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Abstract

The December 5, 2024, M., 7.0 Cape Mendocino earthquake ruptured an oceanic transform fault within the tec-
tonically complex Mendocino Triple Junction (MTJ), the most seismically active region of California and caused
a soon-lifted tsunami evacuation alert. Its offshore location renders accurate analysis of source characteristics
challenging. We integrate back-projection, geodetic and kinematic slip inversions, ensembles of hundreds of 3D
dynamic rupture simulations, Coulomb stress modeling and regional velocity models to understand the event’s
rupture dynamics and implications. A preferred dynamic rupture scenario that matches seismic and geodetic ob-
servations is complex and asymmetric, despite the simple fault geometry, its extent limited by the M, 7.0 1994
earthquake and creeping fault portion. Driven by prestress heterogeneity and fault weakness, we find localized
supershear rupture, and delayed deep slip of eastern fault portions where seismic and aseismic slip may coexist.
The modest dynamic and static stress changes onto the adjacent Cascadia and San Andreas fault systems offer in-
sight into possible future stress transfer pathways in the MTJ region. Our findings have important implications for
the expected earthquake complexity at oceanic transform faults worldwide, and emphasize the need for improved

offshore observations to support physics-based hazard assessment for offshore fault systems, including the MT]J.

Introduction

The December 5, 2024, M., 7.0 Cape Mendocino earthquake occurred within the tectonically complex Mendocino
Triple Junction (MTJ), where the Gorda, Pacific, and North American plates intersect (Fig. 1a, [1]). It is the largest

Californian earthquake since the 2019 M,,7.1 Ridgecrest mainshock, caused a soon-lifted tsunami evacuation alert



for more than 5 million people, and occurred in California’s historically most seismically active region, which has
experienced multiple M., 7+ earthquakes over the past few decades [2]. Although oceanic transform faults (OTFs)
are often considered structurally simple, the MTJ appears as highly segmented, regularly hosting earthquakes with
a variety of strike-slip and thrust faulting mechanisms. This complicated regional seismicity is governed by the
tectonic setting of the MTJ, where deformation arises from interactions between the right-lateral Mendocino and
San Andreas faults and the subducting Cascadia slab [3]. These complex forces generate regular large earthquakes
along these faults, in addition to intraplate events, such as the M, 7.3 1980 earthquake[4].

Prior large and moderate-size earthquakes near the MTJ (Fig. 1) highlight the region’s complex and poorly
understood seismic and tsunami hazard. The 1992 M., 7.1 thrust earthquake, which generated a tsunami, and the
2021 M6.1 and M., 6.0 Petrolia strike-slip events exemplify the diversity of faulting styles accommodated within
the MTJ’s highly segmented fault system[2, 5]. In 2022, the M,, 6.4 Ferndale earthquake propagated unilaterally
to the east-northeast and caused severe damage and two fatalities in Humboldt County, likely due to directivity
amplifying ground shaking in populated areas [6, 7]. The 2024 M, 7.0 Cape Mendocino earthquake studied here
occurred in an area of cumulative Coulomb stress increase from several previous major events: the 1980 M, 7.3
left-lateral strike-slip earthquake to the north, the 1994 M., 7.0 earthquake at the transform fault to the west, and the
1992 M, 7.1 event at the Cascadia megathrust to the east [4, 8, 9]. Several moderate-magnitude events likely added
additional complexity to the regional stress field. These include two M,,6.6 strike-slip earthquakes in the Gorda
plate following the 1992 mainshock, possibly involving conjugate faulting [10], and the 1983 M, 6.1 earthquake,
which may have ruptured a deeper portion of the fault zone beneath the 2024 event. Repeating earthquake analysis
reveals that the easternmost section of the Mendocino Fault is at least partially creeping [11]. This creeping
section may have limited the extent of the 2021 Petrolia earthquake, but it also hosted a M,,5.7 earthquake in
2015, indicating that seismic and aseismic slip may coexist along this segment.

