This is a non-peer reviewed preprint submitted to EarthArXiv

Transient stress evolution of the long-term slow slip
cycle initiates the 2014 M, 7.3 Guerrero earthquake

Duo Li'* and Alice-Agnes Gabriel*!

'Department of Earth and Environmental Sciences, Ludwig-Maximilians-Universitat Miinchen, Munich, Germany
2Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, University of California San
Diego, La Jolla, USA

“dli@geophysik.uni-muenchen.de

ABSTRACT

Transients of aseismic fault slip, slow-slip events (SSEs), have been observed in spatial and temporal
proximity to the initiation of megathrust earthquakes. However, the underlying physics potentially
connecting a preceding SSE to earthquake rupture remains to be determined. Here, we link 3D
observation-driven slow-slip cycle models with dynamic rupture simulations of the 2014 M,,7.3 Guerrero,
Mexico earthquake across the geometrically complex flat-slab Cocos plate. Our physics-based models
reproduce key regional geodetic and teleseismic observations on timescales ranging from decades to
seconds. We find that accelerating SSE fronts transiently increase shear stress at the down-dip end of
the seismogenic portion of the megathrust. The stresses cast by the 2014 M,, 7.6 SSE are significantly
larger than those during the three previous episodic SSEs, and can dynamically initiate earthquake
rupture. We show that in addition to the transient stresses caused by SSEs, megathrust asperities
explain the observed complexities in the coseismic energy release and static surface displacements. We
conclude that it is crucial to jointly analyze the long- and short-term interactions of SSEs and megathrust
earthquakes across several (a)seismic cycles. Our study has important implications for identifying

earthquake precursors and understanding megathrust faulting processes.
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1 Introduction

Transient quasi-static fault deformation, slow-slip events (SSEs), or silent earthquakes have been observed
at convergent plate boundaries' and at large continental faults, e.g., the San Andreas fault®’. SSEs
may be accompanied by low-frequency seismic radiation, including non-volcanic tremors (NVTs), low-
frequency earthquakes (LFEs), and very-low-frequency earthquakes (VLFEs)®°. SSEs usually slip 10-100
times faster than the tectonic loading and last from days to years at depths close to the brittle-ductile
transition'**>. The physical mechanisms underlying SSEs and their interaction with earthquakes are
debated'”: The spatial viability of both fast and slow earthquakes on plate-boundary faults has been

11-15

attributed to several factors, including structural and material heterogeneity , rheological variability

with depth!®!7 and fluid migration within oceanic sedimentary layers'®1°.

The kinematic migration patterns of off-shore aseismic slip are often challenging to constrain due to
the lack of dense geodetic observations. Sequences of foreshocks and migrating seismicity before large
events such as the 2011 Tohoku-Oki earthquake have been interpreted as proxies for aseismic fault slip
and as potential long-term precursory signals of megathrust earthquake nucleation processes>". Other
observations of possible precursory signals include the acceleration of a My, 6.5 slow slip event that was

recorded by the land-based GPS stations eight months before the 2014 My, 8.1 North Chile earthquake?'.

Whether transient slow slip can serve as a universal precursor of eminent megathrust earthquake
initiation is essential for seismic and tsunami hazard assessments in metropolitan margins'%2>-2*, However,
the spatial and temporal interactions between slow and fast earthquakes, specifically the potential of slow-
slip triggering megathrust earthquakes, remain enigmatic. Due to the observational challenges associated
with the large variability of space and time scales, physics-based models are indispensable to illuminate

the physics and in-situ fault properties rendering SSE triggering of large earthquakes plausible.

On April 18, 2014, a M,, 7.3 megathrust earthquake struck the coast of Mexico at the western edge
of the Guerrero Gap, which had experienced no significant seismic events since 19112>2%. Geodetic
inversions suggest that long-term slow-slip cycles have accommodated most of the plate convergence
on the sub-horizontal oceanic slab between 20-45 km depth in Guerrero®~2’ (Fig. 1a). In addition

to long-term SSEs, transient bursts of short-term low-frequency earthquakes and non-volcanic tremors
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have been detected at different depths along the slab!828-39 Slow-slip and slow earthquakes have been
attributed to the elevated pore fluid pressure associated with an ultra-low velocity layer atop the subducting
plate derived from dense-array seismic imaging’'. Recent off-shore seismic observations have revealed
a combination of earthquakes, aseismic and creeping deformation, suggesting the existence of multiple
asperities across the slab interface?. Considering the unique slip characteristics of the Guerrero Gap, the
initiation of the 2014 M,,7.3 earthquake has been related to the accumulated static Coulomb stress changes
cast by an ongoing slow-slip event below 20 km depth that eventually accumulated an equivalent moment

magnitude of M,,7.6 on the megathrust interface?’-33.

In this study, we present 3D numerical models of the dynamic rupture of the 2014 M,,7.3 Guerrero
earthquake, linked to 3D episodic slow-slip cycles under long-term tectonic loading, ensuring consistent
stress states across the fault interface. Physics-based models of earthquake initiation, propagation, and
arrest require choices regarding the pre-existing state of stress and fault strength governing frictional
sliding**3?. Our SSE cycle and dynamic rupture models account for the same geophysical and geological
observational inferences, such as the regional slab geometry, elevated pore fluid pressure, and depth-
dependent frictional strength constrained from laboratory experiments and thermal modeling. We bridge
time scales from decades governing four episodes of long-term SSEs to fractions of seconds during
earthquake rupture within the Guerrero Gap using the SSE cycle results to inform the dynamic earthquake
rupture scenario models. The modeled, observationally constrained, transient stress evolution of the
2014 SSE event can lead to spontaneous co-seismic failure in the hypocentral region of the Guerrero
earthquake. However, the episodic increase in shear stress caused by the three preceding SSEs, which
correspond to the 2002, 2006, and 2009-2010 SSEs, remains too small compared to the high static fault
strength required to match observations in the dynamic rupture model. We also find that, in addition to
SSE-induced stress heterogeneity, the complex propagation and arrest of the Guerrero earthquake require
pre-existing variable friction properties. Our study provides a mechanically self-consistent model for
slow-slip triggered megathrust earthquakes and has important implications for the interaction between

earthquakes and slow-slip in subduction zones and at large continental faults worldwide.
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2 Results

The 2014 M,, 7.6 slow-slip event on the curved and fluid-rich flat slab of the Guerrero Gap

