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In1960, the giant Valdivia earthquake (moment magnitude, M,,, 9.5), the
largest earthquake ever recorded, struck the Chilean subduction zone,
rupturing the entire depth of the seismogenic zone and extending for

1,000 km along strike. The first sign of new seismic energy release since 1960
occurred in 2017 with the Melinka earthquake (M,, 7.6), which affected only a
portion of the deepest part of the seismogenic zone. Despite the recognition

that rupture characteristics and rheology vary with depth, the mechanical
controls behind such variations of earthquake size remain elusive. Here
we build quasi-dynamic simulations of the seismic cycle in southern Chile
including frictional and viscoelastic properties, drawing upon a compilation
of geological and geophysical insights to explain the recurrence times of
recent, historic, and palaeoseismic earthquakes and the distribution of
fault slip and crustal deformation associated with the Melinka and Valdivia
earthquakes. We find that the frictional and rheological properties of the
forearc, which are primarily controlled by the geological structure and
fluid distribution at the megathrust, govern the magnitude and recurrence
patterns of earthquakes in Chile.

Earth’s largest earthquakes, frequently accompanied by devastating
tsunamis, are hosted at subduction zones, outlying the key importance
to understand subduction dynamics during the seismic cycle. This
process is controlled by the structure of the Accretionary Prism and
the fabric of the megathrust—the seismogenicinterface that separates
the downgoing oceanic lithosphere from the upper plate. Earthquakes
originate from a frictional instability at the plate interface, primarily
affected by the lithology, temperature, and fluid content of the fault
zone, leading to a stratification of source properties'>. Numerous
studies have shown variability in rupture width and slip of earthquakes
in different depth domains, encompassing great ruptures (moment

magnitude, M, > 8.5) with a trench-breaking feature*, and large blind
ruptures (7 <M, < 8.5) nucleated within the interseismically locked
region asillustrated by palaeoseismic and instrumental record at the
Japan®, Sunda® and Aleutian’ trenches. The succession of large and
great ruptures at the subduction megathrust modulates the size and
frequency of earthquakes, but the underlying mechanics are uncertain.

The Southern Chile Subduction Zone (SCSZ) produced the M,,9.5
Valdivia 1960 mega-quake®, the largest earthquake on record, which
was followed 56 years later by the M,, 7.6 Melinka earthquake’ (Fig. 1).
The 2016 Melinka rupture concentrated in the down-dip limit of the
Valdivia earthquake, sparing the central part of the seismogenic zone
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Fig.1| Tectonic setting of the SCSZ. Coseismic slip model of the Valdivia
earthquake®®and coseismic slip model of the Melinka earthquake*’.

LOFS, Liquifie-Ofqui Fault System; LF, Lanalhue Fault and active crustal faults®*.
The Chiloé Sliver® is bounded by the trench, the LOFS and the LF. We consider the
slip distribution and seismic cycles along the representative cross section A-A’.
Basemap from GEBCO®°.

thatis currently locked’. The sequence of a full-depth rupture followed
by seismic resurgence in the deep segment of the seismogenic zone,
along with the extensive geodetic, geophysical and palaeoseismo-
logical record associated with the 1960 mainshock, is fundamental to
explore the factors that control the slip evolution and recurrence of
subduction earthquakes.

Here we implement a numerical model of the seismic cycle at the
SCSZ with depth-variable rate- and state-dependent frictional proper-
tiesonthe megathrust and thermally activated rheological properties
in the subducting oceanic asthenosphere and over-turning mantle
wedge underneath the upper plate. We base the constitutive proper-
ties on our own thermal model of the SCSZ (‘Temperature model’ in
Methods) and the lithology of the subducted channel and surrounding
lithosphere. We construct a cross section of the SCSZ with astructural
layout compatible with geological and geophysical observations. We
then explore how the recurrence periods, slip and deformation of large
and great earthquakes are controlled by the frictional properties of the
megathrust. Our optimal model, based on a sensitivity analysis of the
main parameters controlling frictional resistance, such asrheology and
pore pressure ratio (A), allows us to match multiple measurements at
the earthquake cyclein Chile, providing newinsightsinto the mechani-
cal control of subduction earthquakes.

