or sets of faults. Instead, it describes the progressive 
evolution from distributed failures in a rock volume to 
localized deformation, culminating in the generation of 
primary slip zones and large earthquakes2,6,16–18. During 
the localization process, there are many clusters of seis-
micity in a zone containing multiple faults on different 
scales. Each cluster can have its own foreshocks19,20, one 
of which might lead to the initiation of the mainshock 
rupture.

Indeed, foreshocks that occur close to subsequent 
larger events in space and time have often been used as 
indicators of imminent stress, slip or strength change 
in the source area21,22, as they are the most obvious 
forerunner signal of the mainshock rupture. However, 
foreshocks can only be defined retrospectively through 
statistical analyses of seismic catalogues that include 
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the mainshocks19,20. In addition, not every major earth-
quake is preceded by an observable nearby foreshock 
sequence3,23. Nevertheless, recent precise earthquake cat-
alogues show that some large earthquakes (along plate 
interfaces and in crustal fault systems) were preceded 
by an increased rate of seismicity in the months to days 
leading up to the mainshock22,24.

In the cascade-up framework, foreshocks have an 
important influence, as they induce the dynamic rup-
ture of the subsequent large earthquakes. By contrast, 
foreshocks in the pre-slip model are by-​products of the 
underlying quasi-stable slip process, rather than directly 
responsible for triggering the mainshock. Thus, there 
has been debate regarding which model, cascade-​up or 
pre-​slip, is suitable for describing foreshock sequences in 
nature4,22,25,26. In the progressive localization view, fore-
shocks of multiple clusters of events on different nearby 
faults are parts of a regional shear localization process 
that leads to large earthquakes6.

In this Review, we aim to resolve the debate regarding 
the generation of large earthquakes and the appropriate-
ness or inadequacies of the three proposed frameworks. 
In particular, the cascade-​up model has no consider
ation of aseismic slip and volumetric deformation; 
the pre-​slip model has no consideration of stress per-
turbations from nearby earlier events and volumetric 
deformation; and the progressive localization model is 
less relevant or not relevant for systems dominated by 
an existing weak fault with little strength recovery. We 
examine how tectonic deformation and the evolution of 
fault behaviour are connected to the initiation processes 
of large earthquakes, primarily using recent seismic and 
geodetic monitoring in continental crust and subduction 
zone environments. We outline results on progressive 
localization of deformation, followed by discussion of 
well-​documented case studies and fault slip before large 
ruptures. Based on geophysical observations, experi-
ments and theoretical results, we propose an integrated 
model for the initiation of large earthquakes, and end 
with recommendations for future research.

Localization of deformation
Fault systems evolve with increasing total tectonic dis-
placement, and the tectonic shear deformation gradually 
localizes onto major faults27,28. During the initial stage 

of fault development, tectonic strain is accommodated 
by pervasive deformation that can involve distributed 
cracking, discontinuities and geometrical hetero
geneities such as stepovers, bends and conjugate faults. 
Interactions between weakening processes and the 
evolving fault system can promote the growth of large 
structures through fault linkage and coalescence2,18,29–31.

Laboratory experiments with rock and analogue sam-
ples that are not dominated by large, pre-​existing fault 
surfaces show that major ruptures are preceded by a rel-
atively long phase of distributed deformation. At some 
level of deformation, the distributed deformation phase 
is followed by progressive shear localization, culminat-
ing in macroscopic instabilities along system-​size frac-
ture zones16,18,32,33. Combined analyses of microfractures 
and temporal variations of seismic velocities in rocks 
show that low-​velocity damage zones develop during 
the approach to the macroscopic failures34,35. The tran-
sition from distributed deformation to shear localization 
before large events is also seen in results of numerical 
simulations with a damage rheology model36,37. In such 
simulations, during the long interseismic periods, stress 
and strain build up in a broad region and produce dis-
tributed, small-​scale ruptures that correspond to typical 
ongoing seismicity. Subsequently, during the localization 
phase, strain and seismicity become focused near a major 
fault zone, on which the next large earthquake occurs.

Localization of deformation in natural settings. Analysis 
of geodetic and seismic data documents progressive 
localization of deformation and an increasing rate of 
moderate to large earthquakes in the Western USA38. 
Events in an earthquake catalogue between 1996 and 
2016 are strongly correlated spatially with the average 
strain rate from 1986 to 2012, as estimated by regional 
Global Navigation Satellite System (GNSS) network 
data. As a result, recent seismicity in the Western USA 
appears to be closely related to the strain rate and more 
localized around major tectonic boundaries, compared 
with data before the 1980s38. Along the Japanese islands, 
there is also some correlation between historical large 
earthquakes and strain rates39.

Rock damage generation and localization processes 
of ongoing, low-​magnitude background seismicity  
have been examined quantitatively in relation to the 
occurrence of large earthquakes in Southern and Baja  
California6,40. The results show that the Landers 1992  
(Mw 7.3), Hector Mine 1999 (Mw 7.1), El Mayor-Cucapah  
2010 (Mw 7.2) and Ridgecrest 2019 (Mw 7.1) earth-
quakes were preceded by generation of rock damage 
around the eventual rupture zones in the decades prior 
(Fig. 1). Furthermore, the ongoing seismicity around the 
impending rupture zones of the Mw > 7 events became 
more localized and coalesced into larger clusters in 
the final 2–3 years before the mainshocks (Fig. 2). The 
examined large earthquakes are dominated by strike- 
slip faulting and are located in a complex, evolving trans-
form plate boundary, where tectonic strain produces 
abundant ongoing seismicity40,41.