We model episodic slow-slip cycles spontaneously emerging under long-term geological loading along
the curved slab interface of the Guerrero Gap (see Fig. 1b), Methods: “Quasi-dynamic simulation of
long-term slow slip cycles”). The long-term tectonic loading, which accumulates fault shear stresses, is
balanced by the fault strength which is defined from a laboratory-derived rate-and-state friction law. We
constrain the fault frictional parameters by combining laboratory experiments on wet gabbro gouges*’with
a 2D steady-state thermal model constrained by P-wave seismic tomography*!. We extend a previous
model that focused on the deeper part (10 km - 60 km depth) of the slab covering episodic SSEs only*?.
Here, we consider the geometrically complex slab up to the trench and thus include the entire seismogenic
zone (5 km - 60 km depth). We account for elevated pore fluid pressure atop the oceanic plate which
locally reduces fault strength and eventually leads to episodic slow-slip emerging between depths of 20 km

and 45 km (Fig.S1). This elevation of pore fluid pressure has been suggested based on the seismically

31 2,43

inferred high V p/V's ratios in central Mexico”' as well as in other subduction zones

We model cycles of long-term SSEs that occur repeatedly every four years. Fig. 2 shows exemplary
snapshots of the fault slip rate in the modeled scenario of the 2014 SSE. Each SSE episode lasts for up to
12 months2® and reaches a peak slip rate of up to 107 m/s (Fig. 2a,c,e). Our numerical results match
the region-specific source characteristics of long-term SSEs inferred from geodetic inversion using the
regional GPS network?’ (Supplementary Table S1). We attribute the good match of the first-order SSE
characteristics to the realistic flat slab geometry and assumed near-lithostatic pore fluid pressure'*+>. We
select four sequential SSE episodes of our model, closely corresponding to the four geodetically recorded
events in 2002, 2006, 2009-2010, and 2014. We calculate the horizontal and vertical components of
synthetic surface displacements at regional GPS stations and compare them with geodetic inversions?®*.
The comparison between the synthetic and observed GPS vectors during the 2014 SSE is shown in Figs. 2¢g
and 2h and for the three earlier SSE episodes in Figs. S5. All modeled SSE events yield good agreement

with geodetic observations, although only dip-slip is considered in our simulations'?.

The 2014 SSE initiates simultaneously at the eastern and western edges of the Guerrero Gap at a depth
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of 40 km. Both slip fronts migrate towards the center at a rate of 0.5 km/day (Fig. 3). The megathrust slips
at a higher rate after the coalescence of the migrating fronts in the center, and the SSE then bilaterally
propagates across the entire fault between 25 km and 40 km depth. However, we observe no immediate
coseismic slip nucleating upon coalescence of the SSE fronts (between a depth of 20-45 km). This is
different from the results of earlier 2D planar fault simulations* but in agreement with recent on- and
off-shore observations that find no evidence of coseismic rupture due to collapsed slow-slip migrating

fronts in the Guerrero Gap?2.

Fig. 3 shows the time-dependent evolution of the on-fault shear-to-effective-normal traction ratio and
along-strike migration speed during the cycle of all four SSEs. During the quasi-periodic emergence of
the SSEs, we find that fault shear tractions overall increase down-dip of the seismogenic zone (below a
depth of 20 km). However, this increase is not steady and varies considerably with the acceleration of the
migrating slip fronts. The space-time evolution of the traction ratio, defined as the shear over effective
normal stress during the modeled transient slip, is shown in Figs. 2b,d and f. Here, the traction ratio
increases gradually from down-dip (30 km depth) to up-dip (20 km depth) and eventually reaches 0.64 in
the hypocentral area of the 2014 M,,7.3 earthquake at a depth of 22 km, which is slightly shallower than
that inferred by the USGS (Figs. 2f and 3a).

The migrating 2014 SSE front moves slowly until day 267 and accelerates to 3.0 km/day at day 317
(Fig. 3b). This acceleration, associated with rapid strain energy release, eventually increases shear stress at
the down-dip end of the seismogenic zone in our model (see Fig. 3c and Movie S2). The migration speed
can vary depending on the temporal stress evolution during the modeled SSE, which results in various
values of traction ratio below the locked zone between different slow-slip cycles (Fig. S4). Accelerating
SSE fronts, as in our 2014 SSE model, have been observed before the 2014 Chile earthquake21 and before
larger earthquakes in Japan*®, which was suggested as a potential precursory signal indicating megathrust
earthquake nucleation.

In contrast, traction ratios increase considerably less during the earlier three modeled SSEs (blue lines
in Fig. 3 and Fig. S3). Shear stresses temporally increase during the 2002 and 2006 SSEs but decrease
during the 2009-2010 event. For example, the peak traction ratio in the 2014 episode is about 3.23% higher

than in the preceding 2009-2010 event, corresponding to a 0.1 MPa increase in shear stress. We highlight
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that the long-term increase of the peak traction ratio at the hypocentral depth during the 20-year-long
simulation is small compared to the transient traction changes during the 2014 SSE (Fig. 3). None of
the three earlier events leads to traction ratios large enough to overcome the (prescribed) frictional fault

strength in the seismogenic part of the slab in our preferred dynamic rupture model.

Earthquake initiation and dynamics accounting for slow-slip transient stresses

We present the first 3D dynamic rupture models of the 2014 M,, 7.3 Guerrero earthquake. Our rupture
scenarios are informed by the transient stress of preceding slow slip events and additional predefined
frictional heterogeneity on the fault. We focus on a preferred model (Fig. 4) that reproduces the key
features of geophysical observations and provides physically self-consistent descriptions of earthquake
initiation, dominantly governed by SSE-induced shear stress changes, and its dynamics and arrest, which
are predominantly governed by predefined frictional asperities. We discuss alternative rupture scenarios

probing sensitivity to initial conditions in the Methods section.

We constrain the initial shear stress, normal stress, and pore fluid pressure before the earthquake
using our long-term slow-slip cycle model on the same slab geometry. We extract the SSE model state
when the traction ratio, which is associated with the SSE fronts, peaks (Fig. 3) to inform the dynamic
rupture simulation. We use a linear slip-weakening friction law*’ to describe the co-seismic fault strength
and yielding (see Methods: “Linear slip-weakening friction””). Choosing a small critical slip-weakening
distance of d.=0.05 m, which is at the lower limit of seismological observations' and the upper limit
of laboratory-inferred estimates?, allows for spontaneous SSE-initiation at the same time as a sustained
large earthquake rupture. We assume a statically strong fault (static friction coefficient yy = 0.626) in
agreement with the high static frictional strength of rocks*® but effectively weakened by high pore fluid
pressure. This specific choice of i allows us to model realistic co-seismic rupture dynamics and arrest,
including realistic levels of slip, rupture speed, and stress drop, as well as spontaneous nucleation at 22
km due to the modeled 2014 SSE event. An alternative, less realistic model with smaller i is shown in
Fig S13 and will be discussed in Section 3.