Modelling the subduction seismic cycle of the
southern Andes

Using quasi-dynamic numerical simulations that resolve the
mechanical interactions between a frictional megathrust and a
temperature-controlled viscoelastic asthenosphere, we simulate
the occurrence of great (Valdivia-like) and large (Melinka-like) rup-
tures throughout the seismic cycle of the SCSZ. The model resolves
all phases of the seismic cycle, including nucleation and propagation
of earthquakes, along with afterslip and viscoelastic relaxation that

follow the mainshocks. We build a model of subduction dynamics
along arepresentative cross section (Fig. 2a) assuming a 61.8 mm
per year convergence rate between the Nazca and South American
plates in the trench-perpendicular direction'. The structural lay-
out is constrained by the Slab2 model", seismicity’>*, seismic wave
tomography and reflection profiles' %, and gravity-constrained den-
sity models'". The outer wedge is defined by the highly deformed
Accretionary Prism'. The inner wedge extends from the outer arc
high tothe continental slope, featuring inactive accretion structures.
The Lower Seismogenic Zone encompasses the palaeoprismup to the
intersection with the Moho, presenting underplating structures*°
and seismic wave velocities™ and density'® anomalies suggesting the
presence of a high ratio of compressional to shear wave velocities
(V,/V,)*' and a static backstop. Eastwards, the continental crust tran-
sitions from Permo-Triassic metamorphosed units to granitoids of
the North Patagonian Batholith®’. The Liquifie-Ofqui Fault System?
(LOFS) deforms the granitoids and bounds the eastern part of the
Chiloé Sliver (Fig. 1a). Beneath the continental crust, the megathrust
underlies the Metamorphic Belt and the Serpentinized Mantle Wedge,
terminating at the 650 °Cisothermatabout 85 kmdepth. From there,
the downgoing slabis permanently coupled to the mantle wedge that
deforms by viscous flow.

We assume that the frictional behaviour of the megathrust is con-
trolled by aslip-rate- and state-dependent friction law>** (equation (3)
inMethods):

b

c-mol ) ()"
= Ho Vo I

where p, is the effective coefficient of friction, & is the effective normal
stress, Vand V, are the instantaneous and reference velocities at the
faultinterface, fis astate variable that follows an evolution law allow-
ing healing at stationary contacts®and L is a characteristicslip distance.
Thedirectand steady-state velocity dependence of frictionis controlled
bythe parametersaanda - b, respectively, witha - b < O correspond-
ing to velocity-weakening, potentially unstable frictionanda-b6> 0
giving rise to velocity-strengthening friction, which inhibits rupture
nucleation and propagation. Guided by the expected mineralogical
composition at the plate interface and considering the thermal struc-
ture, we use laboratory-derived information extracted from fault
gouges to constrain the frictional parameters assigned to the megath-
rust (Table1). The depth-dependent thermal and compositional strat-
ification leads to a structural model for the fault with five down-dip
segments with distinct properties (Fig. 2b).

Seismic wave profiles'* and sedimentary fluxes® indicate atrench
fill varying from 1 to 3 km (ref. 20), reflecting the strong denudation
of the exhumed North Patagonian Batholith* during the last Pliocene
glaciation”. The erosion of the Andean Cordillera® allows us to assume
that frictionin the outer wedge is controlled by amixed phyllosilicates
and quartz composition. We use average values from laboratory results
onfaultgouges composed of about 50% quartzand 50% clay minerals
at low temperatures®”*°, yielding a — b=2 x107. As ~80% of the sedi-
ments enter the subduction channel®, we assume that the seismogenic
zone is controlled by a granitic composition®’, rather than by altered
basalts from the subductingslab (Fig. 2a), leadingtoa - b=-1x1072in
the Upper and Lower Seismogenic Zone (Fig. 2b). Finally, background
seismicity and locking degree models show the transition fromalocked
to creeping fault at 35 km depth'>**, suggesting that the megathrust
shifts to velocity-strengthening properties beyond the continental
Moho. Fluid-driven serpentinization occursinthe cold mantle wedge,
developingaserpentinization front at the plateinterface®. We assume
frictional parameters of serpentinites®’ to characterize the two deep-
est segments. This accounts for the transition from lizardite to anti-
gorite at ~350 °C (ref. 38), leading to a - b =1.5 x 102 underneath the
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Fig.2|Summary of data acquired and set-up of the model. a, Cross section of
the SCSZ with the compilation of available data. Crustal faults are fromref. 64,
interseismic seismicity is fromref. 12, and outer and inner wedge structures are
from ref. 13. Horizontal lines and names at the top of the figure define the down-
dip megathrust segments presented in our work. b, Set-up of the quasi-dynamic
model, 11, is the reference coefficient of friction, Ais the pore pressure ratio

assumed at each segment, and a - bis the parameter obtained from equation (3)
(Methods). The temperature is obtained from our thermal model (Methods) at
the plate interface. The Melinka slip was obtained from ref. 9 while the Valdivia
slipis the result of our new inversion (Methods), where error bars are one
standard deviation.