The concentrated generation of rock damage and 
shear localization before the occurrence of major earth-
quakes in Southern and Baja California support the 

Key points

•	Progressive localization of shear deformation was observed before several Mw > 7 
shallow crustal earthquakes. Some mainshocks were also preceded by immediate 
foreshock sequences or slow slip.

•	A step-​like increase in fault slip driven by a combination of migrating slow slip 
transients and foreshocks occurred before some megathrust earthquakes in 
subduction zones. The intermittent increase in fault slip loads nearby locked regions, 
increasing the likelihood of subsequent large earthquakes.

•	The initiation processes of large, natural earthquakes are diverse and include 
localization of deformation and complexities of subsequent slip, owing to strength 
heterogeneity, fault roughness and variable local loading-​rate effects.

•	Integrated, high-​resolution seismic and geodetic observations, including additional 
near-​fault sensors and advanced analysis techniques, are needed to improve the 
knowledge on the combination of aseismic slip and seismic sequences that lead to  
the occurrence of large, natural earthquakes.
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progressive localization model. Specifically, the gener-
ation of rock damage appears to produce a progressive 
regional weakening, which enables a given hypocentre 
to become a large rupture, with its size outlined by the 
region of elevated rock damage. Progressive healing of 
rock damage can lead to partial recovery of strength dur-
ing the deformation process42–44. However, the recovery 
is only partial and continuing tectonic loading leads to 
episodic, large-​scale re-​localization of deformation.

Owing to insufficient near-​fault data, the localization 
of shear strain before large events has not yet been sub-
stantiated by detailed geodetic measurements. Aseismic 
tectonic movements detected in geodetic data might 
also drive brittle deformation and can be used to define 
space–time regions in which to monitor the localization 
of seismicity. It is, therefore, highly important to con-
tinue to track spatial and temporal changes of strain rates 
by dense GNSS networks and analyses of interferometric 
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Fig. 1 | Generation of rock damage by background events around rupture zones of future large earthquakes. 
Estimated average annual production of rock damage volume (colour scale) by background earthquakes with magnitude 
2 ≤ Mw < 4 (dots) over January 1981–June 2019. The rock damage volume is estimated from the event magnitudes using 
scaling relations derived from earthquake phenomenology and fracture mechanics. The damage values are clipped at 
5 × 10−5 km3 per year and values below 5 × 10−6 km3 per year are transparent. Damage volume is estimated using an updated 
earthquake catalogue of ref.41, and the background events are identified following ref.148 and ref.6. Earthquakes with  
Mw ≥5, which are not used in the damage estimation, are shown for reference. Black lines mark major faults. The regions 
around the rupture zones of the June 1992 Mw 7.3 Landers, October 1999 Mw 7.1 Hector Mine, April 2010 Mw 7.2 El 
Mayor-Cucapah earthquake and July 2019 Mw 7.1 Ridgecrest earthquakes (blue rectangles) had considerable accumulation 
of rock damage prior to the occurrence of these events. Other areas with high rock-​damage production by background 
events include the San Jacinto fault zone, the Brawley seismic zone (SZ) and the region around the South-​Central Transverse 
Range (SCTR). Adapted and reprinted by permission of Oxford University Press on behalf of the Royal Astronomical Society, 
from ref.6, Ben-​Zion, Y. & Zaliapin, I. Localization and coalescence of seismicity before large earthquakes. Geophys. J. Int. 223, 
561–583 (2020).
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synthetic aperture radar data. A separation of tectonic 
motion from surface loads and anthropogenic activity is 
needed to provide high-​resolution results on slow crustal 
deformation45.

Local triggering by seismic and aseismic slip. Along with 
the localization of seismicity, some foreshocks were 
observed closely before the three large, Mw > 7 earth-
quakes in Southern California12,21,46,47, which contributed  
to the final stress transfer (less than 24 h) around the main
shock hypocentres. The foreshocks preceding the Landers  
and Hector Mine earthquakes belong to swarm-​type 
seismicity with low average stress drop, and their hypo-
centres migrate along the fault strike46. Similar migration 
of a foreshock sequence with low stress drop was clearly 
observed before the 2014 Mw 6.2 Northern Nagano, 
Japan, earthquake at shallow crustal depth48. On one 
hand, foreshock migration implies that they might be a 
product of aseismic transient deformation (slow slip or 
fluid movement) close to the mainshock hypocentres, 
which could support the pre-​slip model. On the other 
hand, the immediate foreshocks before the Hector 
Mine earthquake have also been interpreted to be trig-
gered by each other, in agreement with the cascade-up 
model12. Both interpretations are associated with multi
ple uncertainties, starting with deciding which events 
are foreshocks, and that the location precision of some 
foreshocks is not sufficient to rule out that they occur 
on different subparallel faults. High-​density, large-​scale 
seismic arrays with about 1,000 stations over 400 km2 
have the potential to provide highly accurate hypocentre 
locations49. Such data combined with systematic deter-
mination of earthquake clusters and foreshocks19,20 can 
result in better understanding of the driving forces of 
foreshock sequences.

Geodetic observations in central Kyushu, south-​west 
Japan, where a series of powerful earthquakes occurred 
in 2016 at shallow crustal depths, support a slow slip 
transient during the foreshock sequence. Approximately 
28 h after an initial Mw 6.2 earthquake, a mainshock 
of Mw 7.0 occurred close to the epicentre of the first 
event. The sequence of seismicity between the two 
major events shows a clear spatiotemporal evolution50. 
The events migrated along the fault strike to both the 
up-dip and down-​dip sides of the foreshock zone.  

