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Fault size-dependent fracture energy explains
multiscale seismicity and cascading earthquakes

Alice-Agnes Gabriel*, Dmitry I. Garagash, Kadek H. Palgunadi, P. Martin Mai

INTRODUCTION: The catastrophic consequences
of large earthquakes governed by complex, multi-
fault rupture dynamics, such as the 6 February
2023 Kahramanmarag, Tiirkiye, earthquake
doublet, remind us that earthquakes cannot
be predicted or prevented but can only be pre-
pared for. The intricate mechanics of earthquakes,
however, remain poorly understood. Natural
fault zones are structurally complex systems,
comprise fractures and faults of millimeters
to hundreds of kilometers in length, and may
generate earthquakes over many orders of mag-
nitude. But the details of the earthquake energy
budget, its scaling properties, and how multiscale
fractures and faults interact dynamically remain

enigmatic.

Coseismic slip (m)

RATIONALE: Traditionally, estimates of fracture
energy, the average energy dissipated during
an earthquake, are derived from seismological
observations by using idealized earthquake mod-
els. Utilizing advanced mechanical models of
earthquake rupture propagation, we introduced
physics-based corrections for seismologically
observed fracture energy and developed ana-
lytical descriptions of three-dimensional (3D)
cracklike circular dynamic ruptures with flash-
heating friction and coseismic restrengthening
as well as bilaterally expanding kinematic pulse-
like ruptures with coseismic stress recovery. We
synthesized global seismological observations
earthquakes with physics-based corrections to
estimate the total earthquake fracture energy
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A simple explanation for earthquakes observed across all scales with implications for earthquake
nucleation and multifault rupture cascades. (Top) Supercomputing simulation of a 3D multiscale and
multifault earthquake cascade across >700 fractures in a fault damage zone redistributing stresses that may
assist or inhibit dynamic triggering of a larger earthquake on the main fault. Earthquake slip is shown on the
fractures and main fault in an “exploded” side view. (Bottom left) Linear scaling between the “small-slip”
minimum earthquake fracture energy and ruptured fault size. (Bottom right) Break in scaling of total fracture
energy with slip between the “small-slip” fault property and the continuously increasing “large-slip”
component, implying a fundamental change in the mechanics of earthquake rupture with slip.
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energy computed from 12 3D rupture simulat....
of past small repeating and large earthquakes
spanning magnitudes of 1.9 to 9.2. We found
that the dynamic weakening and typically neg-
lected restrengthening effects are important for
the energy budget of small earthquakes.

RESULTS: Our analysis reveals a linear scaling
relationship between a minimum fracture en-
ergy and ruptured fault size that is indepen-
dent of rupture propagation details. We propose
that fundamentally different fracture processes
govern small and large earthquakes. This ex-
plains the linear scaling of the minimum “small-
slip” fracture energy with ruptured fault size
and implies a fundamental break in earthquake
scaling with slip. The minimum fracture en-
ergy reflects a local fault property, which can be
explained by a well-localized near-front process
zone. By contrast, a possibly fault-invariant part
of fracture energy increases continuously with
earthquake slip and dominates at large slip.
We used supercomputing simulations to dem-
onstrate how fault size-dependent fracture
energy facilitates the complex mechanisms
driving cascading earthquake nucleation, prop-
agation, and arrest with implications for multi-
fault and multiscale earthquake sequences.
We simulated 3D dynamic earthquake rup-
ture and interaction across more than 700 par-
tially intersecting fractures in the damage zone
of a planar strike-slip fault. We unveiled large
dynamic rupture earthquake cascades involv-
ing multiscale fractures within the fault dam-
age zone, which can host ruptures spanning
four orders of moment magnitude. These mod-
els represent a paradigm shift beyond typical
physics-based earthquake models, which often
idealize fault zones as infinitesimally thin inter-
faces with separated on- versus off-fault rheol-
ogies. The resulting dynamic rupture cascades
can generate large earthquakes consisting only
of distributed, multiscale slip across the fault
zone fractures. These cascades may or may not
dynamically trigger main-fault rupture.

CONCLUSION: We offer a simple explanation
for seismicity across scales and provide insight
into earthquake genesis and multifault rup-
ture cascades. Our proposed scaling of frac-
ture energy aligns with cascading earthquake
observations and the physical mechanisms
of localization of brittle deformation before
and during earthquakes, implying a funda-
mental change in the mechanics of earth-
quake rupture with slip.
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Fault size-dependent fracture energy explains
multiscale seismicity and cascading earthquakes

Alice-Agnes Gabriel*?*, Dmitry I. Garagash®, Kadek H. Palgunadi*®, P. Martin Mai*

Earthquakes vary in size over many orders of magnitude, often rupturing in complex multifault and
multievent sequences. Despite the large number of observed earthquakes, the scaling of the earthquake
energy budget remains enigmatic. We propose that fundamentally different fracture processes

govern small and large earthquakes. We combined seismological observations with physics-based
earthquake models, finding that both dynamic weakening and restrengthening effects are non-negligible
in the energy budget of small earthquakes. We established a linear scaling relationship between
fracture energy and fault size and a break in scaling with slip. We applied this scaling using supercomputing
and unveiled large dynamic rupture earthquake cascades involving >700 multiscale fractures within

a fault damage zone. We provide a simple explanation for seismicity across all scales with implications for
comprehending earthquake genesis and multifault rupture cascades.

eismic hazard assessments are necessary

because individual earthquakes cannot

be predicted or prevented. As demonstrated

by the multifault 2023 Kahramanmaras

earthquake doublet in Tiirkiye (Z, 2), our
poor understanding of complex earthquake
dynamics has potentially catastrophic conse-
quences. Well-recorded large earthquakes and
small labquakes alike reveal a striking varia-
bility of earthquake dynamics, often including
cascading multifault and multievent earth-
quake sequences across complicated fault ge-
ometries. Despite the growing body of diverse
earthquake observations (3), fundamental ques-
tions remain unanswered, including that of the
governing driving factors of cascading dynam-
ic rupture and the interaction and apparent
self-similarity of small and large earthquakes
(4-6).