Although earthquake nucleation is linked to the transient stress of the SSE cycle, we show that capturing

realistic rupture propagation and arrest requires additional heterogeneity of the megathrust slab. We show
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that including two circular frictional asperities (see Methods: “Linear slip-weakening friction™) can
reproduce the observed co-seismic characteristics to first-order. We vary the maximum possible frictional
strength drop smoothly within each asperity: the dynamic friction coefficient u; gradually increases at the
edge of the asperities ( Methods: “Linear slip-weakening friction”). High variability of dynamic friction

49,50

has been reported in relation to fault materials and sliding rates in laboratory experiments and has

been shown to largely affect coseismic rupture dynamics on crustal faults in numerical models3®>1-32,

In our earthquake model, self-sustained dynamic rupture nucleates spontaneously at a depth of 22 km,
where the modeled 2014 SSE front acceleration leads to a local increase in shear traction (Fig. 3a,c). This
location agrees with the observationally inferred hypocenters within their uncertainties (Fig. 4a-b). Unlike
typical dynamic rupture models, where nucleation is prescribed ad hoc [53, e.g.,], spontaneous runaway
rupture is here initiated merely by the locally increased shear stress of the preceding SSE transient. Our
rupture model dynamically breaks the central asperity and subsequently migrates to the second patch
under slightly increasing slip rates (Fig. 4 and Movie S3). The rupture arrests smoothly at the boundaries
of the prescribed frictional asperities. The final rupture area is located up-dip from the hypocenter and has

no clear overlap with the area that hosts aseismic rupture during slow-slip (Fig S7).

Our preferred earthquake simulation resembles the key observed seismic and geodetic characteristics
within observational uncertainties (Fig. 5). Two broad peaks in the moment release rate emerge in
our dynamic rupture model, as inferred from teleseismic inversion using more than 70 stations across
35° — 80° epicentral distance® (Fig. 5a). This suggests a multi-asperity rupture process, including
dynamic triggering and delays between different asperities (Fig. 5f). In our rupture dynamics model, the
first and second peaks appear closer in time than inferred in the inversions which may reflect additional
complexities on natural faults and observational uncertainties. For example, the shape of the second
asperity area may be varied in our dynamic rupture model to better match the observed moment rate
release timing. However, teleseismic inversion lacks the adequate resolution to better inform on the spatial
extent of slip54. Our modeled total cumulative moment release is 9.41 x 10 Nm, which corresponds to a
moment magnitude of M, 7.28 and agrees well with the observations (Fig.5a). An alternative dynamic
rupture model with only a single asperity (Methods: "Model B1’; Fig. S9) fails to reproduce a realistic

moment magnitude and the pronounced two-peak character of the moment rate release. Because both
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dynamic rupture models spontaneously initiate due to the same transient SSE stresses but strongly differ
in co-seismic dynamics, we conclude that additional frictional heterogeneity is required to model the

propagation dynamics and arrest of the Guerrero earthquake.

Geodetic inversion using permanent on-shore GPS stations yields smaller slip amplitudes** but a larger
rupture area extending up to the trench, compared to teleseismic inversion>* (Figs. 5c-d). Similarly, our
modeled dynamic rupture features shallow fault slip up-dip of the hypocenter, while our maximum slip
amplitude is 2.5 m (Fig. Se), which is consistent with teleseismic inversion assuming V, = 2.5 km/s>*. We
note that the differences in geodetic and teleseismic fault slip inversions are likely affected by limitations
in data resolution and differences in the assumed source time functions, velocity models, and/or fault
geometries. Fig. 5b shows the modeled static surface deformation at 80 s after the rupture initiation and
its comparison with geodetic observations?. There are only two GPS stations (ZIHP and PAPA) with
clear recorded signals close to the rupture area and one station (TCPN) with a smaller-amplitude signal
distant from the epicenter. Our synthetic surface displacements at ZIHP and PAPA are consistent with the
reverse plate movement direction but slightly higher in amplitude than those observed.

Our preferred two-asperity dynamic rupture model reproduces both seismic and geodetic characteristics
and is consistent with the localized slip heterogeneity inferred from seismic imaging using regional
networks>!>32. Given the sparsity of co-seismic seismic and geodetic observations, we judge our forward
model as data-justified first-order illumination of rupture dynamics and arrest. We note that future
incorporation of a high-resolution regional velocity model may improve the achieved observational match.

We analyze the stress drop and energy budget of our preferred dynamic rupture model accounting for
the preceding slow-slip cycle with respect to event-specific and global observations. We calculate the
average co-seismic stress drop in two different ways: 1) by spatially averaging the on-fault stress drop,
and 2) by averaging the modeled stress drop based on energy considerations®>>¢ (see Methods: “Fracture
energy and stress drop”). The two approaches result in average model stress drops of 1.74 MPa and
2.1 MPa, respectively. These values are within the expected uncertainties®’ of the seismological inference
of 2.94 MPa>* and are consistent with the global average of the inferred megathrust earthquake stress
drops8.

Next, we analyze the earthquake initiation energy budgets accounting for the transient stress shadowed
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by the preceding SSE. We calculate the average fracture energy across the effective nucleation area
directly induced by our modeled 2014 SSE in the hypocentral area as 0.17 MJ/m? (see Methods:*Fracture
energy and stress drop”). This inference is comparable to the range of nucleation energies (0.1-1 MJ/m?)
estimated for most M > 8 Nankai earthquakes in southwestern Japan>?, implying that the transient stresses
of aseismic slip may play a ubiquitous role in the nucleation of megathrust earthquakes. In comparison, the
dynamic rupture fracture energy averaged across the entire co-seismically slipping fault is only 0.11 MJ/m?.
This is about 35% lower than the SSE fracture energy at the hypocenter governing the nucleation stage and
similar to a seismologically inferred global average of 0.1-10 MJ/m?8, but 45% lower than the range of
0.2-2.0 MJ/m? measured on natural crustal faults®°. This relatively low overall fracture energy is consistent
with the low average stress drop, which results from the assumed elevated pore fluid pressure constrained
by regional seismic imaging>!. The elevated pore fluid pressure at depth is crucial for recovering faulting

dynamics during both the long-term SSE and short-term initiation of our dynamic rupture model.