At the down-​dip extension of the foreshock zone, the 
subsequent mainshock rupture initiated. Transient sur-
face displacements following the Mw 6.2 foreshock were 
found using two GNSS stations close to the foreshock 
fault. The surface displacements can be explained by 
right-​lateral slip on the foreshock fault, with an aseis-
mic moment equivalent to Mw 5.8. It can, thus, be inter-
preted that the slow slip transient propagated towards 
the hypocentre of the mainshock rupture, contributing 
to the build-​up of shear stress on the nearby mainshock 
hypocentre, together with stress changes induced by the 
foreshocks.

Seismic observations for a strike-​slip fault system in 
central Alaska, USA, resolved simultaneous foreshocks 
and very low frequency (VLF) seismic radiation imme-
diately before an earthquake of Mw 3.7 and depth of 
17 km (ref.15). The hypocentre was close to the brittle–
ductile transition in the crust, and was preceded by a 
12-h-​long increase in foreshock activity. A rapid growth 
of foreshocks with 2–8-​Hz waveforms was observed 
around 20 s before the onset of the mainshock rupture, 
and was coincident with the VLF waves (~0.05 Hz). 
The radiation of VLF waves is assumed to involve 
shear slip, with lower stress drops and slower rupture 
velocities than ordinary earthquakes, implying slow 
fault movement51,52. The high-​frequency waves of the 
immediate foreshocks were suggested to have radiated 
from the vicinity of an expanding slow slip front, inter-
preted as a nucleation process of the mainshock, as in the  
pre-slip model15. The temporal-​amplitude growth of  
the foreshock waveforms appears to follow an exponen-
tial function, similar to the theoretical curve predicted 
for a relatively homogeneous fault53. However, the fore-
shock waveforms are composed of multiple steps and do 
not follow a smooth acceleration, indicating a more com-
plex process than in the pre-​slip model. Alternatively, the 
intermittent increase in fault slip might have been caused 
by the combined occurrence of and interplay between 
the foreshock and slow slip.

Major subduction zone earthquakes
In subduction zones, shear deformation is highly local-
ized along plate boundary faults that separate different 
lithological units and have very large total displace-
ments through multiple seismic cycles. Thus, locali-
zation of deformation (and re-​localization following 
partial healing in interseismic periods) might be less 
important for major subduction zone events compared 
with the crustal fault systems discussed previously. 
Here, we focus on the spatial and temporal evolution of 
localized slip along plate boundary faults in subduction 
zones.

A growing evidence of geophysical observations has 
demonstrated that subduction zone faults host a broad 
spectrum of slip modes, from slow slip to unstable fast 
slip, and produce a wide range of rupture behaviours54–56. 
Tectonic stress can be released through both slow slip 
and fast slip modes, which can even occur on the same 
fault patch, owing to a temporal change in fault proper-
ties such as pore-​fluid pressure57. It is possible that both 
slow slip transients and unstable fast slip are involved 
during foreshock sequences and contribute to strength 

Fig. 2 | Localization of background events in eastern Southern California before 
Mw > 7 earthquakes. a | Normalized proportion P(t) of active cells (black solid line). Red 
vertical lines indicate the times of the three largest (Mw > 7) earthquakes in the region 
and the blue line denotes the El Mayor-​Cucapah event in Baja California. The green 
arrows mark the initiation of significant reduction of P(t) prior to the three Mw > 7 
earthquakes and the green horizontal line highlights low values of P(t). In addition to 
three premonitory decreases before the Mw > 7 events in the region, there is also a 
decrease after the El Mayor-​Cucapah earthquake. b | Map of the examined background 
seismicity (green circles) in eastern Southern California. Other background events are 
shown by grey circles. c | Number of background events within cells of linear size of 
Δϕ = 0.5° in eastern Southern California. The normalized proportion P(t) of active cells 
(panel a) is the ratio of the number of cells that exceed the threshold S0Δt/T with S0 = 20 
and sliding time window Δt = 2.5 years to the number of cells that exceed S0 during the 
total examined time interval. Adapted and reprinted by permission of Oxford University 
Press on behalf of the Royal Astronomical Society, from ref.6, Ben-​Zion, Y. & Zaliapin, I. 
Localization and coalescence of seismicity before large earthquakes. Geophys. J. Int. 223, 
561–583 (2020).
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weakening and stress loading of nearby segments, 
prompting subsequent dynamic ruptures. We devote 
particular attention to a few prominent foreshock 
sequences that can be explained by a step-​like increase 
in slip caused by mixed modes of slow and fast slip 
that promote gradual unlocking of faults before major  
subduction events.

The 2011 Mw 9.0 Tohoku-​Oki, Japan earthquake. 
Following the 2011 Mw 9.0 Tohoku-​Oki earthquake, 
a step-like increase of slip along the plate boundary  
fault was documented before the megathrust rup-
ture at multiple spatial and temporal scales58–63. The 
step-like increase of slip was shown in terms of sei
smicity, including foreshocks and deep intra slab  
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earthquakes, crustal deformation and gravity field 
changes.

