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Abstract

The elastic energy that fuels large earthquakes accumulates hetero-
geneously along faults, resulting in complex earthquake occurrence
patterns. Although earthquake cycle simulations help capture such
complexity in seismic hazard models, their high computational cost
prevents widespread use and uncertainty quantification. Here, we
propose a physics-based probabilistic method to forecast the timing
and magnitude of large earthquakes. The method combines fracture
mechanics theory and observational constraints on seismic coupling,
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historical seismicity and fracture energy to forecast the arrest loca-
tions of long ruptures that have saturated the seismogenic depth. We
apply this approach to estimate the time-dependent probability of
earthquakes exceeding M8.5 across the entire Chilean subduction zone.
Sensitivity analysis shows the most critical model parameter relates to
the scaling between fracture energy and slip. We constrain the model
parameters by matching the time between mega-earthquakes on the
Valdivia segment, validate the constrained model based on the seis-
micity of other segments, then apply it prospectively over the whole
Chile megathrust. Our results highlight how earthquake potential on
a given megathrust segment can be altered by earthquakes on neigh-
boring segments, which reduce the energy available for multi-segment
ruptures. The proposed physics-informed framework constitutes a new
approach for time-dependent seismic hazard analysis on large faults.

1 Introduction

Estimating the frequency and size of future earthquakes is critical for seismic hazard
assessment. This requires defining not only where and when earthquakes can start,
but also where their ruptures will stop, which is not trivial on very long faults with
multiple segments that might rupture simultaneously [1].

Current time-dependent models used in seismic hazard assessment are a statisti-
cal description of the expected time of the next earthquake depending on the time
elapsed since the previous one [2]. Point process models are often applied on individ-
ual fault segments, assumed disconnected and hosting characteristic earthquakes of
a certain size [e.g. 3, 4]. Their controlling parameters, including the mean recurrence
time and the deviation from periodic recurrence, can be constrained by past seismicity
[5—7]. However, due to their oversimplified assumptions, such models poorly describe
sequences of earthquakes with rupture extents that might breach segment barriers and
overlap [2, 8.

One important factor controlling the propagation and final size of earthquakes is
the elastic energy available around the fault [9], which is generally space- and time-

dependent due to tectonic stress accumulation, non-planar fault geometry, and the
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continuous stress redistribution by seismic activity and fault creep. Interseismic cou-
pling maps inferred from geodetic observations [10, 11] allow to identify areas that
accumulate slip deficit, thus elastic energy, and can potentially host future large earth-
quakes [12, 13]. Although slip deficit informs about the maximum slip that future
earthquakes can release at any given point on the fault, it does not directly inform
about where a rupture will stop, hence its final magnitude. Coulomb stress change
analyses of interactions between fault segments [e.g. 14, 15] have been used to assess
whether a rupture can jump from one segment to another, but they do not allow
to evaluate whether a jumping rupture will propagate further along the receiving
segment.

Incorporating the physics of earthquake rupture dynamics is a promising avenue to
advance earthquake hazard assessment [16, 17]. A recent extension of fracture mechan-
ics theory to elongated ruptures (length > width), relevant for large earthquakes that
saturate the seismogenic width, provides a framework to evaluate whether a section
of a fault tends to hinder or fuel rupture propagation [9]. Important implications of
this theory were discussed for a segment of the Chilean subduction zone [18] and
for a crustal fault system in China [19] using coupling maps to constrain the elas-
tic energy available along the fault. Here, we take a major step towards integrating
this theoretical framework into seismic hazard analysis by developing a method that
generates millions of earthquake scenarios, enabling the probabilistic assessment of
time-dependent earthquake potential across the entire length of a fault with exhaustive
uncertainty quantification.

In this study, we apply this extension of fracture mechanics to assess the rupture
potential of the entire Chilean subduction megathrust. Its historical earthquake record
spans 500 hundred years (Fig. 1a) [e.g. 20-24], its paleo-seismological record at least
two millennia [e.g. 25, 26], and available interseismic coupling maps cover the entire

region (Fig. 1b) [e.g. 12, 20, 27-29]). The available dataset is therefore adequate to



9

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

calibrate and validate the framework. Additionally, coupling ratio and seismogenic
depth vary along strike allowing us to examine the influence of the segmentation of
the seismogenic megathrust on the earthquake potential (Fig. 1c).

We evaluate the sensitivity of our framework to parameter uncertainties, revealing
that the key parameter is the coefficient that controls the scaling of fracture energy
with slip. We constrain the model parameters by confronting our model to the observed
earthquake record of the well-studied Valdivia segment, which hosted the giant M9.5
1960 earthquake. Using this constrained model, we evaluate the spatial and temporal
evolution of the probability of occurrence of an earthquake of a certain size along the
whole Chile subduction, for retrospective validation and prospective forecasting. These
results illustrate how a physics-based model can inform probabilities of earthquake
occurrence, hence seismic hazard studies, especially in current seismic gaps where large

earthquakes are overdue [30-32].