A thorough understanding of the dynamics of the M, 7.0 2024 Cape Mendocino earthquake is crucial to not
only better understand regional seismicity, structural and stress heterogeneity [12] but also the resulting stress re-
distribution onto two high-hazard fault systems, the Cascadia subduction zone to the North and the San Andreas
transform fault system to the south [13]. However, the offshore location of the 2024 earthquake recorded solely
by land-based instruments renders accurate analysis of source characteristics challenging. For example, the USGS
model [14, 15], based on surface and body wave teleseismic observations and data from 7 high-rate and 23 static
GNSS stations, has difficulty fitting body wave observations [16]. Given the limited instrumental resolution off-
shore, particularly in the near field, dynamic rupture models provide a useful tool to test the physical plausibility
of candidate source models and to resolve key aspects of the rupture process that remain ambiguous in data-driven
inversions.

Advancements in data-driven kinematic [15] and physics-based dynamic rupture [17-19] earthquake mod-
els now enable detailed analysis of source processes, even in offshore regions. Prior work [20-22] combined
physics-based simulations with seismic and geodetic observations, and this integration of geophysical datasets
with computational models allows for the resolution of complex faulting dynamics and their dynamic effects on

seismic hazard. To investigate the rupture dynamics of the 2024 M., 7.0 Cape Mendocino earthquake and its im-



plications, we present ensembles of 3D dynamic rupture simulations informed either from geodetic or kinematic
slip inversion and validated by seismic and geodetic observations, and back-projection. Our models reveal com-
plex and asymmetric rupture dynamics including localized supershear rupture. Our preferred dynamic rupture
scenario and its associated static and dynamic Coulomb failure stress changes demonstrate how stress interactions
and structural heterogeneities within the Mendocino Triple Junction influence rupture propagation, slip distribu-
tion, and the subsequent stress redistribution onto the hazardous neighboring Cascadia subduction zone and San
Andreas fault systems. Our findings highlight the importance of integrating physics-based models with seismic
and geodetic observations to better constrain earthquake source processes, particularly in tectonically complex and

offshore regions where traditional analysis methods face significant challenges.

Results

Geodetic slip model

Our static slip model (Fig. 2, Methods Sec. “Geodetic inversion”) reveals a primary asperity centered approxi-
mately 30 km offshore, with a maximum slip of 1.8 m and deeper, smaller slip to the east. The model does not
feature a pronounced shallow slip deficit and locates peak slip at shallow depth, 40-50 km west of the hypocenter.
The calculated synthetic displacement achieves a root mean square (RMS) error of 3 mm in fitting the GNSS data.
The model also satisfactorily explains the variance in the observed data, with an R? score of 0.8. This model is
derived from a RMS geodetic inversion [23] subjected to smoothness constraints assuming a planar fault geometry
delineated by relocated aftershocks and background seismicity [24]. We maximize the correlation between slip
gradients and seismicity distribution, resulting in a rapid spatial decay of slip eastward toward a fault section that
is densely populated with aftershocks [24] and repeating earthquakes [11], possibly indicating the transition to
creeping behavior arresting rupture.

To the west of the main asperity region, the resolution of the geodetic inversion and the accuracy of aftershock
locations decline significantly, providing only limited constraints on the western slip distribution. The calculated
geodetic moment assuming a shear modulus of 35 GPa yields only a M,,6.86 earthquake. This discrepancy be-
tween the geodetic and seismic moment magnitudes are likely attributed to the limited resolution of GNSS data for
the western fault section. A significant additional moment can be accommodated west of the maximum slip asper-
ity without substantially degrading the model-data fit, while this is not the case to the east of the asperity (Fig. S1).
As we show in Methods Sec. “Ensemble and best-fitting dynamic rupture models informed from the geodetic slip
model”, combining this smooth geodetic slip model with the 1D USGS velocity model leads to a realistic moment
magnitude in dynamic rupture simulations, which, however, fails to satisfactorily reproduce seismic observations
(Fig. S2).

Kinematic slip model and back-projection

Our kinematic fault slip inversion (M, 7.0, Methods Sec. “Kinematic source inversion”, [15]) images a 60 km-long

continuous slip asperity extending from 20 km west to 40 km east of the hypocenter (Fig. 2b, [25]). A deep slip



patch with a maximum of 1 m of slip is also imaged at depths larger than 10 km, located 40-50 km east of the
hypocenter. Unlike in the static model, the kinematically imaged deep slip appears isolated from the main asperity.
Rupture initially propagates bilaterally for ~12 seconds, coinciding with a high moment release rate, and then
transitions into a unilateral eastward rupture, during which slip rate amplitudes progressively decrease and rupture
width narrows (Animation 1). Rupture continues to the isolated easternmost fault regions between 25-35 s before
terminating.