Earthquakes result from catastrophic failure
of brittle rocks under tectonic stresses, involv-
ing highly nonlinear processes across fault
structures embedded in three-dimensional (3D)
geology. Natural fault zones are multiscale
systems spanning millimeters to thousands of
kilometers in fracture and fault lengths (7-10).
Owing to their structural complexity, natural
faults and fractures may generate earthquakes
spanning many orders of magnitude (-4 < M <
9, with M being an earthquake magnitude
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(11-13). Traditionally, earthquake frictional
shear failure has been analyzed through the
lens of fracture mechanics (74, 15), governed by
scale-independent material parameters. How-
ever, a paradigm shift supported by laboratory
and field studies (16, 17) suggests a scale-
dependent nature of fracture energy challeng-
ing long-standing beliefs. Subsequently, various
scaling relations between fracture energy and
earthquake source characteristics have been
proposed (11, 18-23).

Yet, constraining the scaling of earthquake
rupture properties from observations remains
inherently challenging (12). A paucity of obser-
vations, which are sparse in both time and
space, limits our ability to measure small-scale
processes and to understand the underlying
physics of earthquakes (24). Additionally, the
dynamics of fault slip is a problem mostly un-
solvable analytically.

Simple empirical scaling relations connect
small and large faults and earthquakes occur-
ring on them with models of elliptical cracks
and linear-elastic fracture mechanics (25). Em-
pirical fault constitutive relations, i.e., friction
laws (7) informed by small-scale laboratory
experiments, are useful to describe coseismic
fault weakening that controls earthquake nu-
cleation, dynamic slip evolution, and rupture
arrest. Their parameterization, however, dif-
fers by up to several orders of magnitude when
inferred from laboratory experiments versus
observations from real earthquakes (11, 26).
This has either been explained by a scale
dependence of the structural complexity or by
coseismic frictional weakening processes (16)
of faults.

In this study, we integrate analytical and
numerical models with seismological data,
offering a unified perspective on the scaling of
earthquake dynamics. We propose that fun-
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damentally different “small-slip” and “large-
slip” fracture processes govern the physics of
small versus large earthquakes and how they
interact dynamically, as well as a break in
scaling with slip. We show that fault size-
dependent fracture energy is crucial in facili-
tating the activation of multifault ruptures
within a multiscale fault network. Our models
introduce a degree of realism beyond typical
physics-based earthquake models, which often
idealize fault zones as infinitesimally thin in-
terfaces with distinct on- versus off-fault rheo-
logies. Our proposed mechanism resembles a
dynamic cascading earthquake nucleation mod-
el (27) and aligns with the physical mechanism
of localization of brittle deformation before
and during earthquakes.

The earthquake energy budget

The energy budget of earthquake rupture (Fig. 1)
describes the dissipation of the released ener-
gy during the dynamic evolution of fault stress
with slip and the radiation of seismic waves
(28). Its components are, however, difficult to
disentangle and quantify from observations.
Specifically, their potential scale dependence
or fault-invariant character remains debated
(11, 18). During earthquake rupture, the total
strain energy release per unit of the ruptured
surface at a given point of the fault is given by
AW = (1o + 11)8/2, whereby 1, and 1, are the
initial and final shear stresses, respectively,
and 3 is the final coseismic fault slip.

The (local) total strain energy release AW can
be divided into several components forming
the earthquake energy budget (Fig. 1A) (29, 30):
&, the energy radiated by seismic waves (31);
G, the fracture energy; W, the restrengthening
work (32); and F, the frictional heat. This local
energy budget can be averaged over the entire
fault rupture area (33). The exact partitioning
between frictional heat (F = 146) and total
mechanical work (breakdown work and re-
strengthening work, G + W,) is still a matter
of debate (11). We adopt the common assump-
tion that it is marked by the minimum dy-
namic fault strength 4.

Fracture energy G balances the release of
AW with several dissipative mechanisms (Fig.
1A). If the rate at which the stored elastic
strain energy AW of the prestressed host rock
is released at the rupture front and exceeds the
fracture energy G, then faults or fractures of
any size may generate earthquakes. G represents
the entire breakdown work required to reduce
fault strength from its peak value, 1, at the
onset of slip, to a minimum dynamic strength,
14, over a critical slip distance, &, (Fig. 1A), omit-
ting the initial displacement hardening effect
(34, 35). The fracture energy per unit area can
be defined as G = J%[1(s) — 14]ds, with s being
a slip integration variable (29). Its average over
the ruptured fault area can be expressed from
the earthquake energy budget as:
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Fig. 1. The earthquake energy budget, including dynamic weakening and
restrengthening. (A) Diagram of the total, point-wise earthquake energy budget:
& is the energy radiated by seismic waves, W, is the restrengthening work, F is

the frictional heat, and G is the fracture energy often referred to as the breakdown
work. We split G into G = A8 — & and an often omitted component G* = G - G' =
(Atg — At)d — W,. The average of G' over the entire rupture area is seismologically

G=A8/2—E+ (Atg —A)d— W, (1)
~—— ~— —
G a
with Atq = 19 - 1q being the dynamic stress
drop; Ar, the static stress drop; G, the seismo-
logically inferred part of fracture energy, and
and G* =G - G.

Although fracture energy fundamentally af-
fects all aspects of the coseismic rupture pro-
cess, including the nucleation of small and
large earthquakes, radiation of potentially de-
structive seismic waves, and rupture arrest,
only a part of G in Eq. 1 (G') is potentially
inferrable from seismological observations
(11, 12, 30). G is not necessarily representative
of the physical quantity of fracture energy be-
cause other parts of G, including a multitude
of intensely debated coseismic fault weaken-
ing and restrengthening processes, remain
largely undetectable (32, 36). Using kinematic
or dynamic finite-source inversion of large
earthquakes allows estimation of the total G
(32, 37) but with considerable uncertainties.
Dynamic rupture complexity, including self-
healing slip pulses (38) and arresting cracks
(28), may lead to stress “under- or overshoot”
(36), i.e., fault stresses remaining above or
below the level expected based on the coseis-
mic slip. Although the effects of dynamically
evolving fault stress under- or overshoot are
commonly omitted when estimating G (11, 12),
we introduce G* = G - G/, which includes
stress under- or overshoot and the restrength-
ening work W, = ch [t(s) — ta]ds. Therefore,
G* is associated with the dynamic evolution
of fault stress during coseismic slip.