An intermittent increase in seismicity, which lasted 
for approximately one month, was observed at the 
northern side of the megathrust rupture initiation point 
along the plate boundary fault58,64 (Fig. 3a). A more pre-
cise earthquake catalogue, constructed by a template 
matching technique (Fig. 3b,c), shows that two sequences 
of foreshocks migrated along the trench-​parallel direc-
tion towards the mainshock epicentre58 (Fig. 3c). The 
migration speeds ranged from 2 to 10 km per day, com-
parable to those of episodic tremor and slow slip events 
observed along deeper extensions of strongly locked 
areas at warm subduction zones65. In addition, the fore-
shock sequences included small repeating earthquakes, 
interpreted to result from recurrent rupture of seismic 
patches surrounded by aseismic creep on the plate 
interface66–68. Analysis of the earthquake migration with 
the repeating events suggests that the slow slip transient 
took place before the megathrust rupture, in the vicinity 
of the rupture initiation point.

During the final two days before the Tohoku-​Oki 
earthquake, the slow slip transient was also documented 
by geodetic measurements using an on-​shore GNSS 
network, as well as off-​shore ocean bottom pressure 
records59,69,70. The time series of geodetic data shows that 
the slow slip transient extended from the up-​dip side  
of the coseismic slip zone, which hosted the largest fore-
shock (Mw 7.3 on March 9th 2011), towards the south 
(Fig. 3a,d), where the second migrating sequence of fore-
shocks showing swarm-​type behaviour was observed 
(Fig. 3b). The equivalent magnitude of the slow slip tran-
sient ranges from 6.8 to 7.0. The time series of the geo-
detic data and the slip history derived from the repeating 
earthquakes indicate that the slow slip transient conti
nued with a gradual decay of slip rate until the mega
thrust rupture (Fig. 3d). Seafloor measurements near 
the Japan Trench axis suggest that, between the middle 
of February 2011 and the onset of the largest Mw 7.3 
foreshock, the slow slip transient was shallower than the 
largest foreshock rupture area and was accompanied by 
tectonic tremor60,71. During this shallow slow slip tran-
sient, the first migrating foreshock sequence was also 
detected at greater depths58.

Gravity-​field variations along the Japanese arc from 
Gravity Recovery And Climate Experiment (GRACE) 
satellite data63 were identified in the months preceding 
the Tohoku-​Oki earthquake, although the statistical 
significance of the variations is disputed72. Assuming 
that the increase in the gradient of the gravity anom-
aly is valid, it implies that an aseismic extension of the 
Pacific-​plate slab occurred at mid-​upper mantle depths 
(namely, a slab plunge). The slab deformation was con-
comitant with increasing seismicity in the shallower 
slab, including the foreshock activity, and with a rise of 
extensional mechanisms deeper than 50 km (ref.73). Deep 
slab deformation might cause stress loading in the region 
that underwent shallow foreshock sequences and slow 
slip transients61.

On decadal scales, on-​land GNSS networks have 
revealed long-​term aseismic creep on the plate interface 
along the down-​dip and south area of the large coseismic 
slip zone of the Tohoku-​Oki rupture62,74,75. The aseismic 
creep appears to have started around 2005 and continued 
until the Tohoku-​Oki mainshock. The total moment of 
the deep, long-​term creep increased gradually until the 
time of the mainshock, finally reaching an equivalent 
magnitude of Mw 7.7. In addition, analyses of repeating 
earthquakes and VLF earthquakes off Tohoku reveal 
that seismic activity south of the Tohoku-​Oki rupture 
area has slightly increased since 2008 (refs52,76,77). These 
observations suggest that long-​term aseismic creep led 
to an increase in the stress rate on locked parts of the 
megathrust over decadal scales. The increased stress rate 
might have promoted moderate to large earthquakes off 
the Tohoku region after 2003 (ref.78). However, with the 
limited available geodetic data, it is unclear whether 
the long-​term creep occurred in connection with the 
Tohoku-​Oki earthquake or as a temporal fluctuation  
of the locked state along the plate-​boundary fault in 
interseismic periods.

The 2014 Mw 8.2 Iquique, Chile earthquake. A step-​like 
evolution of seismicity and crustal deformation occurred 
during the 2014 Mw 8.2 northern Chile earthquake 
(Fig. 4a). The most striking features of the pre-​rupture 
period were intense foreshock sequences and geodetic 
signals, which lasted for at least two weeks prior to the 
megathrust79–81. Intense seismic bursts, including some 
Mw 6+ earthquakes, migrated at speeds of ~2–10 km per 
day along the fault dip and strike (Fig. 4b). A step-​like 
increase in aseismic slip during the migrating sequences 
was derived from analyses of repeating earthquakes and 
the background rate of seismicity81–83 (Fig. 4c). At the same 
time, the GNSS stations located along the coast near the 
source region started to move trench-​ward, implying  
a gradual unlocking of the plate boundary fault80,81.  
It has been debated whether the unlocking of the plate 
interface was driven mainly by slow slip or cumulative 
seismic slip from Mw 5–6-​class foreshocks80,81,84. This 
uncertainty arises from the weak signal of detected 
surface deformations that cannot be clearly separated 
into coseismic and aseismic slip80,81. However, analyses 
of GNSS data85 and repeating earthquakes82,83 suggest 
that a slow slip transient occurred at the up-​dip side of 
the main ruptured area during the final 17 days prior to  