Our kinematic inversion combines geodetic, teleseismic and regional broadband data from 108 stations (Fig. 1b)
and achieves good fits (Table S1) to teleseismic body waves (Figs. S3, S4), teleseismic surface waves (Figs. S5, S6),
and static GNSS recordings (Fig. 2). The agreement with strong-motion data is also reasonable (Fig. S7), consid-
ering we use a 1D crustal model (Fig. S8a) extracted from the 3D Cascadia community velocity model for P- and
S-waves (v1.6,[26], hereafter referred to as CCVMv1.6). A 15 km-thick low-velocity layer in this model (Fig. S8a)
provides a better kinematic fit to seismic observations than the shallower, stiffer crustal model used in the USGS
inversion [15] (Fig. S9 and Table S1), which is interpolated from LITHO1.0 [27].

Our P-wave back-projection (Fig. 2, Methods Sec. “Back-projection”) confirms initial bilateral rupture, and
late slip to the east. The distribution of relative energy radiation aligns with the kinematically inferred rupture
extent and the beampower aligns in overall shape and duration with the moment rate function of our kinematic

model.

3D rupture dynamics

We perform an ensemble of 120 3D dynamic rupture simulations (Methods Sec. “Dynamic rupture modeling”)
to explore the role of fault stress heterogeneity, fault strength and fracture energy levels in governing dynamic
rupture behavior. The complexity in our dynamic rupture models arises solely from the slip-model informed initial
stress, which produces a highly heterogeneous stress distribution across the geometrically simple fault (see, e.g.,
Fig. S11). All other modeling assumptions are deliberately kept simple: we employ a linear slip-weakening friction
law, assume a planar fault geometry, and use a simple 3D velocity model without incorporating off-fault plasticity.

The kinematic model constrains initial fault friction and stresses of the dynamic rupture model ensemble and
vary only in three dynamic parameters [28]: (i) B, which modulates the potential dynamic stress drop; (ii) 2, the
ratio of potential dynamic stress drop to full frictional breakdown strength, which controls the relative fault strength
[29]; and (iii) C, which defines the critical slip-weakening distance. We assume constant dynamic friction and
constant effective normal stress below 4 km depth (Fig. S12), motivated by elevated pore fluid pressure inferences
[30, 31]. We use the fault geometry from the kinematic model and a custom 3D crustal velocity model, which
we extended from CCVMvl1.6 [26] south of the Mendocino Transform Fault (Methods Sec. “3D velocity and
3D structural model” and Fig. S8). The resulting rupture dynamics vary substantially, with moment magnitudes
ranging from 6.3 to 7.2 and considerable variations in peak moment release rates (Fig. S10), highlighting the
critical role of the varying dynamic parameters. We validate all ensemble simulations against regional waveforms
at nine stations (Fig. S13) and by comparison to the seismic moment rate (Fig. S10) and slip distribution inferred

from the seismic-geodetic kinematic inversion ( Sec. “Kinematic slip model and back-projection”), and the fit to



GNSS data (Fig. S14).

Despite the fault’s geometric simplicity, the best-fitting (hereafter “preferred”) model (Fig. 3) is character-
ized by complicated dynamics, including delayed rupture of isolated deep fault portions in the east and local-
ized supershear propagation. It is obtained with slightly reduced prestress level compared to the directly in-
ferred stress changes from the kinematic model (B=0.9), relatively low fracture energy G. (C=0.3, leading to
G.=6x10°J/ m2) compared to estimates from previous 3D earthquake rupture scenarios (Table S1, [32]), and
relatively weak but not critically stressed faults (R = 0.7, Fig. S11), resembling earlier 3D dynamic rupture models
matching interdisciplinary observations of real earthquakes (e.g. [19, 33, 34]).

In the preferred model, dynamic rupture propagates over ~28 s in two main phases (Fig. 3a,e; Animation 2). A
main slip patch ruptures within approximately 16 s, and corresponds to the main peak of the moment rate function.
The earthquake rupture initiates bilaterally, then transitions to a unilateral eastward rupture 10 s after rupture onset,
with slip deepening into the crust and reaching depths up to 25 km. Following rupture of the main asperity, the
shallower portion of the fault continues propagating to slip eastward, producing moderate slip. Complex wavefield
interactions lead to dynamic triggering of several eastern fault portions after 16 s rupture time.