Table 1] Frictional parameters of the preferred and initial models

Segment Mineralogy References ax107? bx1072 L(cm) a-bx102 o(MPa) o(MPa) p W(km) A Ainitial
initial

AP Phyllosilicates + quartz 29,30 1 0.8 75 0.2 45 45 0.4 20 0.7%

LSz Granite 32 0.3 13 15 -1 13 19 0.6 73 0.7 0.95

usz Granite 32 0.3 13 1 -1 56 15 0.6 30 0.92 0.98

MB Lizardite 35-37 2 05 5 15 130 65 0.3 85 0.9 0.9

SMW Antigorite 35-37 1 0.5 5 0.5 220 10 0.4 102 0.9 0.9

Pore pressure ratio from ref. 39. Wis the length of each segment. AP, Accretionary Prism; LSZ, Lower Seismogenic Zone; USZ, Upper Seismogenic Zone; MB, Metamorphic Belt; SMW,
Serpentinized Mantle Wedge. The pore pressure ratio at the USZ and LSZ are calibrated based on the recurrence time of large and great palaeoearthquakes and the slip distribution of
Melinka-like and Valdivia-like earthquakes (Extended Data Fig. 3) starting from previous estimates™.

MetamorphicBeltand a — b =5 x 10 below the Serpentinized Mantle
Wedge (Fig. 2b).

The effective normal stress on the megathrust depends on the
local value of the partial fluid pressure ratio (A) via 6 = g, (1 — A), where
o,isthelocal normal stress based on gravity (equation (14) in ‘Pressure
and temperature path’ in Methods). Our initial set-up considers

published estimates of A at the Accretionary Prism* that suggest an
overpressure region at the bottom of the seismogenic zone**° (Table
1). Toobtain the pressure-temperature path along the fault (Extended
Data Fig. 1b), we build a finite-element thermal model based on
near-lithostatic pore fluid pressure at megathrust depth*, where the
temperature satisfies the steady-state heat advection-diffusion
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equation (‘Temperature model’ in Methods). The resulting temperature
distribution (Extended Data Fig. 1a and Fig. 2a) shows the same depth
of the 650 °C isotherm (-85 km) as previous models*>** but features a
deeper 350 °Cisotherm.

For the viscoelastic domain, we assume the rheological param-
eters of olivine aggregates for transient and steady-state dislocation
creep*** and divide the mantle wedge into a serpentinized wet region
below the arc and a dry region farther east, establishing a cold-nose
configuration*® (Extended Data Fig. 1a and Extended Data Table 1).
Viscoelastic deformation on each volume element is captured by a
Burger’s assembly of springs and dashpots® whereby the anelastic
strain rates in the Maxwell and Kelvin elements follow a power-law
rheology (equation (7) in ‘Fault friction and mantle viscosity’ in Meth-
ods), whichis activated with the background temperature distribution
of the finite-element thermal model (equation (13) in “Temperature
model’ in Methods).

Finally, we conduct simulations spanning 10,000 years of seismic
activity following the distribution of parameters constrained by the
geological structure, providing the surface displacement associated
with various sequences of total and partial rupturesin the SCSZ (Fig. 3a)
and the distribution of down-dip slip. The simulations employ adaptive
time steps to capture the details of rupture initiation and propagation
and the more quiescent periodsin between. To mitigate bias from initial
conditions*, we focus on the last 7,500 years of each simulation dur-
ing which the patterns of the rupture sequences are stable over time.

Earthquake cycle observations

Decadal records of crustal deformation allow the characterization
of the earthquake cycle, in which vertical tectonic displacements
modulate the local relative sea level by several metres, while horizon-
tal deformation evolves on a continental scale*®. The surface defor-
mation associated with the Valdivia earthquake is constrained by an
extensive array of biological and anthropogenic markers that capture
coseismic and postseismic vertical displacements®, involving slip on
the megathrust but also an eight-year-long viscoelastic flow in the
surrounding lithosphere*. Coseismic deformation of the Melinka
earthquake was registered with Global Navigation Satellite System
(GNSS) data*® and intertidal biotic indicators® that describe up to
0.3 mof uplift at the Lower Seismogenic Zone. The occurrence of pal-
aeoseismic trench-breaking ruptures followed by large earthquakes
inthe following years has also been recorded in sediments at lake and
fjords of the SCSZ. The recurrence time for earthquakes with M,, >8.6
is 292 + 93 years (refs. 51,52), while events with 7.7< M,,<8.5 happen
every 139 + 69 years (ref. 52).