3 Discussion

Our dynamic rupture models of the M,,7.3 Guerrero earthquake initiated by quasi-dynamic models of the
preceding long-term SSE cycles illustrate the interaction between aseismic and co-seismic fault slip. It
has been suggested that slow slip at the down-dip end of the seismogenic zone transfers shear stresses
up-dip®! or temporally aid up-dip pore fluid migration®°, both of which potentially destabilize the locked
portion of the megathrust. We find that the transient increase in the shear-to-effective-normal-stress ratio
resulting from the accelerating migration of the preceding slow-slip events can lead to the spontaneous
initiation of realistic earthquake rupture and that this process is sensitive to the dynamics of the long-term
transient SSE cycle. In our model, the increasing transient shear stress is sufficiently high for spontaneous
dynamic rupture without additional weakening mechanisms, such as the effects of thermal pressurization5?.
However, accounting for additional co-seismic weakening may further aid the slow-slip transient initiation
of dynamic rupture® inherently capturing our here prescribed variability of co-seismic frictional strength
drop’®. Similarly, a recent conceptual model combining shallow SSEs and two asperities finds that the

time-dependent balance between stress and strength is complex and not all SSEs directly lead to the

nucleation of an earthquake®, even when no geometrical complexity or pore fluid variation is considered.
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Accounting for megathrust asperities in our co-seismic dynamic rupture model is important for
reproducing observationally inferred first-order source characteristics. Megathrust asperities have been
related to depth-varying seismic and aseismic faulting behaviors'>®3. While we here parameterize both

asperities as dynamically weak (low (), heterogeneity in the initial stresses, structure, effective static fault

10,66 37,39,51,67

strength, or pore fluid pressure may serve as dynamically viable asperities and additional
observations are required to distinguish between them. We show that local shear-stress asperities can
lead to equivalent rupture dynamics in Fig. S12 (Methods: “Model A2”). Our parameterization of
frictional asperities is relatively simple but effective in reproducing first-order characteristics within
the uncertainties of sparsely observed earthquake kinematics. Denser regional seismic and geodetic
instrumentation along the central Mexican coast and off-shore, allowing for better imaging of coseismic
fault slip, would be crucial to inform and validate data-integrated and physics-based modeling. Our
choice of frictional parameters in the dynamic rupture model allows for balancing the depth-dependent
fault strength, heterogeneous initial shear stresses, and heterogeneous frictional strength drop to achieve
realistic levels of coseismic slip and moment release across a relatively small rupture area in dynamic
rupture simulations. This sensitivity is exemplified in Fig.S13a where a slightly lower i, results in delayed
rupture arrest, a larger rupture area, and over-prediction of the amplitude and arrival of the first peak in the
modeled moment release. Although simpler than the rate-and-state friction law used in the long-term SSE

cycle simulations, we yield a similar range in reference friction coefficients (Fig. S13b) and comparable

behavior in coseismic slip.

Our modeled SSE and coseismic fault slip are located largely off-shore in central Mexico, where a
dense array of ocean bottom seismometers (OBS) has discovered episodic shallow tremors, suggesting
small-scale slow-slip events or low-frequency earthquakes>> potentially linked to small asperities up-dip
of the slow-slip region. Accounting for additional small-scale heterogeneity on the fault may help explain
high-resolution observations, such as complexity in moment release rate and strong ground motions®®
Here, we focus on the one-way interaction between the SSE cycle and dynamic rupture and omit the
respective influence of coseismic rupture on slow-slip transients. Modeling 3D fully dynamic earthquake

69-71

cycles on geometrically complex faults that incorporate spontaneous (aseismic) nucleation, dynamic

rupture, and post-seismic deformation are computationally challenging but are becoming achievable at
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realistic scales and levels of complexity to allow for direct observational verification. Extending our
approach to a unified and fully coupled slow-slip and dynamic rupture framework is a promising future

step.

Conclusions

Our mechanically self-consistent and data-driven 3D models of long-term SSE cycles, megathrust earth-
quake initiation, and rupture dynamics in the Guerrero Seismic Gap contribute to a better understanding of
the earthquake generation process and can potentially lead to improved time-dependent operational earth-
quake forecasting’?. By incorporating the transient stress evolution of slow-slip before coseismic rupture
and asperities in co-seismic friction drop, our models reproduce the kinematic and dynamic characteristics
of both aseismic slip and coseismic rupture and reveal their physical link. Although long-term stress does
not continuously accumulate, the accelerating migrating SSE fronts transiently increase shear stress at the
down-dip end of the seismogenic portion of the megathrust. Improvements in the detection of transient
aseismic slip deformation will aid in assessing seismic hazards in coastal regions®>’?. Furthermore,
identifying distinct acceleration signals might be routinely possible in future regionally dense networks,

specifically off-shore’.
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Figure 1. (a) Map of central Mexico where the Cocos plate subducts beneath the North American plate
at a rate of 61 mm/yr (PVEL model”). The so-called Guerrero Seismic Gap is a 100-km long segment
between 100.2°W and 101.2°W (yellow bar) that lacks recent large earthquakes’®. Purple shades indicate
large (M,, < 6.8) earthquakes after 194076, The focal mechanism of the 2014 M,, 7.3 Guerrero
earthquake is shown in red (strike:304°, dip:21°, rake:99°, Global Centroid Moment Tensor catalog
(GCMT)""-8). A finite coseismic source model using teleseismic inversion is shown as
yellow-to-red-to-black rectangles®*. The orange contours indicate the 10 cm and 20 cm aseismic levels of
fault slip during the 2014 My, 7.3 slow-slip events®’. The blue triangles mark the permanent GPS stations
used in a geodetic inversion of both the coseismic and slow slip**. Depth contours from 5 km depth
(trench) to 80 km depth are shown as dashed lines with 5 km depth spacing. Mexico City is shown in
black. (b) Slab surface geometry extending from the trench to a depth of 60 km in both slow-slip cycle
and dynamic rupture simulations. Tetrahedral elements are color-coded by a 1D layered velocity model
from seismic imaging’® that is used in the dynamic rupture model.
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Figure 2. The 2014 SSE in the Guerrero Gap from the preferred quasi-dynamic slow-slip cycle model.
Snapshots of fault slip rate (a,c,e) and traction ratios (b,d,f), defined as shear over effective normal stress,
on days 217, 267, and 317, respectively. The black star marks the epicenter of the 2014 My, 7.3 Guerrero
earthquake from National Earthquake Information Catalog (USGS NIEC)
(https://earthquake.usgs.gov/earthquakes/eventpage/usb000pg41/executive ). Slow-slip fault slip rates can
reach up to 107% m/s, which is 1000 times faster than the plate convergence rate (V1 =61 mm/yr). The
time-dependent evolution of the fault slip rate is shown in Movie S1 (Supplementary Information). (g),
(h): Modeled accumulated 2014 SSE fault slip distribution and surface GPS displacement.The black and
red arrows show the observed? and synthetic surface GPS displacements, respectively. Dashed black
lines are the depth contours of the subducting slab from 20 km to 80 km depth with 20 km depth spacing.
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Figure 3. Time-dependent evolution of the on-fault shear-to-effective-normal traction ratio and