The seismologically estimated G’ has been
inferred to increase with earthquake slip
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(11, 12, 39). Several hypotheses have been
proposed to explain this key observation and
the general variability of G, including (i) the
effect of continuous, possibly fault-invariant,
coseismic weakening with slip on all scales,
for example, owing to thermal pressurization
of pore fluids or flash heating (17, 22, 40) and
(ii) fault properties, such as fault size, fault
maturity, fault rheology, and frictional param-
eters, or prestress heterogeneity (7, 18) that
determine fracture energy scaling. Numeri-
cal solutions for cracklike earthquake sources
without dynamic restrengthening (36) show
only small dynamic overshoot, which often
serves as justification for assuming that G =
G’ when inferring the fracture energy of small
and large earthquakes (12, 20, 29). However, G
has been estimated to be an order of magni-
tude larger than G’ (22), and non-negligible
G* is a common characteristic of more real-
istic physics-based earthquake models (41, 42),
which may substantially affect fracture energy
estimates (30).

Physics-based correction of observed
fracture energy

We developed physics-based corrections G* for
the observationally inferred fracture energy G’
from advanced analytical models of the me-
chanics of earthquake rupture propagation. Ac-
curately estimating fracture energy G is crucial
for understanding the physics of earthquakes.
However, the seismologically estimated G’ only
approximates G under the common assump-
tion that the effects of dynamic restrength-
ening and fault stress under- or overshoot
(G*) are negligible. We found that G* linearly
correlates with rupture size R, regardless of

26 July 2024

inferable. G* results from dynamic over- or undershoot. (B) Normalized G* = G - G',
the difference between the fracture energy G and its seismologically observable
portion G, as a function of the normalized stress drop At from an analytical model of
a circular cracklike dynamic rupture with flash-heating friction and coseismic fault
restrengthening. The beige curves depict the components of G* = (Atg — At)8 - W,
corresponding to the dynamic stress undershoot and restrengthening, respectively.

rupture propagation specifics. G* becomes par-
ticularly important for earthquakes character-
ized by small stress drops.

To reconcile seismological observations with
earthquake physics, we first explicitly quanti-
fied G* using a model of a circular cracklike
dynamic rupture with flash-heating friction
(fig. S1) and coseismic fault restrengthening
(figs. S2 and S3). We then confirmed the non-
negligible contribution of coseismic restrength-
ening and stress under- or overshoot (36) to
the fracture energy of earthquakes with a mod-
el of a bilaterally expanding kinematic pulse-
like rupture with coseismic stress recovery in
the wake of the pulse.

Analytical models

Earthquake rupture, whether cracklike or pulse-
like, driven by rate-dependent friction (41, 43)
or thermal pressurization (41, 44-46), leads
to fault stress recovery. This contributes to
dynamic stress undershoot during earthquake
rupture and challenges the assumption that
G* is negligible, thereby adversely affecting the
accuracy of estimating G. Deriving an analyt-
ical description of a circular cracklike dynamic
rupture of size R, driven by rapid flash-heating
frictional weakening at high slip velocity (fig.
S1) (41, 47, 48), we approximated dynamic earth-
quake rupture as a self-similar singular Kostrov
solution (28) and account for time-varying
rupture speed and stress drop. At high slip
velocity (V' » Vy,, with V5, being the critical
weakening slip velocity) and for sufficiently
large coseismic slip (8 » L, with L being the
state evolution slip distance), we defined two
separate scales to characterize cracklike dy-
namic rupture (14, 49, 50):
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(i) The tip of the rupture: The near-front
process zone experiences strength degradation
from a peak value, t,,, precipitated by the direct
friction effect ahead of the advancing rupture
front. The dynamic fault strength then transi-
tions to a fully weakened steady state, s = Ty,
during slip comparable to L. These near-tip
processes can be approximated by a rupture
front speed (v,)-dependent crack-tip singular-
ity defined by the fracture energy of the break-
down process in the near-front process zone,
Ge(vy) » [Tp('vr) - TwlL.

(ii) The body (or tail) of the rupture: Away
from the rupture front, the fault strength re-
mains approximately at steady state, 1.(V), and
thus recovers as the slip rate V(r, ) decreases
with distance from the rupture front.

‘We build on the approach of (50), which was
developed to study cracklike 1D rupture on a
fault with classical (non-flash-heating) rate-
and state-dependent friction. We outline our
adaptation to 3D circular cracks driven by flash-
heating in (51). Figure S2 illustrates how this
model describes the spatial distribution of the
normalized coseismic restrengthening.

By analyzing the stress distribution and slip
history during rupture, we derived analytical
expressions for G* and its components (Fig. 1B
and fig. S3) (5I). We found that we can express
the average G* solely in terms of rupture size R, as

G* = 0.4393 x 1,.R (2)

with

Vi

T = (TLV - Tw)v—r7
where the dynamic stress prefactor 1. is cal-
culated from the flash-heating breakdown
strength (try — 1y ). Here, 11y is the low-velocity
steady-state dynamic stress (fig. S1). The factor
0.4393 is exact and emerges from the analyt-
ically modeled stress and slip distributions
of a circular crack driven by flash-heating fric-
tional weakening at the dynamic rupture front
and accounting for restrengthening in its body.
In this analytic framework, our derivation does
not rely on a single fixed set of frictional stress
properties. In Eq. 2, only the prefactor t, is
affected by how we parameterize the analyt-
ical model. Although rupture size R varies over
many orders of magnitude, the changes in the
dynamic stress prefactor t.due to different
model parameters are minor in comparison.
The linear scaling of G* with R is not spe-
cific to our analytical model of a flash-heating
cracklike dynamic rupture. We derived a com-
parable quasilinear scaling of G* with R for a
kinematic pulselike analytical model (51). This
generalization is particularly notable, given
the fundamentally different spatiotemporal
modes of rupture development assumed in
the respective models. During cracklike rup-
ture, the fault slips continuously over the entire
ruptured area, and the slip continues through-
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out the rupture duration until arrest fronts ar-
rive from the terminal edges of the rupture (52).
By contrast, in a pulselike rupture (53), frictional
strength weakens only transiently, and the rup-
ture front is closely followed by a healing front,
which leads to slip occurring only over a small
portion of the fault at any given point in time
during rupture propagation (38).