2 Determining the rupture extent of elongated

earthquakes

Once a rupture has saturated the seismogenic width of a fault (W), it can only con-
tinue growing by propagating horizontally. In the fracture mechanics theory of such
elongated ruptures [9, 18], the propagation and arrest of a rupture are controlled by
the ratio G./Gg between fracture energy G. and elastic energy release rate Gg. A fault
section hinders rupture propagation if it satisfies G./Go > 1; otherwise, it fuels the
rupture. This energy ratio varies along the fault and evolves through the interseismic
period. Given the spatial distribution of G./Gy along a fault, the rupture arrest loca-

tions are determined by a criterion based on a “rupture potential”, @, defined at any
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along-strike location L, relative to an arbitrary reference location, 0:

(PM1-G./Gy
®(L) _/O — AL (1)

An elongated bilateral rupture starting at position Ly will stop at the positions L_
and L, where the rupture potential is the same as that of the hypocentral region, i.e.
where ®(Lg) = ®(L_) = ®(L4), as illustrated in Fig. S6.

Our estimates of the energy ratio are constrained by the slip deficit derived from
maps of interseismic coupling (). As a conservative approach, we assume that ruptures
involve a coseismic slip D equal to the whole slip deficit accumulated at a time ¢ since
the last large event, D = xVjpiatet, Where Vjqse is the long-term slip rate. At each
location on the fault, the oldest known large event sets the onset time for our modeling
(e.g., in Chile, 1575 for the Valdivia segment and 1995 for the Antofagasta segment;
Fig. 1a).

For sub-shear ruptures, the elastic energy release rate is approximately [18§]
Go ~ C(0,v) (1 —v) " cos® 0 +sin? 0) pu(xXVpratet)?/W (2)

where 4 is the shear modulus, 6 the rake angle, C'(6,v) a geometric factor of order
1 given by Eq. 3, and v = 0.25 the Poisson’s ratio. The parameters involved in this
equation are quite well constrained by geophysical observations in Chile (Methods),
and only the coupling ratio x and seismogenic width W are considered here to vary
along-strike.

We relate fracture energy G, to coseismic slip D using a compilation of estimates
derived from laboratory experiments, geological measurements, seismological data, and
numerical modeling [33] (Fig. S1). Since we focus on large megathrust earthquakes, we

consider estimates obtained from seismological data for D > 0.1 m. We fit a scaling
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law of the form G. ~ BD", where G. is in MJ.m~2 and D is in meters, yielding
B = 2.60 and n = 1.02. The value of n is close to 1, consistent with models of dynamic
rupture with off-fault inelastic dissipation [34, 35].

Using these local estimates of G, and Gy based on the slip deficit D accumulated
since the last rupture, we evaluate the time- and space-dependent seismogenic poten-
tial. We assume earthquakes can nucleate anywhere on the seismogenic zone and, at
a given time ¢, we examine a comprehensive set of earthquake scenarios spanning all
possible hypocenter locations on the megathrust (Fig. S5). In each scenario, we con-
sider a ”saturating earthquake”, i.e. one whose rupture has already grown enough to
saturate the seismogenic zone, and use our model to predict where the rupture will
stop and the final earthquake magnitude. In particular, for a given epicenter location,
we compute the rupture potential ®(L) along the fault and then use it to determine
the rupture arrest points L_ and L, (e.g., Fig. S6). A more detailed description of
the procedure is provided in the Method section. Owing to the small computational
cost of our approach, we can thoroughly consider millions of earthquake scenarios at

any given time, as needed for probabilistic analysis and uncertainty quantification.

3 Parameter Sensitivity Analysis

We evaluate how the uncertainties in model input parameters affect model results, by
focusing on a key model outcome: the ”critical time” T, when a fault section reaches
the condition Gy > G, required to fuel rupture propagation. Since G./Gy o D" 2
with n — 2 < 0, the energy ratio decreases over time as slip deficit D accumulates,
from very high values (G./Go > 1) soon after a large earthquake to values promoting
rupture propagation (G./Go < 1) after a finite time T, given by Eq. 4 (Methods). For
a given distribution of model parameters (Fig. 2), characteristic of those constraining

our model in Chile, we compute the corresponding distribution of T,. This approach
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allows us to evaluate the effect of the chosen parameter values on the transition time
at a given position along the fault.