Fig. 3 | Step-like increase in fault slip before the 2011 Mw 9.0 Tohoku-Oki 
earthquake. a | Locations of the study area off Miyagi Prefecture and seismic stations  
(blue triangles). Black, yellow and red stars denote epicentres of the Tohoku-​Oki 
mainshock, the largest foreshock (Mw 7.3) and the repeating earthquakes, respectively. 
Red shading represents the area with aseismic slip (>0.3 m) following the largest 
foreshock estimated by ocean-​bottom pressure recorders69 (red squares). White and 
yellow circles denote epicentres in the JMA catalogue between 13 February and 9 March, 
and between 9 March and 11 March 2011, respectively. b | Temporal changes in the rate 
of seismicity inside and outside the earthquake migration zone (EMZ) after the largest 
foreshock. The blue dashed curve denotes least-​squares fitting of the modified Omori 
law. c | Spatiotemporal evolution of foreshocks (blue circles). Red dashed lines show 
approximate locations of earthquake migration fronts. Red stars denote repeating 
earthquakes and blue stars are identified to resemble repeating earthquakes. d | Average 
cumulative aseismic slip derived from repeating earthquakes in the two regional divisions 
(north of EMZ and within EMZ) and time series of seafloor changes measured by ocean-​
bottom pressure records at GJT3 and P06 (ref.70) (red squares in Fig. 3a). The black vertical 
dashed line marks the occurrence time of the largest foreshock. Adapted with permission 
from ref.58, AAAS.
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the mainshock (Fig. 4b,c). The equivalent moment mag-
nitude released by the slow-​slip transient was estimated 
to be ~6.6–6.8 (refs82,83).

A few months before the megathrust rupture, seismic 
activities at the southern and northern parts of the rup-
ture area initiated at the up-​dip side of the mainshock 
rupture79 (Fig. 4b). The shallow seismicity occurred syn-
chronously with bursts of deep earthquakes (>100 km) 
in the subducting slab73,86. The extensional mechanisms 
of the deep shocks imply that the slab was stretched at 
depth and plunged to the mantle, as observed before the 
2011 Tohoku-​Oki earthquake, Japan.

Long-​term seismicity since 2008 in the region of the 
Mw 8.2 earthquake reveals that the step-​like increase 
in seismicity, growing aseismic slip and increasing 
background seismicity rate started up-​dip of the larg-
est coseismic slip patch, about 8 months before the 
mainshock. Repetitive sequences of migrating slow 
slip events occurred along dip as well as along the fault 
strike, outlining the shallow rim of the largest coseismic 
slip patch83. These signals might reflect the localization 
of shear deformation, as observed for the large crustal 
earthquakes discussed earlier. Furthermore, a long-​term  
slow slip event with Mw 6.5, which was active from  
8 months to 2 weeks before the mainshock (from July 
2013 to middle of March 2014), has been identified on 
the southern side of the mainshock rupture in GNSS 
signals87. The combination of the preceding seismicity 
and geodetic signal suggests that the fault slip accelerated 
in a step-​like fashion.

Other examples of step-​like increase in fault slip before 
large earthquakes. A step-​like increase in fault slip  
along the subducting plate boundary was also observed 
during the foreshock sequence prior to the 2017 Valpar
aíso Mw 6.9 earthquake in Central Chile (at the northern  
extension of the rupture area of the 2010 Maule Mw 
8.8 earthquake)88 and the 2008 Ibaraki-​Oki earth-
quake (Mw 6.9) in Japan89. Consistent with the earlier 
examples, slow slip transients prior to each earthquake 
were accompanied by intensive foreshocks migrating 
towards the mainshock hypocentre in the seismogenic 
zone. The migrating slow slip transients and foreshocks 
likely occurred near the edge of the strongly locked zone 
along the subduction plate boundary83,87, implying that 
the accumulated elastic strain along the plate interface 
was partially released by mixed modes of both slow and 
fast slip at multiple spatial and temporal scales before 
several large earthquakes. Note, the strain release typi-
cally progresses in a stepwise manner with time, rather 
than smoothly until the mainshock rupture83,87, and 
that the energy flux can have important effects on the 
generated slip modes90. Faults can sustain short slip epi-
sodes separated by stuck periods causing intermittent 
movements91 and an intermittent increase in fault slip 
can load strongly locked parts nearby, increasing the 
likelihood of a subsequent large earthquake rupture.

Triggering of earthquakes by recurrent slow slip events. 
Since roughly the year 2000, recurrent slow slip events 
have been detected along global subduction zones at 
partially coupled areas, such as shallower and deeper 
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Fig. 4 | Step-like increase in fault slip before the 2014 
Iquique, Chile Mw 8.2 earthquake. a | Tectonic map of 
northern Chile. The yellow star denotes the epicentre  
of the mainshock rupture, with the moment tensor 
solution by the US Geological Survey. The colour scale and 
black contour lines show the coseismic-​slip distribution 
estimated by teleseismic waveform inversion149. Yellow 
and red circles are epicentres before and after the 
mainshock, respectively. Crosses show US Geological 
Survey catalogue epicentres from 1990 to 2007. The 
yellow outline denotes the approximate rupture area of 
the 1877 Mw 8.8 earthquake. Blue triangles are seismic 
stations. The inset shows the location of the study region. 
b | Space–time diagram of the foreshocks (blue circles) and 
repeating earthquakes (red stars), from monthly to daily 
timescales (blue circles scaled to magnitude). Yellow star 
denotes the hypocentre of the mainshock. c | Observed 
cumulative number of earthquakes with magnitude ≥3.8 
(blue curve), and averaged aseismic slip inferred from 
repeating earthquakes (red curve). Adapted from ref.83, 
CC BY 4.0.
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extensions of the strongly locked seismogenic zone55,92–94. 
Further resolving the relationship between slow slip 
events and large, damaging earthquakes remains an 
important challenge55,56,93,95. Episodic stress transfer 
from recurrent slow slip events to the adjacent megath-
rust faults increases the probability of triggering large 
earthquakes96,97. However, many slow slip events do not 
lead directly to major seismic events. Although slow 
slip events load the adjacent locked patch, generation 
of large, dynamic rupture depends on the areal extent of 
the fault and proximity to failure55,97.