To calibrate the model, we compare our predictions with the esti-
mations of recurrence times for large and great events at the SCSZ°"
and with surface deformation of the Melinka*° and Valdivia® earth-
quakes (Extended DataFig.2). We compute the root mean square error
between the model results and the available dataset (Extended Data
Fig.3). Usingthe distribution of pore fluid pressure ratio from the initial
model (Table 1), we cannot simultaneously reproduce the recurrence
time and the surface deformation after large and great ruptures. We
evaluate different configurations of pore fluid pressure ratio at each
frictional segment (Extended Data Table 2) while keeping the rest of the
frictional parameters constant. The pore fluid pressure ratio distribu-
tion that minimizes the root mean square error features 1> 0.9 in the
Lower Seismogenic Zone, 0.7 <1< 0.75inthe Upper Seismogenic Zone
andA=0.9inthe Creeping Zone. We use this configuration hereafter as
our preferred model (Table 1) to describe the rupture mechanics and
consequent deformation at the SCSZ.

Mechanics and surface deformation of simulated
earthquakes

We analyse the seismic cycle at the SCSZ viewing a representative
example of fault dynamics of our preferred model between 6,000 to

7,000 years (Fig. 3a). Seismicity predominantly nucleates at the tran-
sition from the keel of the continental crust to the cold nose of the
mantle wedge corner. Large earthquakes involve partial ruptures
(Fig.3a), whichinclude Melinka-like events (Fig. 3b) that nucleate at the
Lower Seismogenic Zone but stopped on their way to the trench. Great
ruptures encompass the entire seismogenic zone and the outer wedge
(Fig. 3¢), with Valdivia-like events (Fig. 3c) showing similar rupture
style®*** and trench-breaking propagation® to the 1960 mega-quake.
Despite the assumed velocity-strengthening frictioninthe outer wedge,
allgreatrupturesbreak the trench, inline with M,, > 8.5 palaeoseismic
data**°, and uplift models derived from tsunami data after the Valdivia
earthquake, indicating up to 4 mof seafloor uplift>. Both earthquake
types propagate through creep zones resulting from stress concen-
tration at previous event tips (Fig. 3b,c), indicating a mechanical link
between large and great earthquakes. Thisinteraction allows the trench
to experience coseismic slip during great ruptures and creeping during
interseismic periods (Fig. 3b-d).

The preferred model predicts recurrences for large (82 + 43.4 year)
andgreat (271 + 70 year) ruptures matching the estimates from palaeo-
turbidites and tsunami deposits®*>*” within uncertainties (Fig. 3e,f).
For large earthquakes, the mean recurrence time of simulated events
approaches the median recurrence of past earthquakes with
7.7 <M, < 8.5 derived from the geological record and the 56-year lag
betweenthe1960 and 2017 earthquakes. In the simulations, the recur-
rence times and the coseismic slip of each rupture depend mostly on
0, a - b and the width of the seismogenic zone. There is a trade-off
betweenfitting large recurrence times and data-constrained maximum
slip, but our model with the optimized pore fluid pressure generates
results within the 95% confidence interval of estimations derived from
palaeoseismicity (Extended Data Fig. 3 and Fig. 3e,f).

We compare simulated surface deformation for great and large
ruptures with available uplift data eight years after the Valdivia earth-
quake and coseismic GNSS data following the Melinka earthquake
(Extended Data Fig. 2). For each great earthquake, we extract verti-
cal displacement produced by coseismic rupture and eight years of
postseismic deformation to obtain a surface vertical profile. The
median pattern mirrors the observed eight-year Valdivia earthquake
deformation, featuring from west to east offshore uplift, coastal
subsidence, and volcanic arc uplift (Fig. 4). Postseismic deformation
results from afterslip in the Lower Seismogenic Zone and behind the
Metamorphic Belt and viscoelastic uplift in the Accretionary Prism
and volcanicarc (Fig. 4). Upliftat the volcanic arcis attributed to the
rheological contrast between the cold nose and a high-temperature
mantle beneath it, consistent with prior works*. Viscoelastic flow in
the oceanic asthenosphere causes postseismic uplift near the trench’,
The magnitude of uplift is not fully compensated by interseismic
subsidence in the years after the main event (Extended Data Figs. 4
and 5), explaining the similar magnitude of coseismic and postseismic
uplift (Fig. 4a).