In the pulselike model, our proposal that dy-
namic undershoot scales linearly with rupture
size, a central aspect of our proposed scaling of
G*,is based on how stress recovers in the wake
of a pulselike rupture. In our cracklike model, an
analytical description of friction is necessary to
describe how stress recovers behind the tip
(figs. S2 and S3). By contrast, in the wake of a
pulselike rupture in which the slip has stopped
and the fault is relocked, we rely only on elas-
ticity to describe stress recovery, irrespective of
the specific physical processes driving the pulse.

Both analytic models are necessarily simpli-
fied representations of earthquake rupture.
For example, they assume a constant prestress,
in contrast to the heterogeneous prestress state
that will govern the 3D dynamic rupture frac-
ture network simulations in the section titled
“Multifault earthquake cascades in 3D dynamic
rupture simulations with fault size-dependent
fracture energy.”

Stress-drop dependence

By considering the dynamic contributions of
coseismic restrengthening and stress under-
or overshoot effects, we show that in contrast
to common assumptions, G* does play a sub-
stantial role in the earthquake energy budget.
In Eq. 2, which expresses G* in terms of
source size R, G* is independent of the aver-
age coseismic stress drop At. G* is also inde-
pendent of rupture propagation details, as
demonstrated in an alternative expression (51)
of G* in terms of average stress drop At and
average slip (8) across the rupture radius R:
2

A
G* = 0.6589 x —= (3). (3)
At

Quantitatively comparing G* to the positive
portion of G, which is the average of %A‘Eﬁ
(Eq. 1), we see that G* is negligible for large-
stress drop events but becomes important and
even dominant for earthquakes with stress
drops comparable to or smaller than the re-
strengthening scale At,~,/ut, (Fig. 1B). We
fixed neither the stress drop nor the under-
shoot in our analysis, allowing us to infer that
G* constitutes a significant portion of G if the
stress drop is smaller than or similar to the
restrengthening scale At,.. We estimate that
1, = 800 Pa and that the critical A1, = 5 MPa
for a plausible model parametrization (51).

Linearly scale-dependent fracture energy

We derived a simple linear scaling relation-
ship between fracture energy and fault size
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and a break in scaling with slip (Fig. 2). We
utilized the physics-based estimate of G*
(Eq. 2) to determine the total fracture energy
G = G' + G*, corrected for coseismic rapid
dynamic weakening and restrengthening, from
seismologically inferred G’ observations of small
earthquakes (22). Unlike for G/, no correction
was applied to total fracture energy G esti-
mates of large earthquakes (22, 32). We added
measures of G from 12 data-constrained real-
istic 3D rupture simulations of past small and
large well-recorded earthquakes spanning mo-
ment magnitudes (M,,) of 1.9 to 9.2 (table S1)
(51). These included the 2023 M, 7.8 and 7.7
Kahramanmaras, Tirkiye, and the 2019 M, 6.4
and 7.1 Ridgecrest, California, earthquake se-
quences (I, 54); the 2017 M,, 5.5 Pohang, South
Korea, induced earthquake (55); the 2016 M,
6.2 Amatrice, Italy, normal faulting (56); the
2019 M., 7.5 Palu, Sulawesi, supershear (57); the
1992 M, 7.1 Landers, California, multisegment
(58); the 2016 M,, 7.8 Kaikoura, New Zealand,
mixed faulting (59); and the large 2004 M,
9.2 Sumatra megathrust (60) earthquakes, as
well as models of smaller repeating earthquakes,
such as the M,, 1.9 San Andreas Fault repeat-
ing sequence in Parkfield, California, (67) and
the M, 4.8 Kamaishi, Japan, (62, 63) repeating
sequence.

We found an evident steady increase in frac-
ture energy with ruptured fault size (Fig. 2A),
consistent with the scaling of G* that we es-
tablished, but not with fault slip (Fig. 2B). This
scaling contradicts previous inferences of frac-
ture energy G rising with both earthquake slip
and earthquake size across all scales, such as
in the uncorrected inferences of G’ (gray sym-
bols, Fig. 2).

To explain this scaling behavior, we pro-
posed that the total fracture energy G com-
prises two independent and equally important
components: (i) G.(R), a “small-slip” minimum
fracture energy that is a fault property linked
to the ruptured fault size R and that domi-
nates faulting at small-slip scales, and (ii) AG
(8), a “large-slip” and possibly fault-invariant
part of fracture energy that increases contin-
uously with coseismic slip 9, as

G = Ge(R) + AG(3). (4)

Thermal pressurization leads to continuous
weakening on all slip scales (20). The effect
of such enhanced, continuing weakening is
included in this decomposition of fracture en-
ergy as AG(8). However, the corrected fracture
energy exceeds the prediction of a continued
slip-weakening model (22), G > AG(3). For
smaller earthquakes, our proposed correction
G*(R) dominates the seismological G’ esti-
mates. There are exceptions, particularly for
earthquakes with larger estimated G, such
as the Friuli, Italy, sequence, where total frac-
ture energy G and G’ are more comparable
(blue open triangles, Fig. 2A).
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Fig. 2. Linearly scale-dependent fracture energy composed of a “small-
slip” fault property and a continuously increasing “large-slip” component.
(A) Fracture energy G versus ruptured fault size R for small and large crustal
earthquakes and subduction zone earthquakes (colored symbols) (fig. S4).
Small crustal earthquakes (colored open symbols) include our physics-based
correction G* of the observationally inferred G' (gray open symbols) (22).

For larger crustal and subduction zone earthquakes, fracture energy G can be
estimated directly, and we show (total) G (32) and Gyax (22) as colored

filled symbols. The pink-filled diamonds and black circles are (total) G calculated
from data-constrained 3D earthquake simulations of past well-recorded

Challenging the common assumption that
G = @ allowed us to accurately estimate a
scaling of the minimum G, G,, with ruptured
fault size R. We propose that G.(R) is a local
fault property, which can be explained by a
well-localized near-front process zone and
depends on fault size [supplementary mate-
rials section “Scaling of state evolution slip
distance with fault size” (61)]. This minimum
fracture energy G.(R) emerges as a simple linear
function of ruptured fault size (Fig. 2A), with

Ge(R) = 400 Pa x R. (5)

Earthquakes with fracture energy above this
lower bound may have experienced additional
weakening or represent partial ruptures. We
assumed in our analysis that the observed
ruptured fault size R is representative of the
full fault size, i.e., that a representative subset
of the data corresponds to earthquakes that
have ruptured nearly the entire area of their
corresponding faults.