Overall, rupture speed averages as sub-Rayleigh, but localized supershear rupture occurs (see Fig. 3a,d). The
peak slip rate (Fig. 3c) averages 0.6 m/s across the slipping region and reaches a maximum of 2.5 m/s in the area
of highest slip, where the eastward rupture front intersects with a free-surface reflected wave (Fig. 3a,c).

A comparison between dynamic rupture model ensembles initialized using smoother prestress with those in-
corporating more heterogeneous initial conditions highlights the importance of incorporating physical realism
beyond data-fit metrics alone. We compare our preferred dynamic rupture scenario with the best-fitting model out
of an alternative ensemble of 120 dynamic rupture models in which initial stresses are derived directly from our
smoother geodetic model (see Methods Section “Ensemble and best-fitting dynamic rupture models informed from
the geodetic slip model”). The preferred geodetically informed dynamic rupture simulation (Fig. S15) features
comparable dynamic parameters ((B,C,R)=(1.0,0.1,0.6), i.e., slightly higher prestress heterogeneity amplitudes,
smaller critical slip weakening distance and less critically stressed fault), but produces simpler rupture dynamics
and a smoother moment rate history (Fig. 3e), along with increased slip to the east. The geodetically informed rup-
ture scenario yields a poorer fit to seismic observations (Fig. S2), highlighting the important role of heterogeneity
[23, 35] in data-driven models informing coseismic dynamic rupture propagation.

Both geodetic and kinematic inversions reveal a secondary slip asperity 60—70 km east of the hypocenter, at
depths greater than 10 km. In the kinematic model, this feature appears disconnected from the main slip area.
Our dynamic rupture simulation confirms that this low-slip region is dynamically viable and provides a physical
mechanism for its delayed activation. Specifically, the preferred dynamic model dynamically triggers a secondary
slip patch, which then initiates a downward-propagating front toward the deeper asperity (Fig. 3). In contrast,
the geodetically informed dynamic model proposes an alternative scenario in which the secondary asperity is
connected to the main rupture area at depth. In both cases, rupture of the secondary feature is likely facilitated by

directivity effects that focus seismic energy into the eastern fault system.



Discussion and Conclusions

Structural complexity near the MTJ and its impact on the 2024 Mendocino earthquake
rupture

Accurate source characterization of the 2024 Mendocino earthquake is challenged by the one-sided seismic and
geodetic networks coverage [36] but also by the lack of a 3D crustal velocity model that fully encompasses the
Mendocino Triple Junction (MTJ) region [26, 37, 38, Fig. S16]. Assumptions on the crustal model crucially
influence (seismic) inversions and dynamic rupture simulations, specifically, for offshore rupture with asymmetric
seismic network coverage [39].

Our assumed 1D velocity structure does not fully capture the structural complexity near the Cascadia subduc-
tion zone, particularly the westward increase in crustal thickness associated with the accretionary prism (Fig. S8c).
This may explain why our additional inversion assuming a larger fault (Fig. S16) images an unlikely secondary
slip 40-60 km west of the hypocenter, separated by a 20 km gap from the main slip region and not detected by our
back-projection (Fig. 1a).

Our study area lies at the southern edge of the CCVMv1.6 velocity model [26], with only the northern portion
of the Mendocino Fault included, while the southern section of the fault, closer to the San Andreas system, falls
outside the model domain. CCVMv1.6 is based on a six-unit geologic framework and incorporates a thick (up to
5 km) sedimentary wedge with shear wave speeds as low as 2 km/s overlying the Cascadia subduction interface.
This sedimentary wedge, which is being laterally spread and uplifted by the northward motion along the San An-
dreas Fault [40], is especially broad in the southern portion near the Mendocino Fault. Together with the plunging
subduction interface, these sediments produce an eastward thickening of the crust and a low-velocity upper crustal
structure [12]. Extending and incorporating CCVMv1.6 into our dynamic rupture simulations (Fig. 1b) enables
improved fits to long-period waveforms at regional stations (Fig. S17), while resembling the westward increase in

slip depth in the kinematic model.