The slip distribution of the simulated great ruptures eight years
after each mainshock is consistent with a Bayesian estimate of coseis-
mic slip for the Valdivia earthquake® (equation (15) in ‘Coseismic slip
model’ in Methods) thatis inverted form the same land-level changes
data captured eight years after the main event. Our kinematicinversion
shows up to 7 mof coseismicslip near the trench (Fig. 4b), like previous
results from estimations incorporating tsunami data®, and has the
same maximumsslip (around 20 m) as past models thatinclude changes
in slab geometry®. The minimum uncertainty is observed between
75 to 150 km from the trench, solving the slip distribution at the end
of the rupture and thus coinciding with the end of the seismogenic
zone at 35 kmdepth (Figs.2b and 4b). A small proportion of simulated
giant ruptures generate a slightly lower coseismic slip in the seismo-
genic zone compared with the geodetic model. However, all simulated
events and their median profile (black bold line at Fig. 4b) match the
slip distribution withinuncertainties. All simulated great earthquakes
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d, Comparison between Melinka-like ruptures and the vertical component

of the GNSS data from the Melinka earthquake*° and uplift from intertidal
bioticindicators®® plus two standard deviations (error bars). e, Coseismic slip
generated by simulated Melinka-like ruptures compared against the model
of ref.40.

generate coseismic slip up to the trench, consistent with the proposed
trench-breaking feature of the Valdivia event™.

Finally, we assess crustal deformation linked to large ruptures
by comparing model predictions with data from continuous GNSS
displacements*® and land-level changes®’ following the 2016 Melinka
earthquake. Our simulated Melinka-like ruptures (Fig. 4c,d) show a
median curve exceeding the immediate coseismic pattern*’. However,
simulations with smaller surface deformation match both horizontal
and vertical components of observed data, reproducing coseismic
upliftabove the Lower Seismogenic Zone inferred fromintertidal biotic
indicators®®. The amplitude of median simulated coseismic slip agrees
with published models®*° but shifts slightly towards the down-dip
limit of the seismogenic zone. Large ruptures represent a family of
moderate events, inducing surface deformation ranging from tens
to hundreds of centimetres, with up to 4 m of coseismic slip concen-
trated mainly within the Lower Seismogenic Zone (Figs. 3aand 4c-e).
Minor disparities between our two-dimensional models and GNSS
dataof'the horizontal component for the Melinka earthquake (Fig. 4c)
arise due to source-receiver distance decay variations, particularly
noticeable in smaller ruptures. Along-strike rupture propagation is
an important aspect of megathrust dynamics®. In nature, we expect
other Melinka-like earthquakes to initiate at similar depths at differ-
ent latitudes along the trench axis, but this is not captured within our
two-dimensional approximation.

Subduction cycle at the Valdivia segment
Our synoptic model (Fig. 5) integrates down-dip variations in the
composition of rocks at the subduction channel, lithospheric tem-
perature distribution and mantle rheology to explain the sequence
and recurrence of great and large earthquakes and associated crustal
deformationinthe SCSZ.Our models underscore the role of geological
structure and pore fluid pressure in controlling frictional behaviour
governinglarge and great earthquake sequences (Extended Data Figs. 3
and4).Ifnoincreasein porefluid pressureis considered, thenthetime
between each kind of earthquake will not match the observations and
the amplitude of uplift and subsidence will not reproduce the coseismic
and postseismic data after the Valdivia earthquake. Our models do not
explain the origin of fluid concentration at the Lower Seismogenic
Zone, but our pressure-temperature path (Extended Data Fig. 1b) is
consistent with in situ fluid release from prograde metamorphism of
metapelites®>** at the observed high V,/V, ratio zone?, outlying the
effect of dehydration processes on earthquake mechanics.
Mineralogy at the plate interface also plays an important role.
Neglecting sediment input from the erosion of the continental crust,
and thusallowing altered oceanic plate basalt to governfrictionat the
megathrust, fails to explain the eight-year deformation curve following
greatearthquakes (Extended Data Fig. 4a). Enlarging the seismogenic
zone width displaces the pattern of surface deformation and coseismic
slip inland compared to observations, suggesting that the bottom of
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dynamicsimulation and compiled data. A values are the ones calibrated to
our preferred model. Nucleation depth is referred to the depth at which large
and great ruptures start. Water concentration region is inferred fromin situ

fluid release®. Basal accretion structures are interpreted from seismic wave
profiles'”*°, Isotherms are obtained from our modelled thermal distribution.
Basemap fromref. 67, NASA.

the seismogenic zone may be influenced by fluids and/or the continen-
tal Moho (Fig. 5), rather than exclusively by megathrust temperature
distribution (Extended Data Fig. 4b,c).