Several observations indicate various interactions 
between slow slip events and regular earthquakes. 
Along the subduction zones in Mexico and Costa Rica, 
for example, Mw ~7-​class earthquakes occurred during 
repetitive slow slip events98–100. At the down-​dip extension 
of the Guerrero section in Mexico, recurrent large-​scale, 
slow slip events (with moment equivalent about Mw 7.5) 
have been observed approximately every 4 years, and 
the Mw 7.3 Papanoa (Mexico) earthquake took place in 
2014 during the early stage of a long-​term slow slip event  
(Mw 7.6)100. The slow slip event had an equivalent 
moment of Mw 7.1 at the onset of the Papanoa earth-
quake and the spatial closeness suggests that the Papanoa 
earthquake was triggered by the slow slip event100.

There have been several other direct observations 
connecting shallow slow slip events and regular mod-
erate earthquakes. Shallow slow slip events along sub-
duction zones in Japan, New Zealand and Ecuador were 
often accompanied by substantially increased levels 
of seismicity101–103. In all these cases, the shallow slow 
slip events lasted less than a few weeks and occurred 
on a plate interface with heterogeneous interseismic 
coupling93.

In addition, near the eastern coast of Boso Peninsula, 
central Japan, multiple slow-​slip events with Mw ~6.6 
occur every 4–7 years along the top of the subducting 
Philippine Sea Plate and are accompanied by seismic 
swarms at the down-​dip edge of the major slow slip 
patch (with Mw 5.3 being the largest recorded earth-
quake). The seismicity clearly migrated from offshore 
to the coast, tracking the propagation of the slow slip 
front104,105 (Fig. 5). Correlations in space and time between 
slow slip and seismicity suggest that the earthquake 
swarms are triggered by stress changes from the slow 
slip. Furthermore, an elaborate analysis of the GNSS data 
for the 1996 and 2013–2014 Boso slow slip events reveals 
that each event grew silently, with migration of the slip 
front without any detectable seismicity105,106 (Fig. 5). 
In such cases, the slow slip preceded the seismicity and 
increased the loading rates on the brittle patches over the 
plate interface. As discussed next, the local increase in 
the loading rate induced by the early slow slip contrib-
utes to the initiation of brittle failure. Detection of slow 
slip episodes might, thus, be used to identify increased 
likelihood of approaching large earthquakes.

Transition from aseismic to seismic fault behaviour. 
Based on seismicity analysis, it has been reported that, 
immediately after the 2011 Tohoku-​Oki earthquake,  
a previously unrecognized slow slip event was triggered 
offshore of the Boso Peninsula107. The triggered slow 

slip event had a shorter duration and faster migration 
speed among the numerous known slow slip events101. 
Static and dynamic stress transfer by the Tohoku-​Oki 
earthquake and the subsequent rapid afterslip108 caused 
higher loading rate on the fault, promoting a faster slip 
rate that made the fault patch more brittle.

There are several additional examples of slip instabi
lity caused by rapid changes in loading rate. For example, 
rapid loading induced by the afterslip following the 2011 
Tohoku-​Oki earthquake likely caused the slip style of the 
repeating earthquakes to be more brittle. In addition, 
both the peak coseismic slip and the source dimension 
of a repetitive Mw ~5 Kamaishi-​oki earthquake demon-
strate a positive correlation with the slip rate of the after-
slip near the source area109. Thus, the faster the loading 
rate by the early afterslip, the larger the source dimensions  
of the repetitive earthquakes.

The rate-​dependent slip behaviour can be explained 
by a conditionally stable frictional regime on the 
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associated plate boundary fault sections110–112. The evo-
lution of shear stress on the plate interface during the 
Tohoku-​Oki afterslip is found to be consistent with rate- 
dependent frictional properties that might enhance 
instability as the slip rate increases, approaching the 
conditionally stable frictional regime108. It is also well 
known that ductile rheologies can become brittle with 
increasing loading rate, which is likely responsible for 
transient deepening of the brittle–ductile transition 
depth in crustal faults113–115 and might play an important 
role in generating earthquakes in the nominally ductile 
lower crust116.

As shown in various laboratory experiments (Fig. 6), 
increasing the loading rate can also change the slip stabi
lity by reducing the nucleation length required to trigger 
unstable slip90,112,117–119. This loading rate effect is qualita-
tively consistent with features predicted by a numerical 
model53, and implies that, as the loading rate increases, 
the nucleation length can become shorter than the size  
of the brittle patch, leading to dynamic rupture. The 
reduction of nucleation length is consistently observed 
during experiments at a variety of stress levels120, and it 
might be linked to a self-​organized, evolving structure 
within the fault gouge layer during shearing119. Higher 
loading rates produce more fault gouge, resulting in 
heterogeneous fault zones, which can have significant 
implications for nucleation length121,122 and frictional slip 
instability123,124. The size of the nucleation process affects 
the final triggering of earthquake ruptures and is com-
plementary to the regional damage weakening process 
discussed for crustal earthquakes.

Fault slip before large ruptures
In laboratory experiments with relatively smooth sur-
faces, the slip smoothly increases as a function of time to 
failure during the nucleation stage, according to a power 
law or an exponential-​type relation122,125. Such behaviour 
has been demonstrated for different experimental con-
ditions and materials, and has also been simulated in 

various models of frictional faults126–128. The accelerating 
fault slip observed in laboratory experiments is almost 
all aseismic (>~98%)129, but loads brittle patches and 
sometimes produces foreshock acoustic emission. The 
rate of foreshock acoustic emission is correlated with 
aseismic slip propagation during the nucleation stage 
of the experiments, and accelerates as the mainshock is 
approached130,131.