Two sensitivity analyses are performed: (1) we fix the value of one parameter and
evaluate the effect of the uncertainties of the remaining ones (Fig. 2g); (2) we fix all
parameters but one and evaluate the effect of the uncertainty of this single parameter
(Fig. 2h). In the first analysis, the coefficient B of the scaling between fracture energy
and slip is the only parameter that, if fixed, leads to a significant change in the
probability density function (PDF) of T, (Fig. 2g). In the second analysis, the PDF of
T. obtained when varying only B is very similar to the PDF obtained by varying all
the parameters. Thus, the distribution of T is primarily controlled by the uncertainty
on B, which in turn is likely due to the high uncertainties in estimates of Gc for
natural earthquakes and their intrinsic variability [33]. The other parameters have a
significantly smaller effect on T,. For instance, for this example, varying B modulates
T, between ~30 and 1610 yrs, while varying W modulates T, between ~200 and 280
yrs and varying 6 has almost no impact.

Given the critical role of B, it is crucial to continue collecting and improving
estimates of G. and D for large earthquakes. Next, we show how to further constrain

B using historical data.

4 Constraining the scaling relation between fracture

energy and slip

To better constrain B, we confront the results of the time and space-dependent seis-
mogenic potential model with the sequence of major earthquakes on the Valdivia
segment in southern Chile (Fig. 1a). Paleo-seismological evidence indicates an earth-
quake recurrence time of 250-350 years during the last 2 millennia, with the latest

major events being the 1960 M,, 9.5 event and a large megathrust earthquake in 1575



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

[25, 36]. Two other relatively large events occurred in 1737 and 1837, but likely rup-
tured only a limited portion of the segment [25]. The slip deficit accumulated since
1575 is consistent with the slip estimated for the 1960 earthquake (~20-35 m; [37]).
At any given time after 1575, we use our model to test whether hypothetical satu-
rating earthquakes that contain the 1960 Valdivia earthquake epicenter can propagate
further and rupture the portion of the Valdivia segment south of latitude 38°S. This
procedure allows to avoid using the portion of the Valdivia segment that overlaps with
the Maule earthquake of 1751 as a constraint, as the lateral extent of this earthquake
is uncertain. For the 1960 earthquake to occur in our model, the segment needs to be
ready to break before this date. The subset of B values consistent with this constraint
is shown in Fig. 3 (dark blue PDF). The result for all parameters is shown in Fig. S2.
If we assume that the 1960 earthquake occurred immediately after the segment was
ready, the subset of admissible B values is even tighter (light blue PDF; Fig. S2). This
constrained PDF aligns well with the G, — D scaling data (gray histogram in Fig. 3)
and its fit (Section 2; Fig. S1). This cross-validation comforts us that the range of B
constrained by assuming the fault is ready exactly in 1960 is reasonable; therefore, we

use it in the remainder of this study.

5 The seismogenic potential of the Chile subduction

megathrust

We now assess the time- and space-dependent seismogenic potential along the whole
Chile subduction zone. We account for the spatial variation and uncertainties of the
parameters (Methods), focusing on scenarios consistent with the 1960 earthquake
occurring immediately after the southern portion of the Valdivia segment is ready.

This approach constrains the values of B explored as well as the other parameters in
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a self-consistent way (Fig. S2). At each time, 19 million scenarios are evaluated, con-
sidering 915 potential initial rupture and nucleation positions and probing parameter
uncertainties using 21,000 random samples (Fig. S5).

We first evaluate the PDF of the critical time T, at each latitude (Fig. 4b) and
find an overall consistency with the activity of the major segments of the Chilean sub-
duction zone. Along the Valdivia segment, the mode of T, (red line in Fig. 4b) falls
slightly before the occurrence of the 1960 earthquake, by design of our calibration of
model parameters. Along the Maule segment, the mode of T, roughly matches the
timing of the 2010 earthquake. Its spatial variation reflects changes in coupling, yield-
ing larger T, values (i.e. later readiness) in the northern part of the Maule segment,
which may explain why the 2010 event did not extend further north. To the south,
the low available potential energy due to the 1960 Valdivia earthquake contributes to
hinder the southward propagation of the Maule earthquake.

Along the Valparaiso segment, when the 2015 Illapel earthquake broke the seg-
ment only partially, the model indicates that a full-segment rupture was most likely
but partial-segment ruptures remained significantly probable. Along the Iquique seg-
ment, the 2014 earthquake occurs when the segment is not completely ready, which
is consistent with the fact that the event saturated the seismogenic zone but did not
propagate further. The rough timing constraints derived from T, highlight that our
model captures to first order relevant factors governing rupture propagation and tim-
ing in these segments. Other interpretations of the sequence of old earthquakes might
lead to different results, as discussed in the Method section, which could be handled
by accounting for uncertainties on paleo-seismic data in our approach.