Numerical models constrained by geological and geophysical
data, suchas presented here, provide anideal mediumtointegrate and
test geodynamics processes throughout the seismic cycle of megath-
rust earthquakes, with possible applications at other subduction zones
worldwide. Given the spatial relationship between fluid concentration
depth and forearc structure at the SCSZ (Fig. 5), we propose that the
seismic cycle depends on the thermodynamic conditions at the plate
interface associated with the resulting depth-dependent lithology,
hydrothermal regime and geological structure, leading to a fluid-rock
interaction along the seismogenic megathrust thatimpacts the stabil-
ity of frictional sliding.
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Methods

Fault friction and mantle viscosity

The stages of the seismic cyclein faults can be described using constitu-
tive relationships of slip-rate- and state-dependent friction that explain
the evolution of sliding velocity over time. These laws had been used
tomodel several rupture styles in nature®® and to characterize the seis-
mic cycle at different tectonic settings. This leads to the possibility of
understanding fast and slow ruptures at different fault configurations.
Here we use a constitutive framework obtained from the assumption
of a microphysical model of the slip-rate- and state-dependent fric-
tion under isothermal conditions. In this context, the sliding velocity
depends on the density of the real area of contact as follows®’:

=) e[ 2 (- 7)

where Visthesliding velocity, 7is the norm of the shear stress resolved
on the fault plane, T'is the absolute temperature, y1, is the static coef-
ficientof frictionat V,and T,, #is the real area of contact density (real
areaof contact divided by the nominal surface area), yis theindentation
hardness, a «1isthe directeffect, Qis the activation energy and Ris the
gas constant. Thereal area of contact depends on the effective normal
stressand changes asafunction of the shape of the surrounding contact
junctions™. This last feature is characterized by a state variable that
represents the age of the grain, which coincides with the age of contact
defined by ref. 71. The relationship between the effective normal stress
and thereal area of contact is given by*’:
oV, m
HoOeff 0\
A=t () @

where o is the effective normal stress, @ is the state variable, L is the
characteristic weakening distance associated with the gouge thick-
ness or fault roughness and b « 1 is the evolution effect. By combin-
ing equations (1) and (2), the multiplicative form of slip-rate- and
state-dependent friction at isothermal conditions is obtained***’:

b

cenl ) ()

The state variable under isothermal conditions follows an evolu-
tion law which allows healing at the stationary contacts>*’:

o-ool- - 1)

Fault dynamics are controlled by the spatial distribution of i1, 4,
a,bandL,whicharegovernedby thethermalstate at the faultinterface
and by the mineral assembly of the respective stable lithological facie
under that state. We assume that those parameters do not change over
time and are not affected by heat and fluid transport, which means that
the value that controls the frictional behaviour on the fault at steady
state willbe a — b. Depending onits temperature distribution, effective
normal stress and rock composition, any given fault can experience a
velocity-weakening (a - b < 0) or a velocity-strengthening (a — b > 0)
behaviour”. Velocity-weakening areas will experience unstable slip
whereas velocity-strengthening regions should slip aseismically”.
Nonetheless, previous works had shown that velocity-strengthening
regions can propagate ruptures’*.

As can be anticipated from equations (3) and (4), there is a very
wide spectrum of sliding mechanisms that are generated at the fault
over time. This introduces high uncertainties about the distribution
of the parameters that govern slip-rate- and state-dependent friction
relations. Nevertheless, from a dimensional analysis of the frictional
equations, ref. 24 defined two dimensionless parameters that can be

understood as two degrees of freedom for the frictional behaviour of
agivenfault:

_ - W
R T ©
b-a
Ry = -5 (6)

whereR, is known as the Dieterich-Ruina-Rice number and depends on
thegeometry of the fault given by the width Wofthe velocity-weakening
patch, onthe frictional behaviour given by a - b, on the effective normal
stress, and on the shear modulus G at plane strain conditions. For a
velocity-weakening segment R, takes positive values and represents
therelation between the segment dimension and the nucleation size.
Greater values of R, will lead to the nucleation of smaller instabilities
with respect to W2,

The other parameter is R,, which controls the transient evolution-
ary effects and the strengthening behaviour. Velocity-strengthening
patches will have R, < 0, velocity-weakening domains are character-
ized by 0 <R, <1and velocity neutral regimes are defined when R, = 0.
R, also controls the rupture propagation in the same way as the ratio
a/b”. Atvelocity-weakening domains and high sliding velocities, when
a/bis close to the unity, then the rupture will tend to extend towards
the whole segment.

The combination of R,and R, gives atwo-dimensional space where
different rupture styles can arise. By constraining the spectrum of
frictional parameters, the actual slip behaviour of a given fault can be
approximated. We use this approach to feed the initial state of all the
parameters in our model. We collect a wide range of datasets to con-
strain the pressure-temperature conditions and the slip mechanism
at the plate interface. Then, we assume an initial composition for the
oceanic plate and for the sediments at the trench. From that point,
we use previous stability fields of subduction related metamorphic
facies to define the metamorphic state along dip. Finally, we define
the frictional parameters using previous gouge data from different
lithologies that represent the metamorphic facies at the plate interface.