We found a clear break in the scaling of the
total fracture energy G with coseismic slip &
(Fig. 2B) at a cross-over slip of & ~ 0.01 m. For
large earthquakes, continuous weakening de-
scribed by the large-slip fracture energy, G =
AG(3), becomes dominant over the small-slip
fault property G.(R). This break in scaling is
not an artifact of specific datasets or specific
seismological techniques (fig. S4). This result
quantifies a testable threshold in coseismic
slip beyond which the mechanics of earth-
quake rupture fundamentally change, which
signifies a tangible and measurable shift in
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the fracture energy and mechanical behavior
of faults.

Our findings reflect fracture energy as both
a fault property and as fault invariant, which
are not mutually exclusive but can be recon-
ciled by earthquakes driven by different weak-
ening mechanisms, with distinctive scaling
behavior activated at different levels of co-
seismic slip governed by fracture energy
decomposition (Eq. 4). Although we do not
anticipate regional and methodological dif-
ferences in seismological source estimates to
bias the observed scaling break (fig. S5), we
acknowledge substantial uncertainties in mea-
surements of earthquake source parameters
[supplementary materials section “Methods
to infer fracture energy for small and large
earthquakes” (5I)]. We demonstrate the ro-
bustness of our scaling (fig. S6) with varying
dynamic prefactors in the linear relationship
for G* and show that the value of the cross-
over slip, demarcating the transition of small
earthquakes dominated by the small-slip frac-
ture energy G(R) from large earthquakes dom-
inated by the large-slip fracture energy AG(5),
varies by a factor of approximately three when
1, changes by a factor of two.

Multifault earthquake cascades in 3D
dynamic rupture simulations with fault
size—-dependent fracture energy

Including our simple linear scaling of the min-
imum fracture energy with fault size, G(R)
(Eq. 5), allowed us to model cascading earth-
quakes occurring over a multiscale fracture

26 July 2024
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earthquakes spanning M,, 1.9 to 9.2 (table S1). The blue line marks the minimum
fracture energy G.(R) = 359.5205 Pa x R = 400 Pa x R, which we term
“small-slip” fracture energy. (B) The same as (A) but G plotted versus coseismic
slip &. The blue line represents the constant stress-drop scaling of the small-slip
fracture energy with slip, G. = 3.3 MPa x §, assuming At = 5 MPa (51). The
red line shows the theoretically predicted fracture energy increase due to
thermal pressurization with coseismic slip (22), which we call “large-slip” fracture
energy. The gray line marks the break in scale at a cross-over slip of =0.01 m,
where both the small-slip and large-slip contributions to fracture energy are
comparable. See also figs. S4 and S5.

network and interacting with an embedded
main fault (Fig. 3 and fig. S6). Leveraging high-
performance computing (at a total cost of
~3.6 million core hours; table S3) enabled us to
show that fault size-dependent fracture energy
is crucial in facilitating the complex mechanisms
driving cascading earthquake nucleation, prop-
agation, and arrest, with implications for multi-
fault earthquake sequences (54). The resulting
dynamic rupture cascades are capable of gener-
ating large earthquakes, consisting of distributed
slip across the fault zone that can dynamically
trigger main-fault earthquakes.

Dynamic rupture modeling may involve vary-
ing characteristic slip distances across differ-
ent fault or stress heterogeneity scales (19, 21)
to capture rupture growth. We explicitly mod-
eled dynamic earthquake rupture and interac-
tion across 721 multiscale, partially intersecting
fractures and an embedded planar strike-slip
fault that can host ruptures spanning four
orders of moment magnitudes (M, = 2 to 6). In
our 3D simulations, earthquake rupture dy-
namics and the cascading potential to dynam-
ically branch or “jump” multiple fractures
and faults are largely controlled by the scale-
dependent G.(R) and by the dynamic stress
drop relative to the maximum dynamic strength
reduction, the relative prestress ratio R (fig. S7)
(51). We introduce a fracture scale-dependent
state evolution slip distance (41), L, directly in-
formed by the scale dependence of the minimum
fracture energy G.(R) (supplementary mate-
rials section “Scaling of state evolution slip
distance with fault size,” Eq. 31).
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A Case 1: main fault rupture activates

off-fault fracture slip

Slip [m]

B Case 2: cascading multi-fault rupture
across multi-scale fracture network

Slip [m]

C Case 3: cascading rupture across multi-
scale fractures activates main fault slip % 0 % W

Slip [m]

Fig. 3. 3D dynamic rupture simulations. Simulations in a multiscale
fracture network with linearly size-dependent fracture energy demonstrate
multifault “earthquake cascades” in a fault damage zone interacting with an
embedded planar right-lateral strike-slip main fault. We present three
simulations with varying ambient prestress conditions. Slip is shown on the
fractures and main fault in an “exploded” side view, where interfracture horizontal
distances are scaled by a factor of 3.5, and in an unscaled side view. The final
slip rake angle of all ruptured fractures of the network or main fault is displayed.

The prestress state is highly heterogeneous
(fig. S7) across the different scales of the frac-
ture network: The local prestress conditions
for each fracture and the main fault are mod-
ulated by their geometry and orientation within
the variable ambient stress field. Two fracture

Gabriel et al., Science 385, eadj9587 (2024)

Slip rake (degrees) in map-view:

also Movie 3.

families form an average angle of 100° to each
other and angles of 25° and -65° with respect to
the main fault’s strike (fig. S6). The orientations
of both fracture families vary statistically within
+10° in strike and dip, thereby introducing ad-
ditional prestress heterogeneity. The assumed
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Relative prestress ratio R
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Stereoplots show the fault or fracture-local relative prestress ratio (R, which
is the ratio of the maximum possible stress drop and frictional strength drop
in a lower hemisphere projection). (A) Case 1. Main fault dynamic rupture
dynamically activates off-fault fracture network slip (M,, = 5.96). See also
Movie 1. (B) Case 2: Cascading rupture sustained within the fracture network
(M, = 5.64). See also Movie 2. (C) Case 3: Multifracture dynamic rupture
cascade dynamically activating main fault slip after 2.1 s (M,, = 6.00). See

effective normal stress is depth dependent. For
a detailed analysis with a different, listric thrust
fault geometry, we refer to (64).