Moving forward from the analysis of the critical time T, we evaluate whether
saturating earthquakes can propagate further and become very large earthquakes.
Considering the moment-area scaling law [38], saturating ruptures in Chile have a

minimum magnitude Mgar ~ 8.0-8.3 (Methods). We hence consider our results for
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events with magnitude above 8.3. We compute the probability Py x|ga7,: that a fault
location can participate in a saturating event that grows to a magnitude exceeding
X, at time ¢ (Methods). Fig. 4c shows the space-time evolution of Py;sg 5/547,¢ While
Fig. 4d shows the temporal evolution of its mean within each segment. This analy-
sis reveals the influence of the interconnection between segments. If a fault segment
were isolated from the rest of the fault, its Py/-g.5/547,; would increase gradually (e.g.
black dashed line in Fig. 4e). Because ruptures can break through segment bound-
aries, the evolution of the rupture potential of a segment influences the evolution of
Prrsg.51541,: on other segments (Fig. 4d). For instance, along the Copiapo segment,
Pprrsgsisar, decreases after the 1960 Valdivia, 2010 Maule and 2015 Illapel earth-
quakes because these events reduce the energy available in their segments, which in
turn reduces the likelihood of multi-segment ruptures reaching the Copiapo segment.
Furthermore, the increase in Pyg.5547,+ on the Copiapo segment at the beginning
of the loading period (between 1906 and 1960) is faster than if the segment was iso-
lated (see Fig. 4e). High values of Py/~s 5547, initially concentrated at the southern
border of the Copiapo segment gradually expand northward over time (Fig. 4c). This
results from the progressive loading of the Valparaiso, Maule and Valdivia segments
which increases the likelihood of a large earthquake initiating within these regions and

propagating through the Copiapo segment.

6 Towards Efficient Physics-Based Seismic Hazard

Assessment

While we do not attempt to predict the exact time and magnitude of the next large
earthquake, our model provides a probabilistic forecast based on a physical and statis-
tical approach that is consistent with the observed earthquake history. It specifically
accounts for the spatial variability of energy along a fault due to differences in coupling

and the timing of previous large earthquakes.
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In particular, our approach yields the conditional probability P/ x|sar,: of the
occurrence of an earthquake above magnitude X at time ¢, provided that it has already
developed into a saturating event. The probability of occurrence of an elongated earth-
quake above magnitude X is Py~xnsar = Pusx|sars X Psar, where Psar is
the inter-event time probability of saturating events since their last occurrence, eval-
uated over a specified time interval centered at time ¢. Psar depends on the rate of
occurrence of saturating events and we propose in the Method section two alternative
approaches to evaluate it.

Our model can incorporate possible dependencies of Psar on location along the
fault and on time since the last large earthquake. For example, Fig. S3 shows Pgar,
Pyrsxisarye and Pysxnsar for a mean rate of saturating events of 1/90 yrs—1,
assuming the occurrence of saturating events follows a random Poisson process.

The rate of occurrence of saturating events is a crucial model input to assess
seismic hazard. If it is very low, the fault will remain unbroken until it is ready to host
full-segment events, and ruptures will rarely stay at M,, = Mgar, they will rather
propagate into large events. Conversely, if the rate of saturating events is extremely
high, the fault will rarely be ready to host large events, and magnitudes will remain
close to Mgar. Examples of these end-member behaviors might be the Cascadia [39]
and Vanuatu [40] subduction zones, respectively. Thus, the rate of saturating events
is expected to control the shape of the magnitude-frequency distribution of very large
earthquakes.

Beyond the probabilities discussed above, our framework provides a generative
model of earthquake scenarios for practical hazard assessment. This framework can
be used to generate catalogs of large earthquakes, in particular their rupture location,
rupture history and final slip distribution. These rupture scenarios can be readily
combined with ground motion models to evaluate site-specific hazard and produce

regional (time-dependent) hazard maps.
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As a compromise to develop a computationally-efficient model, strong assumptions
are made to simplify the complex and evolving behavior of natural faults. We assume
that slip deficit accumulates over interseismic periods at a steady rate that is spatially
prescribed by a coupling distribution inverted from recent (j30 years) geodetic data.
We also assume that this slip deficit is fully released by large earthquakes, ignoring
static and viscoelastic stress transfer after each earthquake [41], the occurrence of
slow slip events [42—44], and super-cycle behavior with coseismic slip undershooting or
overshooting the slip deficit [45]. Moreover, the model does not currently consider non-
planar fault geometry, frictional heterogeneities or other types of obstacles that could
hinder the propagation of earthquakes [e.g. 46-49]. Last but not least, uncertainties in
the occurrence time and rupture extent of old large earthquakes in the historical and
paleoseismic records are substantial [22-24] and remain to be integrated in our model.