The viscoelastic behaviour is calculated using a power-creep law
that assumes pure dislocation creep over minerals with a constant
water concentration**:

)]

¢ = A0"Co{d~™ exp (M)

RT

where ¢isthestrainrate, Aisapre-exponential factor, o is the deviatoric
stress, Coyisthe water concentration, dis grainsize, Qis the activation
energy, pisthelithostatic pressure, Qistheactivation volume, Ris the
constant forideal gasses, Tis the temperature and n,rand mare experi-
mentally derived exponents. To yield an expression independent of
the grain size, we assume m = 0 and n > 1(refs. 44,76).

From this configuration of the subduction fault, we make a
meshed subduction system (Extended Data Fig. 1a) to run a numeri-
cal model of the subduction seismic cycle. We discretize the system
into a triangular mesh of 857 cells with a size of 20 km (Extended
DataFig. 1a), while the points elements at the fault are separated by
200 malong the Slab2 geometry", allowing numerical convergence.
Deformation at each triangle is computed considering a Burger’s
assembly where the total anelastic strain rate is given by ey =gy + &,
inwhich ey and gg are the instantaneous strain rates in the Kelvin and
Maxwell elements, respectively*’. Power-creep law parameters for the
oceanic and continental mantle (Extended Data Table 2) are assumed
following previous experimental works and simulations***, We used
the numerical code Unified Cycle of Earthquakes (UniCyclE) that
employs the integral method>””’%, including surface and volume ele-
ments. The changesin fault traction will depend on the surrounding
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fault slip and distributed strain. We assume a background strain rate
in the horizontal direction of £ =-1x10™*s™ and predefine a set of
synthetic GNSS stations at the surface of our mesh to compare those
results with the actual data.

Temperature model
The subduction thermal model is constructed considering an oce-
anicslab subducting with akinematically prescribed velocity (66 mm
per year)”’ beneath a fixed and layered continental plate. We use the
continental lithosphericstructure of ref. 19 considering an upper and
lower crust, an oceanic crust and a continental and oceanic mantle. In
this framework, the downgoing slab drives flow within the overlying
viscous mantle wedge.

Velocity and pressure at the mantle wedge are found by solv-
ing the equations of mass and momentum conservation. Following
ref. 80, we solve the equation of conservation of mass:

V.v=0 (€)]

and the conservation of momentum:

V.r-VP=0 9)
wherevis velocity, Tis the deviatoric stress tensor and Pis the dynamic
pressure. The deviatoric stress tensor is given by:

in which r is the effective dynamic viscosity and the components of
the strain rate tensor € are:

We assume that viscosity is obtained by dislocation creep:
(1-n)
n=A exp(%)é ", 12)

where the rheological parameters are the same as in equation (7). We
consider a temperature- and stress-dependent wet olivine rheology
for the mantle wedge*.

The boundary conditions for mantle wedge are (1) no slip below
therigid overriding plate and (2) constant velocity with a value equal
to plate convergence along the top of the slab and below the maximum
decoupling depth®.,

The thermalfield within the entire subduction zone is computed
by solving the steady-state heat advection-diffusion equation, so
temperature is obtained by solving;:

pep(U-NT=V-(kKVT) +f 13)

in which p is density, ¢, is the specific heat, k is thermal conductivity
and fis a parameter that describes possible heat sources.

To solve the system, we assume a constant temperature at the
surface of the model (0 °C) and at the bottom of the oceanic litho-
sphere (1,450 °C). On the slab inflow boundary, we prescribe a geo-
therm obtained using a half-space cooling model® considering an
age of 14 million years ago (ref. 83). At the right edge of the model, we
assume a conductive geotherm calculated using the thermal proper-
tiesof Extended Data Table 3, whichis thenapplied along the landward
boundary of the overriding plate. Along the inflow part of the wedge,
we prescribe a geotherm that is obtained using an adiabatic gradient
of 0.4 °C km™and a mantle potential temperature 0of 1,300 °C. For the
outflow boundary of the wedge, zero heat flux is assumed.

Finally, we solve equations (8), (9) and (11) using a stabilized finite
element* that allows us to use equal order of polynomial interpolation
at each unknown point.

Pressure and temperature path

To compute the pressure-temperature path, we use the lithospheric
structure of ref. 19, and we take the average density structure of ref. 84.
We compute the vertical stress with:

o, = gph (14)

where gis the gravity acceleration constant, p is density and h is the
thickness of the lithospheric layer (upper crust, lower crust and lith-
ospheric mantle). Then, we compute the normal component over
each element of the fault surface to obtain the o,,. By combining the
temperature distribution at the plate interface and the g, over it, we
obtain the pressure-temperature path from Extended DataFig. 1b.