along-strike migration speed during the modeled SSE cycle. The red star marks the USGS catalog

hypocenter of the 2014 M,, 7.3 Guerrero earthquake. (a) Cross-sections of the traction ratio during the four
modeled subsequent SSEs. Colored solid lines indicate the traction ratios on days 1, 217, 267, and 317 of
the modeled 2014 SSE. The blue dot-dashed and dot-dashed lines represent the traction ratios of the three

SSE episodes in 2002, 2006, and 2009-2010, respectively. The dashed gray line indicates the static

friction coefficient on-fault (t; = 0.626) assumed in the dynamic rupture earthquake simulation. (b)
Spatial and temporal evolution of the on-fault slow-slip rate along the 20 km depth contour. The white
vectors indicate the averaged migrating speeds of the slip front at y=150 km and y=0 km. (c) Profiles of
the traction ratio sampled every 10 days along the 30 km depth contour during the modeled SSE cycle

illustrate the westward acceleration of the SSE migration front.
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Figure 4. Preferred dynamic rupture model of the 2014 My, 7.3 Guerrero earthquake. Snapshots of the
modeled coseismic fault slip rate (left panels) and fault slip (right panels) at4 s, 8 s, 11 s, and 17 s,
respectively. (a): spontaneous nucleation governed by shear stress transients of the long-term SSE cycle,
(b): SSE initiated dynamic rupture of the first asperity, (c): delayed rupture of the second asperity, and (d):
the dynamic arrest of rupture (Supplementary Movie S3). The corresponding fault slip at each time step is
shown in (e)-(h), respectively. The coastline is indicated by the black line. Solid and empty stars indicate
the different hypocenter locations from the USGS and GCMT catalogs, respectively.

15/54



10{(a) —— this study,Mw7.28 Lo
_ —— Ye2016,Mw7.25 €
< ] --- SCARDEC,Mw7.2 =
c 08 05 €
=z [0}
o g
s 061 8 g
= 2 00 ©
— S ]
L 0.4 © s
© S
e 05 &
o2 N
E fe
G 2
€
0.0 1 -1.0
, . . 16.0 . . T
0 10 20 30 40 ~102 ~101 -100
time (s) longitude
. Ye2016
185 Gaulandi2018 0.25 18.5 i‘L < 25
0.2 2
18 o 18
015 E 15 E
Q o
17.5 F 17.5 =
01 3 13
17 0.0 17 05
(©) (d)
16.5 0 16.5 0
-102.5 -102 -101.5 -101 -100.5 -100 -1025 -102 -101.5 -101 -100.5 -100

18.5

18.5 1 = 2.5 :
18
17.5 E 17.5 1
17
05
() (f)
16.5 16.5

_'102A5 -102 -101.5 ~101 -100.5 -100 -102.5 -102.0 -101.5 -101.0 -100.5 -100.0

S}

I
fault slip (m)
Hy

o

Figure 5. Observational verification of kinematic and dynamic source characteristics of the dynamic
rupture model of the 2014 M,,7.3 Guerrero earthquake. (a) On-fault dynamic rupture moment rate
compared to teleseismic inversion®* and SCARDEC (http://scardec.projects.sismo.ipgp.fr)8C. (b)
Mapview with horizontal surface displacements observed at continuous GPS stations (black?) and in our
simulation (red). The red star marks the USGS catalog hypocenter. Accumulated fault slip from (c)
regional geodetic inversion®3, (d) teleseismic inversion>*, and (e) preferred dynamic rupture scenario. The
maximum slip is 0.25 m, 2.5 m and 2.5 m, respectively. (f) Distribution of the prescribed heterogeneous
dynamic friction coefficient y; which gradually increases from 0.546 within to 0.826 at the edge of the
asperities following an exponential function (see Methods: “Linear slip-weakening friction™).
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4 Methods

3D quasi-dynamic simulations of the long-term slow-slip cycles

Direct observations of slow-slip cycles are limited, motivating numerical simulations to elucidate the
underlying mechanics of SSE and earthquake interactions. We simulate long-term slow-slip sequences on
a convergent plate boundary and analyze the time-dependent evolution of slip rates and shear stresses on
the fault interface in 3D. We use a quasi-dynamic formulation and the Boundary Element Method (BEM).
Our forward model adopts a laboratory-derived rate-and-state friction law and a 3D realistic subducting
slab geometry beneath central Mexico. The governing equations relate the temporal shear stress evolution
of an individual element in response to fault slip and long-term plate convergence following Rice [1993]°

as

N ds;
T(t)=—) Kij(8;(t)—Vyut)—n dt(t), (1)
=1

where 0; (¢) is the fault slip and K; ; is the shear stress in element j due to a unit dislocation in dip
direction of element i. The static Green’s function K; ; is calculated using triangular dislocations in a
uniform half-space* assuming a homogeneous shear modulus of y = 30 GPa and density p = 2670kg/m>.
The plate convergent rate V), is set to be uniformly 61 mm/year based on a global plate motion model, the

PVEL model .