‘We show three cases (Fig. 3), all initiating dy-
namic rupture at the same hypocenter but vary-
ing in their prestress conditions and orientation
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of the maximum ambient horizontal stress
(SHmax) relative to the fractures and the main
fault (fig. S7). This results in distinctly dif-
ferent rupture dynamics, and hence, variations
in kinematics and overall earthquake slip pat-
terns, but comparable moment magnitudes.
Stereoplots (Fig. 3) show more or less optimally
oriented fractures and the main fault orienta-
tion with respect to the maximum compressive
ambient stress Symax (fig. S6). The resulting
equivalent point-source focal mechanism dem-
onstrates the apparent far-field source mecha-
nisms in comparison to the orientation of both
fracture families and the main fault.

In the first case, fractures were predomi-
nantly unfavorably prestressed, leading to dy-
namic rupture primarily breaking the main
fault and inducing off-fault fracture slip, which
resembled asymmetric deformation patterns
in nature and theoretical models (8, 65-67)
(Fig. 3A). Fractures were unfavorably prestressed
(R < 0.3), yet 328 out of 721 fractures slipped
predominantly at the respective dilatational
sides of the main fault (Movie 1; fig. S12, A and
D to F; and movie S1).

By contrast, the second case, with both the
fracture network and the main fault more op-
timally oriented, facilitated a sustained rup-
ture cascade, branching and jumping across
482 discrete fractures without triggering sus-
tained slip on the main fault (Fig. 3B, Movie 2,
and movie S2). The cascade took the form of
a dynamic rupture pulse (38), with a band of
fractures actively slipping at any point in time.
This multifault dynamic rupture was sustained
entirely within a 3D fracture network, gen-
erating a sizable earthquake cascade with-
out activating a main fault. In this case, the
fractures and the main fault were more opti-
mally prestressed (0.6 < R < 0.8) owing to a
different orientation of S,y Whereas all other
model parameters remained the same as in
the first case. Slip across the fracture network
was determined by intricate interactions of
zigzagging rupture fronts and variations in
static and dynamic stresses. Coulomb-stress
changes due to the evolving slip in the fracture
network and dynamic shear and normal stresses
transported by seismic waves were jointly driv-
ing the dynamic rupture cascade. The far-field
source mechanism was strike-slip but was mis-
aligned with the main fault orientation. The
band of actively slipping fractures had a simi-
lar apparent pulse width as the largest fracture
in the network (=500 m). The cascade rise
time, the duration of slip at a given hypocen-
tral distance within the fault zone, was short
compared with the overall rupture duration of
the cascade (~10%) at all azimuths (fig. S12, B,
D, E, and G).

In the third case, with closer-to-critical pre-
stress conditions on the fractures and the main
fault, the earthquake cascade dynamically trig-
gered the main fault after 2.1 s, resulting in a
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Movie 1. Evolution of absolute slip rate (meters per second) for the dynamic rupture simulation case 1

(Fig. 3A) in exploded view.

Time: 1.00 s
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Movie 2. Evolution of absolute slip rate (meters per second) for the dynamic rupture simulation case 2

(Fig. 3B) in exploded view.

compound event with delayed main fault rup-
ture (Fig. 3C, Movie 3, and movie S3). Fractures
and the main fault were critically prestressed
(0.8 <R = 0.95) owing to a larger magnitude of
‘R, whereas all other model parameters were
the same as in the second case. The dynamic
rupture cascade in the fault damage zone
contributed 42% of the total seismic moment
release (Fig. S12, C to E and H).

Cases 4 to 14 explore the effects of scale-
dependent or constant small and large frac-
ture energy, varying prestress conditions, and
frictional parameters on the cascading rup-

26 July 2024

ture dynamics, as well as a comparison to weak-
ening because of thermal pressurization (figs.
S8 to S10 and S13 to S14 and movies S4 to
14) (51). For example, the fourth case (fig. SSA)
demonstrates the importance of assuming fault
size-dependent fracture energy. Assuming uni-
formly large G, values for all fractures and the
main fault leads to main-fault slip but fails to
activate smaller multifracture ruptures.
Despite the complexity of the multifault
earthquake cascades in our 3D dynamic rup-
ture simulations, the resulting dynamic evolu-
tion of G, aligns with our proposed scaling
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Movie 3. Evolution of absolute slip rate (meters per second) for the dynamic rupture simulation case 3

(Fig. 3C) in exploded view.

with R (fig. S11). The consistency of our pro-
posed linear scaling across two simplified
analytical models and a range of complex
dynamic simulations underscores the robust-
ness of our proposed scaling mechanism.

The macroscopic kinematics of the dynamic
rupture cascades (fig. S12) highlight distinct,
potentially observable features: slow apparent
cascading rupture speed (~0.65¢;, with ¢, being
the S-wave speed) (fig. S12B) despite localized
occurrences of supershear rupture speeds, short
rise times (fig. S12C), multipeak moment rate
release corresponding to multiple subevents
of cascading fracture network slip (fig. S12D),
and realistic high-frequency seismic radiation
and realistic average stress drops, which are
elevated for cascading dynamic ruptures (fig.
S12, E to H).

Further analysis is required to better under-
stand the interplay of our proposed scaling
with additional types of stress heterogeneity,
such as scale-dependent initial stress (I18),
or process-dependent dissipative processes,
such as off-fault plasticity (68), in influenc-
ing rupture cascading and earthquake nucle-
ation processes. During the modeled rupture
cascades, coseismic stress transfer plays a
crucial role, either reducing or augmenting
local stresses of adjacent fault segments dy-
namically and statically. Capturing other
forms of stress heterogeneity, such as those
emerging from earthquake sequences or aseis-
mic slip, may necessitate 3D earthquake cycle
simulations that incorporate spontaneous
(aseismic) nucleation conjointly with dynam-
ic rupture (69—71), which are, however, meth-
odologically and computationally challenging
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at the same level of geometric and frictional
complexity (72).