Although crucial, many of these limitations are partially accounted for by parame-
ter uncertainties. Moreover, most of these biases and missing elements can be addressed
through future research and each ingredient of the framework can be refined. Ongo-
ing and continuous efforts to improve our knowledge of faults —in particular fracture
energy, fault coupling and seismogenic width —and past earthquakes are critical for
seismic hazard assessment. Applying the approach to other subduction zones would
further constrain and test the model. Such efforts could lead, for instance, to establish
relations between model parameters controlling fault behavior, in particular the energy
scaling coefficient B, and observable physical properties along subduction zones, such
as seafloor roughness, sediment thickness or seismic wave speeds. The approach could
also be tested prospectively on Slow Slip Events [50], owing to their short recurrence
times, and for which many earthquake cycles involving multiple megathrust segments

have been recorded.
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Our study demonstrates that combining a physics-based model with statistical
analysis provides a quantitative framework to assess the seismogenic potential of sub-
duction zones. The application to the Chile subduction zone highlights how fault
interactions can modulate the seismogenic potential in space and time, offering a new
perspective on space- and time-dependent seismic hazard assessment. The framework
can reveal regions that are more susceptible to host large earthquakes, helping to
establish hazard mitigation measurements in a more effective and organized manner.
It could also potentially be used in early warning systems as prior information to

forecast the final size of a rupture that has just saturated the seismogenic zone.
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Fig. 1 Overview of the Chilean subduction zone. (a) Past seismicity and fault segmentation
(modified from [20]). Rupture extent and occurrence time of historic earthquakes are indicated by
black bars. Areas identified as persistent barriers to the propagation of earthquakes are shown in
yellow. (b) Interseismic coupling along the Chilean subduction interface (yellow to brown shading,
[12, 20, 27-29]), seismogenic depth estimated from seismicity distribution (light gray dotted curve)
and current seismic gaps. Thin and thick black lines indicate the coast and the subduction trench,
respectively. (c) Lateral distributions of seismogenic width (thick purple curve), its smoothed version
(thin blue curve), and depth-averaged interseismic coupling (red curve).
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Fig. 2 Sensitivity of critical time 7. to uncertainties in model parameters. (a-f) PDF
prescribed for each parameter, uniformly along strike. We draw randomly 300,000 combinations of
parameters from these PDFs. (g) PDFs of T, accounting for the uncertainties of all parameters but
one. (h) PDFs of T¢. accounting for the uncertainty of a single parameter. The colored vertical dashed
lines in panels (a) to (f) indicate the fixed parameter values selected for the sensitivity tests. The
gray histograms in (g) and (h) are the PDF's of T, accounting for the uncertainties of all parameters.
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Fig. 4 Seismogenic potential of the Chilean subduction. (a) Coupling map of the Chilean
subduction zone ([12, 20, 27-29]). The black thick and thin lines represent the trench and coast,
respectively. The white dot indicates the city of Santiago. (b) PDF of critical time Tt (green color
scale) and its mode (red curve) at each latitude. (c) Spatio-temporal evolution of Py~ 5/547,:, the
probability of a portion of the fault to host M,, > 8.5 events, knowing they already succeeded to
saturate the seismogenic zone. The 50% and 95% iso-probabilities are indicated by the black and white
dashed lines, respectively. The vertical thin black line indicates the year 2025. The gray shaded areas
in panels (b) and (c) indicate the spatio-temporal zones that are not considered in the analysis, and
where seismic events are not allowed to propagate. The colored vertical lines on the right of panel (c)
indicates the extent of the segments considered. (d) Temporal evolution of the mean Pj/~g 51547t
along each segment. (e) Zoom of the temporal evolution of mean Pjy;sg5/547,: of the Copiapo
segment. The solid blue and dashed black lines correspond, respectively, to the scenarios where the
Copiapé segment is fully connected to all other segments and completely isolated from them. The
inverted black triangles indicate the occurrence of large earthquakes on neighboring segments. The
vertical full and dashed black lines in panels (d) and (e) indicate the years 2025 and 2100, respectively.
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Methods

Determination of model parameters and their uncertainties

We present here the data used to evaluate the distributions of Gy and G, along the
Chilean subduction zone.

The seismogenic width (W) of the Chilean megathrust is defined at any position
along-strike as the along-dip distance between the trench location and the down-
dip limit of shallow interplate thrust events in the instrumental seismicity record.
From the CMT Harvard Catalog, we select the events consistent with slab interface
faulting by applying two criteria: (1) a plunge of the tension axis larger than 45
degrees, corresponding to thrust events, and (2) depth between 20 km above and 25 km
below the plate interface given by the Slab 2.0 model, to discard crustal thrust events
while accounting for the vertical uncertainty of earthquake locations. In addition,
for a more complete coverage of the entire margin, we consider focal mechanisms of
small earthquakes, mainly on the Southern Andes [51]. The combined catalog contains
500 earthquakes. For each 0.6 degrees latitude bin, we define the down-dip limit of
interplate seismicity by the location of the easternmost event. Based on the distance

between this boundary and the trench (dt), we estimate the seismogenic width as
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W = dt/ cos(dip). We find a down-dip limit between 40 and 60 km depth, based on
the pattern of seismicity and focal mechanisms ([52]; Fig. S4). We observe a lateral
change at about 30°S (Fig. 1lc): W is roughly 100 km north of this latitude and
increases to 150 km to the south. These results agree well with previous estimates of
W [53] and help explain why Chile hosted larger earthquakes in the south than in the
north. We represent the uncertainties on W by a Gaussian distribution centered on
the spatially smoothed version of W (Fig. 1¢) with standard deviation of 14 km (i.e.
the standard deviation of the difference between the rough and smoothed distributions
of W). Smoothing is achieved by fitting a polynomial function of degree 3 to the W
distribution along strike.