As discussed previously, seismic and geodetic obser-
vations show that fault slip does not accelerate smoothly, 
but increases in a step-​like manner during foreshock 
sequences on subduction zones. Even during the clear 
foreshock sequence observed before the 2014 Chile 
Iquique earthquake, several steps are observed in the 
aseismic slip estimated from repeating earthquakes83, 
in contrast to the smooth acceleration observed in 
laboratory experiments with relatively homogenous 
surfaces. In addition, the rate of surface displacements 
obtained by the GNSS network shows a gradual decay 
with time, instead of a smooth acceleration above the 
noise level80,85,87.

Similarly, before the 2011 Tohoku-​Oki earthquake, 
the slow slip transient continued with a gradual decay 
and no smooth slip acceleration before the mainshock70 
(above the detection threshold of ocean bottom pres-
sure recorders with minimum observable slow slip of 
Mw ~6.0–6.2) (Fig. 3d). Furthermore, a waveform analy
sis of the initial onset of the 2011 Tohoku-​Oki earth-
quake reveals that the beginning of the dynamic rupture 
was likely a small earthquake of Mw 4.9 (ref.132). Both 
observations suggest that the moment released by the 
short-​term nucleation process (that is, the final acceler-
ation phase) is smaller than that expected from a scaling 
of the nucleation length based on a fracture mecha
nics approach133. In addition, the ratio of the moment 
released by slow-​to-​fast (seismic) slip during the natu-
ral foreshock sequence58,83 (<~40%) is smaller than that 
observed in laboratory experiments during the nucle-
ation phase129 (>98%). As such, the experimental fore-
shock sequences are more aseismic than those observed 
in nature. Therefore, natural faults appear to be more 
brittle with higher susceptibility to dynamic rupture 
compared with the machined laboratory surfaces with 
simple geometry and less off-​fault damage.

Given the complexity of natural fault structures, it is 
more appropriate to consider models where multiscale 
patches are incorporated in a rate-​dependent frictional 
fault134–136. In a heterogeneous fault model, with a large 
strong patch containing smaller fragile patches, two dif-
ferent critical nucleation length scales are present on the 
same fault surface136. In this model, a break of the small 
seismic patch (with a short nucleation length) can pro-
duce a small seismic event that might induce subsequent 
dynamic rupture in the surrounding fault and cause 
larger ruptures without a large size nucleation. Such a 
cascade-​up rupture growth circumvents the larger nucle-
ation process that corresponds to the larger strong patch 
and produces a small and negligible nucleation length 
that might be too difficult to observe from the surface. 
It would be useful to expand this model to include multi
scale hierarchical structure, fault roughness and local 
loading-​rate effects on nucleation sizes observed in 
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recent experiments119,120. Such models and more general 
damage-​rheology frameworks with fault structures that 
evolve during the occurrence of ruptures137,138 might be 
able to quantitatively explain the diversity of slip modes 
and foreshocks observed along major subduction zones, 
including an intermittent increase in fault slip without 
any detectable smooth acceleration immediately before 
a major event.

Integrated earthquake generation model
Natural fault zones have hierarchical structures and con-
siderable strength and stress variations along the main 
fault surfaces3. Three different models — cascade-​up, 
pre-​slip and progressive localization — were developed 
to explain the initiation process of large earthquakes. 
The three models consider different faulting environ-
ments (heterogeneous pre-​existing faults, a smooth pre- 
existing fault surface and volumetric deformation with 
evolving fault structures, respectively), and they address 
different spatial-temporal scales focusing on different 
characteristic phenomena. We propose an integrated 
model that can explain the diversity of processes lead-
ing to large earthquakes in different tectonic settings 
(Fig. 7). First, a general view of natural faulting should 
consider rock volumes rather than individual surfaces. 
Consideration of rock volumes is especially important 
in complex crustal fault systems, but is also relevant for 
subduction zones and major continental plate boundary 
faults. Laboratory experiments44,139,140 and field observa-
tions141–143 indicate that faulted materials regain frictional 
strength and cohesion rapidly after failure. The strength 
recovery necessitates some form of re-localization of 
deformation to the main fault zones at the end of the long 
interseismic periods, as part of a regional preparation pro-
cess of subsequent major earthquakes. The re-localization 
of deformation is expected to be less pronounced, and 
more rapid, in geometrically simple sections of large faults 
compared with disordered fault structures, although it 
might have important manifestations also in relatively 
simple structures, including subduction zones.

In complex crustal faults, large earthquakes are 
preceded by progressive generation of elevated rock 

damage by the ongoing seismicity around the eventual 
rupture zones (Fig. 7a). Foreshocks occur as part of seis-
mic clusters and are simultaneous with possible aseismic 
deformation as shear localization proceeds (Fig. 7b). One 
foreshock sequence can trigger (with possible aseismic 
deformation) the large dynamic rupture along the main 
fault zone. In subduction zones, which are characterized 
by relatively high temperatures and abundant fluids, the 
final preparation phase leading to large earthquakes 
appears to be driven by a mixture of slow-​slip transients 
and foreshocks (Fig. 7c).

Crustal faults are generally associated with colder and 
drier environments compared with subduction zones, so 
slow slip transients are less common. In addition, owing 
to the higher temperature, abundant fluids and involve-
ment of slow slip transients, foreshocks in subduction 
zones are likely to be more frequent compared with 
those in crustal settings22. The migration of slow slip 
transients contributes to the build-​up of shear stress on 
mainshock hypocentre sites, along with stress changes 
induced by foreshock ruptures.