We use the open-source code TriBIE (https:/github.com/daisy20170101/TriBIE)'*#2, which is paral-
lelized with OpenMPI and has been verified in 2D and 3D community benchmark exercises®’?. We here
use the quasi-dynamic approach approximating inertia effects with radiation damping for our SSE cycle
simulations. To this end, the radiation damping factor n = u/(2cy) (with ¢, being the shear wave speed)
is introduced?. Compared to fully dynamic simulations, the quasi-dynamic approach can lead to similar
overall seismic cycle behavior but differing rupture dynamics®*-%°. We detail all slow-slip cycle modeling

parameters in the following.
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Effective normal stress

Figure S1d shows the along-depth profiles of our assumed effective normal stress G,, pore fluid pressure
(pr), hydrostatic (0.37*0;) and lithostatic pressures (0;). We assume that lithostatic pressure is depth-
dependent with a constant overburden gradient (i.e., 6, = pg(—z)). The effective normal stress, defined
as the difference between lithostatic pressure and pore fluid pressure, increases with depth at a constant
gradient 6, = 28MPa/km until a depth of 2.7 km. At lower depths, effective normal stress remains
constant as 6, = 50 MPa except at the SSE source depth between 20 and 45 km. Effective normal stress

of 50 MPa at seismogenic depth is a common assumption used in community benchmark studies®.

To reproduce the relatively low stress drops inferred for SSEs, we assume a low effective normal stress
of 655E = 2.5 MPa at depths between 20 km and 45 km based on our previous work for a narrower slab
geometry*? and linked to elevated pore fluid pressure. Such high, near-lithostastic pore fluid pressure
is supported by the observed elevated ratio between V), and V; from seismic imaging along the coast of

southwest Japan, Cascadia, and central Mexico3!-81,

Rate-and-state friction

Fault shear strength in the quasi-dynamic SSE simulation is governed by a laboratory-derived rate and
state-dependent friction law, the aging law!'% !, The effective friction coefficient f depends on the fault

slip rate v and a single state variable 0 as

T=0,f=(0,—p) [fo+aln(v—‘;>+bln<;)0—9)] (2)

RS

Here, a and b are non-dimensional friction parameters for the direct effect and evolution effect,
respectively, Dgs is the characteristic slip distance over which 6 evolves in response to velocity steps, fo
is the friction coefficient at a reference velocity v at steady state, and G, = 6, — py is the effective normal

stress, defined as lithostatic loading stress minus the pore fluid pressure.

At steady state 6 = D /v, the friction coefficient is fs = fo + (a — b)In(;-). Slip remains stable, and
any slip perturbation evolves toward a steady state when the friction stability parameter (a — b) is positive

(velocity-strengthening, VS). Slip can be either unstable or conditionally stable when (a — b) is negative
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(velocity-weakening, VW). We use uniform distributions for the initial slip rate Vj,; and the initial state
variable 0;,; on the entire fault.

We adopt the definition of the critical nucleation length hy, based on the fracture energy balance for a
quasi-statically expanding crack'?,

2bDgs
n(1—-v)(b—a)?6’

3)

* —_—
hRA -

Here, we assume a shear modulus of g = 30 GPa and Poisson’s ratio of v = 0.25. The ratio between the
maximum width of the velocity-weakening portion of the slab and the critical nucleation length (hj,)
significantly affects the slip behavior of modeled SSEs® 134282,

For faults governed by rate-and-state friction, the quasi-static process zone at a non-zero rupture speed

can be estimated as Ag = C “b—g’“, where C is a constant of order 18683
n

, W* = u for antiplane strain and
w* = pu/(1—v) for plane strain, where v is Poisson’s ratio. We note that our mesh size is considerably
smaller than Ay which ensures numerical stability and accuracy.

We adopt the empirical “aging” law that can be interpreted to account for time-dependent healing of

microscopic stationary frictional contacts [15, e.g.,], for describing the temporal evolution of state variable

(0):
b “4)

To regularize the solution at low slip rates we use the modification proposed by Rice'®:

1 D
U= asinh™! [Lexp(#0 +bIn (v08/Dks)
AV a

)], ®)

which is Eq. 2 when V >> 0.

A distribution of (a — b) at different temperatures have been obtained from laboratory experiments
for wet gabbro gouges*’. We project this temperature-dependent (a — b) distribution onto the slab
interface using the thermal profile from a 2D steady-state thermal model constrained by P-wave seismic

tomography in central Mexico*'. We assume a downdip transition temperature, (a — b) = 0, of 415°C,
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Table 1. Physical parameters used in the quasi-dynamic slow-slip cycle simulations.

Parameter Symbol
rate-and-state direct effect parameter® a
rate-and-state evolution effect parameter b
characteristic slip distance (for SSEs) DIngE
characteristic slip distance (for earthquakes)? D%
reference slip rate Vo
reference friction coefficient fo
initial slip rate Vini
initial state variable Oini
critical nucleation size RA
quasi-static process zone size Ao
effective normal stress G,
SSE effective normal stress GSSE
lithostatic pressure o;
pore fluid pressure Py
rock density p
shear modulus u
Poisson’s ratio \

“Parameter a varies between velocity-weakening to velocity-strengthening ? Our SSE cycle simulations do not incl

which coincides with the maximum down-dip extent of long-term SSEs inferred from GPS inversions.

Velocity-strengthening conditions (a —b) > 0 are imposed at the two lateral sides of the model domain to
stabilize slip towards the plate convergence rate. The distribution of (a — b) across the entire slab is shown
in Figure S1a. The physical parameters including friction, initial stress and elastic material properties

aforementioned are listed in Table S1.

3D SSE-initiated dynamic rupture models for the Guerrero earthquake

We use the open-source software SeisSol (https://github.com/SeisSol), which is based on the Arbitrary High-
order Derivative (ADER) Discontinuous Garlekin (DG) finite element method, to perform simulations of
earthquake rupture dynamics and seismic wave propagation!®=2!. SeisSol has been optimized for modern

22-25 and has

high-performance computing architectures including an efficient local time-stepping algorithm
been validated against several community benchmarks following the SCEC/USGS Dynamic Rupture Code
Verification exercises?%2’. Stress and particle velocities are approximated with 3rd-degree polynomials,

yielding 4th-order accuracy in space and time during wave propagation simulation. We detail all dynamic

rupture modeling parameters in the following.
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Dynamic rupture initial stresses

We constrain the initial stresses in the dynamic rupture model from a snapshot of the shear and effective
normal stresses across the fault interface in the 2014 SSE model. We track the traction ratio as the slow-slip
fronts migrate along-strike and find that the local peak in the hypocentral region appears on day 317 (Fig.
2 ). This local peak of traction ratio is associated with the acceleration of the migrating front from 0.5
km/day to 3 km/day (Fig. 3c). The shear traction and effective normal stress on day 317 of the 2014 SSE
quasi-dynamic model are saved and spatially interpolated onto the higher-resolution dynamic rupture
mesh of the subduction fault surface using the package ASAGI?®. The resulting ratio between the initial
shear and effective normal stress is shown in Fig. 2. The time-dependent evolution of the traction ratio

parameter on the fault during the modeled SSE is shown in Movie S2.