The plate rate Vjqte and rake 6 are assumed uniform along the whole subduction
and their distributions are prescribed as follows. The PDF of V.. is a Gaussian
function with a mean and standard deviation equal to 66 £ 2.5 mm/yr, roughly the
convergence rate between the Pacific and South American plates [e.g. 54, 55]. The
PDF of 0 is also taken as Gaussian with a mean and standard deviation of 78+ 2.5°,
oblique to the subduction trench.

The distribution of coupling, x, along strike is estimated by depth-averaging across
the seismogenic width an interseismic coupling map compiled from various geodetic
studies [20] (Fig. 1). We take trench-perpendicular profiles of x spaced every 0.05
degrees, and calculate the average along each profile. Uncertainties on y are described
by a Gaussian distribution, with a mean value based on available coupling models (ref;
Fig. 1c) and standard deviation of 0.1, truncated between 0 and 1.

The shear modulus u is assumed constant over the whole subduction. Its PDF is
described as a log-normal distribution with mean of 55 GPa and standard deviation
of 8 GPa, from which we then subtract 14 GPa. This distribution increases at ~20
GPa, peaks at 40 GPa, and then decreases down to ~70 GPa. We set v = 0.25,

and corresponding uncertainties are not explored. The geometric coefficient C'(6,v) is
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estimated as [18]

C(0,v) = Z\/(l — )2 cos? 0 + sin? 0 3)

For the sensitivity analysis and to constrain the fracture energy-slip scaling, we
explore the uncertainties of the scaling law by fixing the exponent n = 1.02 and
exploring the uncertainty of the prefactor B. The PDF of Logio[B] is set as a Gaussian
distribution with mean 6.41 and standard deviation of 0.51, based on the spread of
available seismological data [33] (Fig. S1).

For the sensitivity analysis, we evaluate the effect of parameter uncertainties on
the critical time T, for a given point on the fault. The uncertainties of the PDF's
are prescribed as explained previously. We do not explore the effect of the spatial
variability of parameters and consider a mean coupling of 0.8 and mean seismogenic
width of 137 km, the mean values along the Chilean subduction. The PDF of each
parameter is shown in Figs. 2a-f.

In Section The seismogenic potential of the Chile subduction megathrust, the
parameters, including B, follow different distributions that are based on the constraint

developed in Section Constraining the scaling relation between fracture energy and slip

(Fig. S2).

Time and space-dependent evaluation of the seismogenic
potential

We evaluate the seismogenic potential of a fault over time using the following procedure
(Fig. S5). We discretize the fault along strike into a set of 20 km long subfaults, each

spanning the whole seismogenic depth. At each time and for each possible hypocen-

ter position along strike, we consider a set of ruptures that have initially saturated
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the seismogenic width (initial length equal to initial width). We consider all possi-
ble positions of the saturating ruptures relative to the hypocenter. For each rupture,
we determine its final extent using the theoretical arrest criterion (see Section Deter-
mining the rupture extent of elongated earthquakes; Figs. S5 and S6). The seismic
moment of each earthquake is calculated as My = [ pDWdL, integrated over its final
rupture extent.

From the ensemble of scenarios, we can compute various probabilities, for instance
the probability of an event exceeding a certain magnitude or breaking a whole segment
or breaking through a barrier. Here, we focus on the probability at time t of a subfault
to host earthquakes exceeding a certain magnitude, given that those earthquakes have
already saturated the seismogenic zone, Pys~ x|sar,- At any given time, we compute
the probability Ppss x|sar,: that a fault location can participate in an event of magni-
tude exceeding X as the ratio, among the earthquake scenarios that rupture this fault
location, between the number of events with M > X and the total number of events.

The magnitude Mg a7 above which our model’s assumption of elongated ruptures
is valid corresponds to the size at which earthquakes start to saturate the seismo-
genic zone. Here, we assume that such saturating earthquakes have a square rupture
area, with length and width equal to the seismogenic width. Considering the range of
seismogenic widths in Chile (thick purple line in Fig. 1c), from 104 to 153 km, and
using an empirical moment-area scaling relationship for dip-slip earthquakes [38], we
estimate that Mga7r =~ 8.0-8.3.