Rupture extend limited by the 1/,7.0 1994 earthquake and fault creep

We place the inferred slip distribution and hypocenter of the 2024 Cape Mendocino earthquake in the context of
prior large earthquakes and known regions of aseismic slip. To the west, we assess the influence of the M, 7.0 1994
earthquake by constructing a new finite-fault model using teleseismic body and surface wave data (Fig. S18e) and
computing the resulting Coulomb stress changes. The inferred slip distribution from the 1994 event lies adjacent
to that of the 2024 rupture (Fig. S18a), and suggests that the 2024 rupture terminated to the west and nucleated
within a region of elevated Coulomb stress (Fig. S18b,c). To the east, rupture arrest coincides with a region
densely populated by repeating earthquakes [11] (Fig. 2b,c), suggesting the presence of a velocity-strengthening
fault segment possibly associated with weak, hydrous shear zones due to seawater fluid flow [41], that may have

arrested this earthquake.



Possible triggered slip on the Cascadia megathrust

The USGS moment tensor solution for the 2024 Cape Mendocino earthquake includes a 13% non-double-couple
(DC) component. In addition, P-wave body waveforms recorded at azimuths near 90° from the Mendocino Fault
(e.g., stations BBSR, FDFM, MPG, and SDV; Fig. S3) suggest that rupture may have involved slip on a secondary
fault. Triggered postseismic slip on the Cascadia subduction zone has previously been inferred following the 2022
M,,6.4 Ferndale earthquake [42], raising the possibility of similar intraslab-interface fault interactions during the
2024 event [43, 44].

We conduct a multi-fault kinematic inversion that images two slip patches on the Cascadia interface, one
shallow and one deep (Fig. S19). This model improves the overall misfit by 10%, with enhanced fits to vertical
components at regional stations (e.g., PETL) and improved alignment with P-wave body waveforms near 90°
azimuth (Table S1). However, the modeled amplitudes remain underpredicted (Fig. S19). While the added slip
on the Cascadia megathrust helps account for the observed non-double-couple component, the possibility that the
improved fit stems from the increased flexibility of the inversion rather than physical necessity leads us to favor a

simpler slip model that excludes megathrust slip.

Implications for the San Andreas Fault and Cascadia megathrust

We evaluate the dynamic and static stress changes imparted by the 2024 Cape Mendocino earthquake on two high-
hazard fault systems: the Cascadia megathrust to the north and the San Andreas transform fault system to the
south. Interactions among these systems and the Mendocino Triple Junction are important [13, 45], as their most
recent major earthquakes, the 1700 M, 9 Cascadia megathrust earthquake [46] and the M., 7.8 1906 San Francisco
earthquake [47], may have extended into the MTJ region.

Our dynamic rupture model indicates that Cascadia experienced moderate dynamic stress perturbations during
the 2024 event near the Mendocino Fault and at deeper depths of 19-25 km (Fig. 4a), with peak dynamic stress
changes reaching 0.5 MPa. The northern segment of the San Andreas Fault experiences higher dynamic stress
changes up to 1.5 MPa. The dynamic rupture model yields predominantly negative Coulomb stress changes on
the Cascadia megathrust, except in the near-trench region adjacent to the Mendocino Fault, where small positive
changes (up to 0.09 MPa) are inferred. In contrast, all of the northern San Andreas Fault exhibits small positive

Coulomb stress changes reaching 0.09 MPa (Fig. 4b).

Supershear rupture propagation across a geometrically simple and relatively weak Men-
docino fault

Our preferred dynamic rupture model exhibits localized areas of supershear rupture velocity, faster than the S-wave
velocity of the surrounding material, across 16% of the total rupture area. All well-fitting rupture models within
our parameter space exhibit some supershear episodes and some with even more extensive supershear propagation,
for example a model with lower fracture energy, which reaches 36% of the rupture area (Fig. S20). Waveform

comparisons at strong motion stations (Fig. S21) suggest that lower overall rupture speeds yield better fits at all



stations. Nonetheless, all spontaneously propagating models in our ensemble exhibit localized supershear rupture,
suggesting it is a robust feature of this event’s dynamics.