Discussion and conclusions

Fracture energy, the average energy dissipated
during an earthquake, is commonly inferred
from seismological observations by using ideal-
ized rupture models. Thus, the implications of
our fault size-dependent fracture energy mod-
el extend beyond theoretical analyses. Our
models add to data-consistent and physics-
grounded explanations for why the dynamics
of earthquakes often involve the activation of
interconnected multifault systems spanning a
variety of spatial scales (e.g., the 1992 Landers,
California; 2016 Kaikoura, New Zealand; and
2023 Kahramanmaras, Tiirkiye, earthquakes).
The 2019 Ridgecrest earthquake sequence is a
case in point, rupturing a conjugate multiscale
fault system (3) comprising northeastern and
northwestern trending high-angle strike-slip
faults. Our scaling supports the mechanical
viability of composite earthquake ruptures
occurring as cascades over networks of faults
of diverse sizes. Our analytical models show
that statically strong but dynamically weak
faults may drive multifault rupture cascades.
In addition, our 3D dynamic rupture cascade
simulations highlight the importance of dy-
namic and static stress transfers between
variably oriented fault segments.

Our model provides an intuitive explanation
for earthquakes observed across all scales, in-
cluding potential seismicity occurring entirely
off of main faults, such as within subsidiary
fracture networks within the damage zone.
High-resolution optical satellite image corre-
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lation has confirmed the importance of dis-
tributed faulting and diffuse deformation,
accounting for up to 50% of coseismic surface
displacement (73). This aligns with the off-
fault versus main-fault slip partitioning in our
model of a multifracture rupture cascade dy-
namically triggering a main fault (Fig. 3C and
Movie 3). The diverse slip directions observed
in off-fault fractures (Fig. 4A) may not be ex-
plained by background or static stress changes
alone (74) and resemble the variability of rake
directions in our dynamic fracture network
cascades (Fig. 4, B and C). Our hypothesis may
also shed light on the intriguing observation
that far-field focal mechanisms of large earth-
quakes can be misaligned with their main
fault plane (75) as well as with the focal mech-
anisms of “volumetric” aftershocks (76). Such
misalignments may be attributed to cascad-
ing fault zone ruptures driven by fault size-
dependent fracture energy. Even on smaller
scales, such as during the 2016 to 2019 Cahuilla
earthquake swarm (77), volumetric seismicity
is complex, potentially indicating multifracture
network rupture phenomena. Some previous
explanations for the scaling of observed frac-
ture energy fail to account for small earthquakes
because faults smaller than the nucleation size
R, are theoretically unable to nucleate dynamic
rupture. For example, we derive that R, ~ 31 m
for the continuous coseismic weakening mod-
el under thermal pressurization (red line, Fig.
2B) (22, 51). Assuming a plausible stress drop
of 10 MPa and homogeneous parameters, the
thermal pressurization model fails to explain
the seismogenesis of earthquakes smaller than
My, = 2.

Our findings have implications for the me-
chanics of natural fault systems and the earth-
quake cycle. We suggest that the redistribution
of stresses by cascading ruptures in off-fault
fracture networks may assist or inhibit the
nucleation of larger events and account for
dynamic variations in fault strength and stress,
even when the main fault is weak, such as in
subduction zones (78). A cascading multifrac-
ture earthquake rupture initiation model (Fig.
4D) may include cascading compound off-
fault seismicity driven by fault size-dependent
minimum fracture energy G. within a frac-
ture or fault network leading to the nuclea-
tion of a large earthquake. This mechanism
shares similarities with the classical “cascade”
nucleation model (27). However, in distinction
to established earthquake nucleation models
(79), our volumetric dynamic rupture cascades
are dynamically driven and may initiate earth-
quakes with or without sustained rupture of a
main fault.

The physical mechanisms behind our pro-
posed simple linear scaling of the “small-slip”
fracture energy with fault size present an in-
triguing topic for further investigation. Fault
cores of large faults are embedded in fault
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Fig. 4. Rupture maps and model output. (A) Map of coseismically activated off-
fault fractures based on interferometric synthetic aperture radar (InNSAR) data for the
2019 Ridgecrest earthquake sequence [adapted from (74)]. Black lines denote the

main rupture trace and surface fractures that are not predominantly strike-slip. Red
lines mark right lateral, and blue lines mark left lateral strike-slip motion. (B) Map view
showing the variable rake across the complete fracture network in our 3D dynamic
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Damage zone Fault core
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ultracataclastic gouge

Fig. 5. Fault zones. (A) Geological map of the Caleta Coloso fault, showing a =400-m-
thick fault core with =1-m-thick ultracataclastic gouge strands and a =200-m-thick
fault damage zone abating the fault core and hosting subsidiary faults and fractures
[adapted from (8)]. (B) The ultracataclastic gouge zone of the San Andreas Fault
intersected by the San Andreas Fault Observatory at Depth (SAFOD) wellbore, a principal
slip zone with evidence of interseismically delocalized slip [adapted from (92)]. Black

damage zones that include subsidiary faults,
enclosed lenses of highly fractured material,
and distributed macrofractures (Fig. 5A). Within
the fault core, strain is accommodated within
one or several principal slip zones of highly com-
minuted, ultracataclastic gouge of centimeter-

~117°48' -117°3¢6' -117°2¢4'

C cross-section at hypocentral depth
(2.5 km)

Dynamic rupture
cascade governed by

Fault structural unit thickness (m)

? 5 June ‘07

to-meter thickness and may coseismically localize
to a submilimeter “slip surface” (9, 10, 80, 8I).
For example, deformation across the San Andreas
Fault is distributed over the entire intersected
gouge layer thickness of ~1.5 m (Fig. 5B). This
structural complexity is reduced for smaller
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rupture model after the rupture cascade dynamically triggers a main fault

(Fig. 3C). (C) A horizontal cross section of (B) at a depth of 2.5 km to align with
surface observations in (A). (D) lllustration of a multifault cascade earthquake
initiation model modified from (27). Nucleation of a large earthquake by an
off-fault dynamic rupture cascade within a fracture network driven by fault size-
dependent minimum fracture energy G.
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lines represent the radial deformation of the wellbore casing at various azimuthal
directions along its circumference. (C) Approximately linear scaling of the thicknesses of
the total fault zone FZ and principal slip zone PSZ with total fault displacement D.