The critical time T, after which a fault section promotes rupture propagation

instead of hindering it, derived from the condition G./Gg = 1, is

1 pC(0,v) (1 = v)~! cos? 6 + sin? 0) 1/(n—2)

T. =
XVplate BW
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Determining the recurrence time of saturating events

To evaluate Pgar, we propose two alternative approaches. In the first approach, for
a given segment, we directly take the observed rate of M,, > Mgar events from
the catalog, including events that started in other segments and propagated into the
segment of interest. We further assume that their occurrence follows a Poisson process.
In the second approach, we still assume that saturating events follow a Poisson process,
but we match the rate of M,, = Mgar events predicted by our model with their
observed rate. This approach requires a generative model of earthquakes, based on

Prrs x nsar, to extract the rate of M, = Msar events.

Discussion on the historical catalog

The quality of the historical catalog used has an impact on the results. The catalog
selected for this study is a simplified one, a choice discussed here. As an example
of the influence of the catalog, we provide estimates using a catalog that includes
three additional events: the 1835 Maule, 1819 Copiapo and 1943 Illapel earthquakes
(Fig. S7). With this catalog, Pyssx|sar,: on the Copiapo segment is close to 0 after
the 1922 event because the 1943 Illapel earthquake has isolated the Copiapo segment
from the energy available on the rest of the Valparaiso segment (Fig. S7c).

We assume that each event releases all the accumulated slip deficit. As a result,
Pyrsx|sat,: depends entirely on the most recent events that have occurred on each
segment. After the 2015 Illapel earthquake, the evolution of Py/s x|ga7,: is identical
for both the initial and updated catalogs since both contain the same most recent
earthquakes on each segment (Fig. S7c). If, instead, we allowed a residual slip deficit
after each event, the evolution of Py~ x|sar,: after the 2015 Illapel earthquake might
differ between the two catalogs.

The framework can also shed light on the interpretation of historical earthquakes.

For example, it has been suggested that Copiapo’s presumed-full-segment ruptures in
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1819 and 1922 were actually due to multiple earthquakes [24]. Considering the short
inter-event time between those two sequences, the model suggests that the fault did not
have enough time to reload, which favors the interpretation of sequences of multiple
ruptures rather than full-segment ruptures.

Finally, in our study, although along-strike heterogeneity in W and x was explored,
the parameter B was held constant over the whole subduction. In our model, this
parameter quantifies the fault strength, which can be spatially heterogeneous. Incorpo-
rating additional constraints from observed earthquake sequences might help constrain
along-strike variation in the naturally tunable parameter B, and improve the model’s

forecast capability.
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Supplementary Information

Time-dependent forecast of large earthquakes from

physics-informed probabilistic approach

Text S1 Comparison between forecast and observed magnitudes

Here, we compare the forecast of the magnitude of past events with their observed
values in the original catalog (Fig. S8) and in the updated catalog (Fig. S9). The mag-
nitude forecast for the Valdivia 1960 earthquake is slightly lower than the observed one.
This discrepancy can be partly explained by a maximum slip deficit of ~25 m accumu-
lated between the 1575 and 1960 events (assuming a loading rate of 66 mm/yr), which
is further decreased when accounting for coupling (Fig. 1c¢), and therefore does not
reach the observed 20-35 m slip of the 1960 event. For the 2010 Maule earthquake, the
magnitude probability is multimodal, with the two largest peaks located at M,, ~8.6
and 9.1 based on the original catalog. The latter corresponds to scenarios in which the
event rupture extends to the Valparaiso segment. The model forecasts a M,, ~8.9 for
the 2015 Illapel earthquake which was actually a M,, ~8.3 event. This overestimation
arises because, in the original catalog, no earthquakes are recorded between the 1730
Valparaiso event and 2015, resulting in a large accumulated slip deficit. Moreover,
most of the forecast ruptures involve the rest of the Valparaiso segment. The inclusion
of the 1943 event in the updated catalog (Fig. S7) helps correct this overestimation
to some extent (Fig. S9). Finally, the 2014 Iquique earthquake, along with its main
aftershock, falls within the forecast magnitudes, although some debate remains about
the overlap between the 1877 and 2014 events [23, 56]. When additional earthquakes
are incorporated - as in the updated catalog - the forecast magnitudes change because
each added event resets the available elastic energy within its rupture extent and can

isolate certain segments from available elastic energy on neighboring segments.
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Fig. S1 Scaling relation between fracture energy and final slip. (a) Estimates of fracture
energy, G., and earthquake slip, D, compiled by [33]. Colors indicate different types of G estimates.
Solid black line: best-fitting scaling relation (power law equation at the bottom) for D >0.1 m (vertical
black dashed line) using only seismological data (yellow dots). (b) Residuals between G, estimates
and the best-fitting scaling relation. Gray and yellow dots represent the data that are disregarded
and used, respectively, to determine the scaling relation. (c) Histogram of the residuals (blue) and
a Gaussian approximation to it (red, with a standard deviation of 0.51 Logio[J.m™2]) used in this
study to represent the uncertainty of B.