When a strong, small patch on a fault breaks, it pro-
duces a rapid local increase in the loading rate around 
the patch, which can make the surrounding fault more 
brittle and susceptible to dynamic rupture. Foreshocks 
on a relatively smooth surface can be explained by rup-
tures of small fragile patches, which may be triggered 
by slow slip that can also jump-​start a much larger rup-
ture (that is, a ‘rate-​dependent cascade-​up model’)120, 
which connects the cascade-​up and pre-​slip models136. 
Yet, the rate-​dependent cascade-​up model still assumes 
smoothly accelerating slow slip that drives the system 
immediately before the dynamic rupture. However, 
as outlined previously, detailed observations show an 
intermittent, step-​like behaviour of fault slip during the 
final foreshock sequence, rather than a smooth acceler-
ating slip before the main rupture (Fig. 7c). Intermittent 
slip by a combination of slow and fast failure modes 
increases the stress on the eventual rupture zone and 
produces local variations of loading rates that mod-
ify the effective frictional behaviour of different fault 
sections118,119.
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Most seismic activities, swarms and slow slip events do 
not produce large earthquakes. The occurrence of large 
ruptures requires that the stress field generated by the 
tectonic loading and the combined stress transfers from 
various earlier failures is relatively high and correlated 
over a large portion of the fault7–9. When the evolving 
stress is sufficiently close to the strength on a localized 
fault surface over a large area, one small (foreshock)  
event finally triggers a large dynamic rupture (Fig. 7c).

Summary and future perspectives
Generation of large earthquakes includes complex, multi
scale processes that might have various dominant fea-
tures in different tectonic environments. Shallow crustal  
earthquakes often occur in heterogeneous fault systems. 
Analyses of seismic and geodetic data show several 
manifestations of progressive localization of deforma-
tion before Mw > 7 crustal earthquakes, in agreement 
with laboratory fracturing experiments and damage 
rheology models. The observations include generation 
of rock damage by ongoing seismicity around future 
rupture zones, which produces crustal weakening on a 
decadal scale, and localization of background seismicity 
and coalescence of events into growing clusters in the 
final ~2–3 years before the large earthquakes. In some 
cases, it is possible to identify immediate foreshock 
sequences with spatial migration towards the mainshock 
hypocentre and lower stress drop in the final localiza-
tion stage. The migrating foreshocks indicate that there 
might be some involvement of slow slip transients, 
although supporting geodetic measurements remain 
rare for shallow crustal environments. Improving the 
acquisition and analyses of observations can allow 
crustal deformation to be tracked from progressive 
localization to precursory foreshocks and slow slip 
transients before large crustal earthquakes. In particular,  
it is essential to close the critical data gap of insufficient 
near-​fault recordings, since far-field observations do 
not provide detailed information about the faulting  
process144.

In subduction zones, major faults with a relatively 
simple geometry might have a weaker re-​localization 
of deformation prior to large events compared with 
crustal faults. Intermittent fault slip is observed before 
some megathrust earthquakes at multiple spatial and 
temporal scales. Foreshocks tend to migrate towards the 
mainshock hypocentre, as seen for some shallow, large 
crustal earthquakes, and are accompanied by slow slip 
transients that likely occur near the edges of strongly 

locked subduction zone faults. The evolution of fault 
slip on major subduction zone faults shows a step-like 
increase that is likely driven by a combination of slow 
slip and foreshocks. Such observations are not consis
tent with a gradual acceleration of fault slip, which is 
expected for the simple nucleation phase based on labo-
ratory friction experiments and models of smooth fault 
surfaces. Natural faults appear to slip and stick quickly, 
causing intermittent movements, which reflect multiple 
failures on heterogeneous faults that finally trigger large 
dynamic ruptures.

Results from frictional experiments on the reduced 
size and duration of nucleation phases with increas-
ing loading rate, and from numerical simulations on 
small-​scale failure inducing larger dynamic rupture 
without a larger slow-​nucleation process, can help 
explain the observed intermittent slip. Understanding 
how to scale the laboratory results to conditions repre-
sentative of natural faults (that is, hierarchical heteroge-
neous systems that are subjected to multiple loads and 
varying boundary conditions), and using corresponding 
computer models to conduct numerical experiments on 
evolving earthquakes and faults over space scales and 
timescales not available for laboratory and field studies, 
can provide key additional contributions.

Improved understanding of the preparation pro-
cesses leading to large earthquakes, and corresponding 
near-​real-​time monitoring of crustal deformation with 
seismic and geodetic data, will contribute to mitigation 
of seismic risk. Such efforts require high-​resolution, 
near-​field observations, along with laboratory experi-
ments and models that account for localization of shear 
deformation and evolution of fault slip before major 
rupture. Dense near-​fault arrays with co-​located accel-
erometers, broadband seismic stations and high-​rate 
geodetic sensors will be able to record ground motion 
over a wide range of amplitudes and frequencies. Such 
arrays, augmented by distributed acoustic sensors and 
other geophysical instruments, will be able to monitor 
deformation in the period leading to large earthquakes 
(including switching from slow deformation to fast slip) 
in sufficient detail to recover the physical processes that 
occur within rupture zones. Analysing field and labora-
tory data with artificial intelligence and other advanced 
methods can maximize the information extracted from 
the data and improve the predictive power that can be 
obtained from the available observations145–147.
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