We show the thicknesses of FZ (black squares) and PSZ (FC, black triangles;
ultracataclastic gouge, red triangles) for six faults of varying size from (8) as well as
a larger compilation of FZ (gray squares) from (9) and FC (gray triangles) from (93, 94).

faults where a single fault core is embedded in
a thin fault damage zone (8, 9). We compiled
observations that suggest that the thickness
of fault zones (FZs) and principal slip zones
(PSZs) both scale approximately linearly
with total fault displacement D as FZ ~ D and
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PSZ ~ 107D (Fig. 5C). The PSZ is here defined as
an ultracataclastic gouge layer within the fault
core (FC) of large faults or as the entire fault
core for smaller, more immature faults. Both
scaling relations saturate when faults exceed
D = 100 m (PSZ) and D = 300 m (FZ). The em-
pirical scaling relation D ~ 1072L; (7), where L;
is the fault length, suggests equivalent scaling
relationships as FZ ~ 10"2L; and PSZ ~ 10 L.

Localization of brittle deformation before
and during earthquakes is highlighted in lab-
oratory experiments, theoretical models, and
statistical analyses of seismicity (20, 82—86). In
the context of localization, the “small-slip”
minimum fracture energy G. may be inter-
preted as the fracture energy of a coseismic
localization process. In this case, we expect
that G, scales with the thickness of the fault’s
principal slip zone (Fig. 5), which itself scales
with total fault displacement and fault length.
Thereby, localization offers a physical mecha-
nism explaining the onset of flash-heating
weakening related to the dramatic colocali-
zation drop of fault strength informing G..
Subsequent postlocalization slip may favor
more efficient pore fluid thermal pressuriza-
tion (20, 22), leading to continuing weakening
with slip (Fig. 2B) in the “tail” of the earth-
quake rupture (87). Thus, this process can also
explain the emergence of the second, “large-
slip” term AG(d) in our fracture energy decom-
position (Eq. 4) that is not confined to the
rupture “tip” or “body.”

Our fault size-dependent fracture energy
model offers an intuitive and comprehensive
framework for understanding the complexity
of earthquakes across different scales. By
acknowledging that distinct “small-slip” and
“large-slip” fracture energy components gov-
ern earthquake dynamics, we provide new
insights into the mechanisms driving earth-
quake nucleation, propagation, and cascading
in natural fault zones. In an era in which
seismology is increasingly “data rich,” the
community often remains “model poor,” marked
by a scarcity of mechanically consistent theo-
retical frameworks for understanding earth-
quake mechanics across scales. Our model is
a crucial step toward bridging this gap, en-
hancing theoretical capabilities for under-
standing and thus potentially forecasting
earthquake dynamics.

Materials and methods summary

We derived an expression for G* = G - G’ using
an analytical model for circular cracklike dy-
namic rupture driven by flash-heating friction
and accounting for coseismic fault restrength-
ening. We considered a 3D cracklike circular
dynamic rupture on a fault with rate- and
state-dependent, flash-heating friction (20, 41).
Next, we derived an analytical model for a
bilaterally expanding kinematic pulselike rup-
ture based on general stress recovery princi-
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ples in the wake of slip pulses. Both models
establish a quasilinear scaling of dynamic
undershoot with rupture size, which is a cen-
tral aspect of our linear scaling of G* with
ruptured fault size. We compiled fracture en-
ergy and related earthquake source quantities,
such as average slip and ruptured fault size,
for five different data sets: (i) small earth-
quakes, (ii) large crustal earthquakes, (iii) large
subduction zone earthquakes, (iv) 3D dynamic
rupture models of well-recorded earthquakes,
and (v) 3D dynamic and quasidynamic models
of repeating earthquakes. We discuss chal-
lenges in estimating these earthquake source
parameters. We used 3D dynamic rupture sim-
ulations and scale-dependent fracture energy
to demonstrate the dynamic interactions of
coseismic, cascading slip across a major fault
interacting with a fracture network in its dam-
age zone. We used supercomputing to apply our
proposed scaling and unveil large earthquake
cascades involving more than 700 multiscale
fractures within a fault damage zone capable
of dynamically triggering a main fault. We
show a total of 14 3D dynamic rupture simu-
lations across the same fault-fracture network
system geometry. For details, see the supple-
mentary materials (51).
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earthquake rupture scenarios of well-recorded real earthquakes is
provided in our table S1. We use the commercial software FracMan
Version 7.8 to generate the fracture network. The version of
SeisSol used for the dynamic rupture models in Sec. ‘Multi-fault
earthquake cascades in 3D dynamic rupture simulations with fault-
size-dependent fracture energy’ is described in https://seissol.
readthedocs.io/en/latest/fault-tagging.html#using-more-than-189-
dynamic-rupture-tags with commit version 917250fd and from
the branch SeisSol64FractureNetwork (https://github.com/
palgunadil993/SeisSol/tree/SeisSol64FractureNetwork).

For the comparison to fault weakening due to thermal
pressurization (case 14), we used SeisSol branch fancy-Isw.

We used a patched version of the open-source meshing

Gabriel et al., Science 385, eadj9587 (2024

software PUMGen, which can be cloned from the GitHub

branch PUMGenFaceldentification64bit (https://github.com/
palgunadil993/PUMGen/tree/PUMGenFaceldentification64bit).
Instructions for downloading, installing, and running SeisSol are
available in SeisSol's online documentation at https://seissol.
readthedocs.io/. Instructions for compiling SeisSol are available at
https://seissol.readthedocs.io/en/latest/compiling-seissol.html.
Instructions for setting up and running simulations are available at
https://seissol.readthedocs.io/en/latest/configuration.html. All
input and mesh files are available in the Zenodo repository (91).
License information: Copyright © 2024 the authors, some rights
reserved; exclusive licensee American Association for the
Advancement of Science. No claim to original US government
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