33



Shear Modulus (GPa) Vg (MM Rake (°) W (km) Coupling
O 40 60 B0 50 60 70 8 70 75 80 85 O 10 200 0 05 1

21
2

=

MNormalized PDF

Log,,[ B (MJ.m™)]

Coupling
=
in

ONORO

2

PDF per sublault

=10

PDF per sublault

Latitude

Fig. S2 Constraints on model parameters based on the Valdivia segment’s inter-event
time. (a)-(o) Normalized PDFs of each model parameter, constrained by the assumption that the
1960 M9.5 Valdivia earthquake occurs immediately after the whole southern portion of the Valdivia
segment (south of latitude 38°S) is ready to rupture (Section 4). Maximum value of the PDFs are
indicated in gray at the bottom right of each panel. Contours of 5% of the maximum PDF value
are shown for different constraints imposed: (black) initial parameter distribution described in the
Method section Determination of model parameters and their uncertainties, parameter distribution
assuming the portion of the Valdivia segment south of latitude 38°S is ready to rupture fully (dark
blue) any time before the 1960 earthquake and (light blue) exactly at the occurrence time of the 1960
earthquake. The distributions of W and coupling are taken from a location on the fault shown by
the vertical black line in panels (p) and (q). (p) PDF of the seismogenic width W for each subfault.
(q) PDF of the interseismic coupling for each subfault.
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Fig. S3 Evaluation of the probability of an earthquake to saturate the seismogenic
zone and to reach a certain magnitude. (a) Probability of the inter-event time of saturating
earthquakes, Pg 47, assuming their occurrence follows a Poisson process with a mean rate of u =1/90
yrs~1. (b) Probability Pprs x|sar,: that an earthquake will exceed magnitude X given that its
rupture has already saturated the seismogenic width at time ¢t. We show here the case for the Iquique
and Antofagasta segments combined, with ¢ = 0 corresponding to the occurrence of the 2014 Iquique
earthquake. (c) Probability of occurrence of an earthquake exceeding magnitude X within an interval
of 1 year around time ¢, Pyr~ x N saT = Par>x(sar,e X Psar.
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(¢) Comparison between seismogenic widths estimated from interseismic coupling and seismicity.

36



Along-strike position on the fault

A
v

—>
Subfault

Extent of rupture when it has
saturated the seismogenic widt

<& >
< »

Scenario 1 _III. ? ‘ | | |
Nucleation point

Scenario 3 >dunn ok 1nip? ‘ ‘ |
Scenario 4 4 ks nip? ’ | |

— | | [ enn I
Scnaio 1 | | | e I

Fig. S5 Cartoon illustrating the different earthquake scenarios tested to evaluate the seismogenic
potential at a time t.

B(t=X yrs)

P(t=X+50 yrs)

1 - = F\ent extent at t=X yrs -

u = = wiEvent extent at t=X+50 yrs
%  Nucleation point

_2 1 1 1 1 1 1
-2000 -1500 -1000 -500 0 500

Along-strike distance from nucleation (km)

Fig. S6 Example of distribution of rupture potential ® for a specific earthquake scenario (see Fig. S5)
and at two different times. The white star indicates the hypocenter location tested, which is also used
here as reference point for & without loss of generality. At time X, the earthquake propagates until
® (red curve) passes below its hypocentral value; its final rupture extent is indicated by the thick
horizontal black line. At time X + 50 yrs, the fault has been loaded further, thus modifying ® (pink
curves). The earthquake can now propagate further, as indicated by the thick dotted gray line.
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Fig. S7 Same as Fig. 4 but using an alternative historical earthquake catalog that includes the 1819
Copiapo, 1943 Illapel and 1835 Maule earthquakes. The white star in panel (e) indicates the timing
of the 1922 earthquake on the Copiapo segment.

38



Magnitude
78 8 82 84 86 88 9 92 94 96 98 10

04t @ VAIdivia 1960
=
=
O 0.2f -
O L L L L
04F D ! Maule 2010 -
> |
= |
o 02f / .
| |
0 | | 1 : I I I L L |
T T I T T T T T T T T
04FC lllapel |
> |
= |
o 0.2f -
|
0 . - | . . | | ‘
04t d ! Iquique 2014 and main aftershock -
> |
= |
o 0.2f .
0 . . . . .
78 8 82 84 86 88 9 92 94 96 98 10

Magnitude
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Fig. S9 Same as Fig. S8, but for the updated catalog (Fig. ST7).
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