Velocity structure
We use a 1D depth-dependent model of the density and seismic velocities to set the elastic properties
(1 and A) in the dynamic rupture model, as shown in Fig. S6 and 1b. This 1D velocity model is based

7 using the Mapping the Rivera Subduction

on seismic imaging of the central Mexico subduction zone
Zone (MARS) seismic array, which consists of 50 broadband seismic instruments with a station spacing
of ~40 km deployed from January 2006 to June 2007. This 1D layered velocity structure captures the

major features of the subsurface?!-3!.

Linear slip-weakening friction
In the dynamic rupture simulations, we adopt a linear slip-weakening (LSW) friction law to constrain the
fault frictional strength which has been shown to largely depend on the fault slip distance in laboratory
experiments>233. LSW friction laws have been widely used in dynamic rupture simulations including
models of large megathrust earthquakes such as the 2004 M,, 9.1-9.3 Sumatra—Andaman earthquake'>%4,
2011 M,, 9.0 Tohoku-OKki earthquake>>, and rupture scenarios for the Cascadia subduction zone>®.

The LSW friction law is parameterized by the static (i) and dynamic (mu,;) friction coefficients,
critical slip-weakening distance (d.), and frictional cohesion cg. These initial conditions are difficult to

constrain on the scale of megathrust slip, but play an important role in dynamic rupture nucleation and

propagation'>3%. Based on several trial dynamic rupture scenarios we set the static friction coefficient to
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Us=0.626 and the dynamic friction coefficient to u;=0.546 within the assigned rupture asperities which
yield realistic co-seismic rupture dynamics and arrest as well as spontaneous nucleation at a depth of
22 km due to the 2014 SSE stressing. Our choice of static friction allows for a smooth nucleation process
at the hypocenter without introducing additional overstress, and is within the range of effective static

friction typically used in dynamic rupture megathrust scenarios>>>1-67,

In our preferred model (referred to as Model A1), we include two asperities. We use a constant Ll
within each asperity. An increase in p1; outside the asperities is required to allow a smooth and spontaneous

rupture arrest. We increase U, outside the asperities using an exponential function in space Gi(ry,r):

2
il

2
i
) 11 < re1,F2 < 1en
n=ra

min(1.0, O%min(OﬂS,exp( )+ O%min(o.ﬁ,exp(

2 2
Gi(r1,n)= Tl

0.0 otherwise

(6)

where r; is defined as the epicentral distance from the center of each asperity r; = \/ (x —x0i)% + (y — y0i)?,i

1,2. The radii of both asperities r.1, 7.2, are chosen as 38 km and 42 km, respectively. The locations of
their centers (xo; and yg;) are listed in Supplementary Table S4 and the distribution of G| is shown in

Figure S8.

We find that by increasing t,; to values 30% (u,; = 0.826) higher than i, dynamic rupture gradually
stops at the edges of the asperities. This setup results in a comparable duration and peak of moment release
to teleseismic inversion®* (Fig. 5a). The on-fault distribution of u,; following 0.826 —0.28 x Gy (ry,r2) is

shown in Figure 5f.

The critical slip distance d. is generally not well constrained by seismic observations, for example,
because of strong trade-offs with the assumed yield strength’, limited near-field strong ground motion
observations!, and fault zone heterogeneity>>#>>%. The choice of d, also determines critical nucleation
size and the required numerical on-fault resolution constrained by the process zone width®384. Here, we
use a relatively small and uniform critical slip-weakening distance of d.=0.05 m which leads to realistic

final slip, seismic stress drop, moment, and time-dependent moment release of the SSE-initiated dynamic
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Table 2. Linear slip-weakening friction parameters used in the dynamic earthquake rupture simulations.

Parameter Symbol distribution Value

static friction coefficient Us uniform 0.626

dynamic friction coefficient Uy two asperities 0.546

critical slip distance d. uniform 0.05 m
frictional cohesion o depth-dependent | 1.0 - 0 MPa

rupture scenarios. We choose this slip-weakening critical distance since it allows for SSE-initiated large
earthquake rupture and is at the lower limit of estimates from seismological observations' and at the upper
limit of laboratory inferred estimates ( 107> = 1073 m)2. In an alternative model using d. =0.5 m (not
shown), dynamic rupture arrests quickly after the nucleation phase (Supplementary Information Text S2;
Fig.S16).

It is difficult to observationally constrain the frictional cohesion ¢y of natural faults. In dynamic
simulations, cg is typically assumed as 0.4 - 1.0 MPa at seismogenic depths and as high as 4-8 MPa at
shallow depths to prevent large shallow slip or localized near-surface super-shear rupture speeds*>>!.

Here, we set ¢y = 1.0 MPa at depths shallower than 6.5 km and linearly decrease ¢ to 0 MPa at a depth of

10 km. All linear slip-weakening friction parameters (U, Uy, d.,co) are listed in Table S2.

Alternative dynamic models with varying asperities

Our preferred dynamic rupture scenario includes two frictional asperities, which vary in their local dynamic
friction coefficient from the surrounding slab interface, as proxies of megathrust heterogeneity governing
the co-seismic rupture complexity. In the following, we show two selected alternative dynamic rupture
scenarios that illustrate the sensitivity of our SSE-initiated co-seismic rupture dynamics to prescribed

frictional asperities.

Model A2: two rupture asperities with higher initial shear stress

In dynamic rupture simulations, asperities due to locally reduced dynamic frictional strength lead to
similar rupture behavior as asperities of elevated initial shear stress due to the equivalent fracture energy>°.
Here, we present an alternative dynamic rupture model, Model A2, with a constant dynamic friction
coefficient but heterogeneous initial shear stress. The initial shear stress is smoothly reduced outside

both rupture asperities, which leads to spontaneous rupture arrest. We use the same spatial exponential
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function Gy (ry,r) defined in Section 4 to decrease shear stresses smoothly outside the two geometrically
equivalent pre-assigned rupture asperities. We set the initial shear stress as T()“z = t5sg X G1(r1,r2) where
Tssg refers to the on-fault shear stress linked from the SSE cycle model (Fig. S10a). This setup leads to a
localized distribution of the shear-to-effective-normal-stress ratio near the USGS catalog hypocenter (Fig.

S10b).