Our dynamic rupture models suggest that the Mendocino Fault may be relatively weak (i.e., moderate R),
but not critically stressed. The geometrically simple fault permits classical Burridge-Andrews supershear rupture
nucleation [48, 49]. We assume low effective normal stress, which is consistent with recent observations from
the 2022 M,,6.4 Ferndale earthquake, which occurred nearby in the subducted Gorda slab. Guo et al. [6] infer
low effective stress in the slab crust based on high-resolution Vp/Vg tomography, and systematically low stress
drops for moderate earthquakes, implying that the subducted Gorda crust-likely hydraulically connected to the
Mendocino Fault system-accommodates slip under relatively low strength conditions. OTFs worldwide may be
mechanically weak and capable of hosting complex, multi-stage and supershear rupture processes due to fluid-
rock interactions including seawater infiltration and associated hydration processes [41], systematically reducing

fault strength over a broad depth range.

Conclusions

The December 2024 M, 7.0 Cape Mendocino earthquake demonstrates how complex rupture dynamics can emerge
from a geometrically simple oceanic transform fault (OTF) embedded within the tectonically intricate Mendocino
Triple Junction with important implications for the expected earthquake complexity at OTFs worldwide. By in-
tegrating back-projection analysis, geodetic and kinematic inversions with ensembles of hundreds of 3D dynamic
rupture simulations and Coulomb failure stress analysis, we identify prestress heterogeneity and fault weakness as
critical factors governing rupture complexity and asymmetry manifesting as deep slip and delayed dynamic acti-
vation of eastern fault portions, multiple rupture fronts, and localized supershear propagation. Rupture extend is
limited by the M, 7.0 1994 earthquake to the west and a potentially creeping fault portion to the east. Despite lim-
ited offshore data, our heterogeneously prestressed dynamic rupture models, combined with a detailed regionally
extended 3D velocity model cannot only reproduce key seismic and geodetic observations but also mechanically
validate delayed Eastern deep slip potentially penetrating the creeping fault section, observed in our kinematic in-
version. Our forward and inverse models highlight the importance of heterogeneity and regionally accurate crustal
structure assumptions in constraining physically plausible earthquake scenarios. The 2024 earthquake imparted
modest dynamic and static stress changes onto the neighboring Cascadia and San Andreas fault systems, providing
insight into possible future stress transfer pathways within the MTJ. Together, these findings advance our under-
standing of how complex offshore fault systems slip and highlight the need for improved offshore observations and
crustal velocity models to improve the physics-based hazard assessment in the Mendocino Triple Junction and for

oceanic transform faults worldwide.
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Figure 1: (a.) Tectonic setting. The main tectonic structures at the triple junction are shown in red, while the
fault traces of other known faults [50] are plotted in black. Beach balls represent earthquakes with magnitudes
larger than 5 [51, 52], color-coded by hypocentral depth. The most recent and significant events are labeled. The
along-trace rupture extents of the 1994 and 2024 earthquakes, as constrained by our kinematic finite-fault models,
are shown with light and dark shading, respectively. The blue rectangle shows the surface projection of the 1992
M?7.2 earthquake [53]. Gray dots represent earthquakes with a magnitude smaller than 5 preceding the December
5 earthquake [54]. Inset: Regional view highlighting the main plate boundaries and their motion relative to the
American plate. (b.) Dataset used in the kinematic inversion, which includes static displacements from 28 GNSS
stations, velocity waveforms from 20 regional strong-motion accelerometers, and teleseismic recordings from 31
stations for body waves and 29 stations for surface waves.
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Figure 2: (a.) Slip distribution of the finite-fault model constrained using GNSS data only (static inversion).
(b.) Slip distribution of the kinematic finite-fault model constrained by GNSS data, teleseismic body and surface
waveforms, and regional waveforms (kinematic inversion). The inset shows the associated inferred moment rate
function and the beampower from our back-projection. (c.) Horizontal co-seismic surface deformation. Blue
and pink vectors represent the modeled static and kinematic inversion horizontal displacements, respectively. Red
vectors show Nevada Geodetic Laboratory processed data [55]. The figure also includes relocated aftershocks
(cyan dots) [24], background seismicity (black dots) [54], repeating earthquakes (red dots) [11], known fault traces
[50], and the fault slip region from our kinematic finite-fault model (shaded area). Inset: Back-projection (0.25-