Coseismicslip model

We invert the coseismic slip for the dip direction using the uplift dis-
placements on the surface from the work of ref. 8 in between 42° S
and 45°S.

Tofind the solution, we apply the Bayesianinversion approach of
ref.59, which allows us to obtain positive model parameters and associ-
ated uncertainties. This constraint allows us to obtain amore realistic
slipsolutionas theslip directionis positive with respect to the dip direc-
tion, giventhe subductionstress regime. Weimpose aslip solutionto be
amultivariate folded normal distribution, and simultaneously we seek
to find asolution for Gm = d, where dis the deformation data, mis the
backslip on each subfaultin the plate contact and Gis the matrix which
contains the Green’s functions. The Bayesian formulation is given by:

pldls)p(s v H)

p(s|d,H) = 2dvH) 15)

with
p(SVH) = (271)# S| _71 exp [%(sﬂ — s)TS‘I(sl’ - s)] (16)
pdvs) =@ D) e[S d-Gs)'Dd-Gish| @)

To enforce positivity constraints on the model parameters, we

impose the following changes of variables:

m(s) = (Isil,Isal .., Ism )" (18)
which guarantees us a positive solution and results inafolded normal
distribution in the posterior distribution.

We use the maximum evidence criteria to perform Bayesian model
selection, namely, to search for the hyperparameters of a particular
hypothesis H. D and S are the covariance matrices of the likelihood
and prior, respectively. The mean of the prior is s”. We then obtain the
correlation between the slip parameters based on the information of
the same data.

Data availability

The GPS data that support the findings of this study are available in the
GNSS datarepository of the Centro Sismologico Nacional, Chile (http://
gps.csn.uchile.cl/data/). Uplift data after the Valdiviaearthquake can be
found atref. 8 (https://doi.org/10.1130/0016-7606(1970)81[1001:MOT
CEOQ]2.0.C0O;2). Dataof intertidal biotic indicators were obtained from
ref. 50 (https://doi.org/10.1130/0016-7606(1970)81[1001:MOTCEQ]2.0
.CO;2). Thermal model, coseismic slip model and quasi-dynamicinput
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files to be run using Unicycle are uploaded to https://doi.org/10.5281/
zenodo.8435744. Specific results from the quasi-dynamic simulations
areavailable fromthe corresponding author uponreasonable request.

Code availability

Quasi-dynamic simulations were computed using the code Unicycle>®
(https://bitbucket.org/sbarbot/unicycle/src/master/). The code to
process quasi-dynamic results is available from the corresponding
author uponreasonable request.
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Extended Data Table 1| Power-creep law properties

-n -1
Volume BiMEa s‘r(ppm r
H/Si) )
Oceanic Mantle 100'56 1.2
Continental
Mantle (dry 1()0'56 1.2
conditions)
Continental
Ma.n‘tle (wet 10°56 1.2
conditions below
the arc)

Initial values were obtained from refs. 44,76.

Con (ppm H/Si)-

1000

1000

1200

Q (cm®/mol) Q (Kj/mol)
1.30E-05 5.10E+05
1.10E-05 4.75E+05
1.10E-05 5.10E+05
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Extended Data Table 2 | Pore pressure ratio and effective normal stress variation

usz LSZ Gk
MB AB
A o (Mpa) A o (Mpa) A o (Mpa) A o (Mpa)
0.6 150 0.6 300 0.6 520 0.6 880
0.65 131 0.65 263 0.65 455 0.65 770
0.7 113 0.7 225 0.7 390 0.7 660
0.75 94 0.75 188 0.75 325 0.75 550
0.8 75 0.8 150 0.8 260 0.8 440
0.85 56 0.85 113 0.85 195 0.85 330
0.9 38 0.9 75 0.9 130 0.9 220
0.95 19 0.95 38 0.95 65 0.95 110

USZ = Upper seismogenic zone, LSZ = Lower Seismogenic Zone, MB = Metamorphic Belt, AB = Ancud Basin, CZ = Creeping Zone.
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Extended Data Table 3 | Thermal properties of the temperature model

Layer Thermal conductivity (W/mK) ~Radiogenic heat production (uW/m®) Density(kg/m") Specific heat (/kgK)
Upper continental Crust 2.9 13 2700 1000
Lower Continental Crust 2.9 0.4 3300 1000
Oceanic Crust 31 0.02 3300 1000
Oceanic and Continental Mantle 31 0.02 3300 1000
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