The modeled source characteristics of the earthquake, including moment release, magnitude, slip
distribution, and surface deformation, are all similar to our preferred model (Fig.S12), except for a slightly
sharper peak in moment release, corresponding to rupture arrest, than that of our preferred model (Model
Al). We conclude that, in principle, local shear-stress asperities can lead to equivalent SSE-initiated

rupture dynamics compared to frictionally-weak asperities.

4.1 Model B1: a single rupture asperity with reduced dynamic friction coefficient i,
Next, we demonstrate the sensitivity of rupture dynamics and synthetic observables (e.g., moment rate
release) to megathrust heterogeneity using a single circular asperity wherein the dynamic frictional strength
locally decreases (Model B1; Figure SS9a). We use a spatial exponential function (G;) that contains a
single asperity to manipulate the dynamic friction coefficient (Fig. S9a) (Supplementary Information Text
S2).

The resulting moment magnitude is only M,,7.15, and the moment rate release features a single sharp
peak instead of reproducing the observed characteristic two-peak shape (Fig. S9c). The modeled spatial

extents of the fault slip and surface displacement amplitudes are significantly smaller (Fig. S9b,c,d).

Fracture energy and stress drop

Fracture energy, defined as the strain energy consumed during shear sliding using the framework of linear
elastic fracture mechanics, has been closely linked to fault-weakening mechanisms>®%?, In dynamic

rupture simulations governed by linear slip-weakening friction, we can calculate fracture energy as follows:

G, = 21—, (7)
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633 where G, is the fracture energy, 7, denotes the frictional yielding strength and 7, is the dynamic

sa¢ residual shear stress at a specific location on the fault.

w

635 We estimate the average fracture energy during the initial stage of dynamic rupture E,, using :

= _ fzm(ry—rd)%dznu

G 8
nu lem slenM ( )
636 where Y, is the effective nucleation area, defined as the elements where the SSE-induced initial shear
s37  stress Ty overcomes the assumed frictional strength 7,. s; denotes the area of the element i.
638 We calculate the total fracture energy (Eg) by integrating over elements on the fault for which the final
s30 slip distance Ofjpqr > do:
dc
Eg— / (1, — 1) Z dx. ©)
Y 2

s0 Where 7; and &7(x) refer to the final stress and slip on the rupture area (X), respectively, where the final
41 slip is larger than d. =0.05 m.

The average fracture energy G, is defined as the average of the selected rupture area as

_ Eg
_ 10
c f): s,dZ Y ( )
642 where s; 1s the area of the element i.
643 Stress drop can be defined as the difference between the dynamic rupture initial and residual shear
44 stresses. We calculate the average stress drop across the rupture area using two methods:
1. as a spatially averaged stress drop A1y defined as
— [ AtdE
ATy = =——, 11
A [Ldx (11)
645 where A1y, AT and X represent spatially-averaged stress drop, local stress drops and rupture areas
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646 across the fault, respectively;

2. as an average stress drop based on energy considerations>>>° as

_ ATds(x)dE
Jz8r(x)dX
647 where At is the energy-based stress drop, and d¢(x) is the accumulated total slip at each point x of

648 the fault.
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model ‘ initial shear stress | dynamic friction coefficient u ‘ resulting magnitude

Model Al SSE two asperities M,, 7.28
Model A2 | SSE + two asperities uniform M,, 7.25
Model B1 SSE one asperity M, 7.15

Table 3. Varying dynamic rupture model parameters (initial shear stress, dynamic friction coefficient)
and resulting moment magnitudes.

i xm) | yi(m
1| -18950.0 | -84000.0
2 | -59630.0 | -73350.0

Table 4. Cartesian coordinates of the locations of the centers of the circular asperities (r;). These are used
in the exponential shape function G1(ry,r;
which has been defined in Section 4.

4.2 Fault geometry and computational meshes

We build the model using the slab geometry inferred from the Middle America Seismic Experiment
(MASE)?? (Fig. 1b). MASE provided high-resolution upper continental structure of the central Mexican
subduction using routine methods, including receiver functions and seismic velocity tomography. The
fault geometry is constructed from inferred depth contours with a depth-spacing of 5 km and smoothed
slightly to avoid potential numerical artifacts, such as, caused by abrupt changes in dip angles. We use the
standard global projection WGS84/UTM, zone 11N to Cartesian coordinates.

We use the same fault geometry but different spatial extents and resolutions of the computational
meshes in the SSE and dynamic rupture simulations, to ensure adequate resolution. In the SSE model,
we discretize the 450 km-long and 55 km deep slab interface into triangular elements of no more than
1,500 m edge length using the commercial software Trelis (https://csimsoft.com/trelis). The slow-slip
cycle models require ~10 h on 1536 cores for a 250-year-long SSE simulation on SuperMUC-NG at the
Leibniz Supercomputing Centre in Garching, Germany.

For the dynamic rupture simulations, we focus on a sub-region of a length of 200 km along-strike.
The rupture area of the My, 7.3 Guerrero earthquake (Fig. 1a) is smaller than the 450 km-long fault used
for the SSE cycle model. We use the same slab geometry but additionally add topography during the

generation of a volumetric tetrahedral mesh suitable for dynamic rupture earthquake simulations with
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SeisSol (Fig. 1b) ). We incorporate topography data at 1-arc-minute spatial resolution from the ETOPO1
model (https://www.ngdc.noaa.gov/mgg/global/) in a cubic domain of 500 km x 500 km x 200 km which

is large enough to avoid any spurious reflected waves from the sides and bottom of the model domain.

It is crucial to ensure sufficiently high on-fault resolution to resolve the dynamic process zone*”, the
width of which varies in space and time, and with the initial conditions that affect the total available fracture
energy and rupture velocity®*. For our preferred dynamic rupture scenario, we measure the average size
of the dynamic process zone to be ~1800 m. We choose slab interface element edge lengths of no more
than 400 m, which is sufficient to resolve the process zone in our 4th-order accurate simulations®3-34. The
volumetric tetrahedral mesh is generated using SimModeler from SimMetrix (http://www.simmetrix.com/),
which is free for academic use. The mesh is coarsened based on the distance normal to the fault surface at
a graduation rate of 0.3, reducing the resolution for outgoing seismic waves for efficiency. The topographic
surface is discretized using triangles of at most ~2,000 m in length. Our resulting mesh for all shown
dynamic rupture simulations consists of 11,764,144 elements in total. All simulations were performed on
SuperMUC-NG at the Leibniz Supercomputing Centre in Garching, Germany. A simulation of 4th-order

accuracy for 90 s duration requires 2800 CPU hours.
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