1 Hz) of the 2014 M7.0 Cape Mendocino earthquake. 10
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Figure 3: Preferred 3D dynamic rupture scenario, informed from our kinematic model, with parameters (B, C, R)
= (0.9, 0.3, 0.7). Initially, rupture propagates bilaterally, quickly spanning a depth range of 15 km. The westward
rupture front terminates near the edge of the main slip patch imaged by the kinematic model about 10 s after
rupture onset. The second phase, spanning 14 s — 28 s after rupture onset, is associated with two secondary peaks
in the tail of the moment rate function of the dynamic rupture model. (a.) Snapshots of absolute slip rate (see also
Animation 2). (b.) Total fault slip in m, and rupture time contours every s (grey) and 5 s (black). (c.) Peak slip rate
in m/s. (d.) Rupture rupture speed in m/s. (e.) Moment rate function of the dynamic rupture scenario compared
to our kinematic model, the USGS kinematic model [15], an alternative best-fitting 3D dynamic rupture scenario,
informed from our geodetic model.
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Figure 4: Peak absolute dynamic shear stress perturbation (dyn ACFS, a.) and static Coulomb failure stress changes
(ACFS, b.) measured on the Cascadia subduction interface and the San Andreas Fault. The shear traction orienta-
tion is set to a rake of 90° for Cascadia (thrust faulting), and a rake of 180° for the San Andreas Fault (right-lateral
strike-slip faulting). A static friction coefficient of 0.6 is assumed for all calculations.
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Data and Resources

The three-component coseismic displacements recorded by GNSS stations processed by the Nevada Geodetic Lab-
oratory have been downloaded from their website athttp: //geodesy.unr.edu/news_items/20241211/
nc75095651_web.txt. The CMT solution used by the kinematic inversion and for historic earthquakes in the
region was obtained from the global CMT catalog, accessed via the IRIS webpage, at https://ds.iris.
edu/spudservice/momenttensor/22929936/cmtsolution.

The rapid, automatized 3D dynamic rupture simulations workflow of [56] used to build and explore an ensem-
ble of 3D dynamic rupture models constrained by a finite fault-slip model is available at https://github.
com/Thomas-Ulrich/rapid-earthquake-dynamics.git. Weusev0.1.1 (https://github.com/
Thomas-Ulrich/rapid-earthquake-dynamics/releases/tag/v0.1.1). The input parameters
from the preferred dynamic rupture scenarios identified from this ensemble, the code used for performing the
kinematic inversions, to generate the 3D velocity model, and to reproduce the manuscript figures are available
athttps://github.com/Thomas-Ulrich/2024CapeMendocinoEarthquake. We use WASP v1.0,
with four new commits that enable a user-defined velocity model and detailed output of misfit contributions, avail-
ableathttps://github.com/Thomas-Ulrich/neic—finitefault/tree/Mendocino_changes.
All dynamic rupture simulations were performed using SeisSol (www . seissol.org), an open-source software
freely available to download from https://github.com/SeisSol/SeisSol/. We use SeisSol, v1.3.1
(https://github.com/SeisSol/SeisSol/releases/tag/vl.3.1), single precision, polynomial
order p=4. Instructions for downloading, installing, and running the code are available in the SeisSol documen-
tation at https://seissol.readthedocs.io/. Downloading and compiling instructions are at https:
//seissol.readthedocs.io/en/latest/compiling—seissol.html. Instructions for setting up
and running simulations are at https://seissol.readthedocs.io/en/latest/configuration.
html. Quickstart containerized installations and introductory materials are provided in the Docker container and
Jupyter Notebooks at https://github.com/SeisSol/Training. Example problems and model con-
figuration files are provided at https://github.com/SeisSol/Examples, many of which reproduce
the SCEC 3D Dynamic Rupture benchmark problems described at https://strike.scec.org/cvws/

benchmark_descriptions.html.
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Methods

Geodetic inversion

We invert the slip distribution of the M, 7.0 Cape Mendocino earthquake using static GNSS observations. We
constrain the fault geometry based on relocated seismicity from the NLL-SSST-coherence catalog [24, 57, 59, 60]
(Fig. 2a). To achieve an accurate slip distribution, we minimize the root-mean-square misfit between the observed
GNSS displacements and model predictions, subjected to smoothness constraints to ensure physically plausible

solutions. This inversion framework is expressed as:

[Am —d||, + B[[Vm|| =0, ()

where A represents the elastic Green’s function matrix derived from Okada’s solutions [61], m denotes the slip
on fault patches, d corresponds to observed GNSS displacements, and [ is a smoothing parameter that controls
the trade-off between model resolution and misfit. We solve the inversion problem using the nonnegative least-
squares algorithm of [62]. While a common approach is to select the smoothness parameter based on the inflection
point in the misfit—versus—roughness curve, this method is not well-suited for the Cape Mendocino earthquake: the
offshore location of the fault, oriented obliquely and perpendicular to the GNSS network, significantly limits fault
slip resolution (Fig. S1). Therefore, we select the smoothness parameter that maximizes the alignment between the
modeled slip distribution and the spatial distribution of on-fault aftershocks, ensuring that aftershocks primarily
delineate the fault slip region (Fig. 2, [23]).

Kinematic source inversion

We use the Wavelet and simulated Annealing SliP inversion (WASP) workflow [15, 63], which is based on the
inversion method of [64]. We rely on the automatic workflow of WASP to generate an initial model, using GNSS
static data and the CMT solution [65], which we subsequently refine and update adding more observations and
local constraints as explained in the following. WASP automatically constrains the fault geometry and dimensions,
the number of subfaults, the ranges of fault slip amplitudes and rakes (here 170°-210°, within 20° of a rake of
190°), the rupture velocity, and the number of time windows, from fault scaling relations and the CMT solution,
yielding a robust base model for subsequent manual iterations. We use only the GNSS stations in the latitude range
39.75°N-41.5°N, and with a longitude lower than -123.2°W. We update the centroid depth (initially 19 km) and
the hypocentral depth (initially 0.6 km) to both equal 10 km, in agreement with the 10 km hypocentral depth and
the 11.5 km depth of the W-phase moment tensor inferred by the USGS [25]. Starting from the initial model, we
modify the fault geometry such that it aligns with the geodetic model. The updated fault geometry is 89 km long,
and 28 km wide, dips 90° and has a strike of 96°, and is discretized into 240 3.7 km x 2.8 km subfaults, with 24
subfaults in the along-strike direction and 10 subfaults in the along-dip direction.

We refine the 1D crustal velocity model, which we find to be an important ingredient for accurately fitting

teleseismic body and regional waveforms (Table S1). By default, WASP inversions are based on a 1D crustal
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velocity model interpolated from the LITH1.0 global model [27] at the earthquake centroid location, atop a simpli-
fied Preliminary Reference Earth Model (PREM) global velocity model [66]. For the Cape Mendocino earthquake
location, this yields a very narrow, 6-km wide 3-layer crust in the default 1D velocity model with v,,=6.2-7.7 km/s
and v4=3.6-4.4 km/s, above a stiffer 20 km layer with v,,=8.1 km/s and v,=4.5 km/s. This 1D velocity model does
not accurately represent the sedimentary wedge expected at the southern edge of the Cascadia subduction zone.
We therefore use a crustal velocity model extracted from the Cascadia velocity model v1.6 (CCVMv1.6, [26]) at
(-124.75°W, 40.5°N), marked by a dashed line in Fig. S8c. This coincides with the earthquake centroid location
(-124.83°W, 40.4°N). Our final 1D crustal is obtained by extending the extracted profile with the same simplified
global PREM model used routinely by WASP, consisting of 2 additional layers: one of 20km thickness with (v,
v,) =(8.1,4.5) km/s atop a layer reaching the model domain depth with (v,,, v,)=(8.6, 4.7) km/s.

We acquire teleseismic data automatically with WASP and perform an initial kinematic inversion based on the
modified fault geometry and velocity model. We then further refine the model by down-weighting three noisy
stations (HRV,DWPF, and MIDW, shaded in Fig. S5 and S6), and applying the automatic ”shift match” procedure
in WASP, which aligns modeled waveforms with observed waveforms through cross-correlation. This correction
accounts for temporal offsets that may arise due to discrepancies between the assumed 1D velocity structure and
the true 3D crustal structure, as well as from uncertainties in hypocenter location and rupture onset time. At the
next stage, the inversion incorporates teleseismic body waves (P and SH) and surface waves (Rayleigh and Love)
data, as well as static GNSS data (Fig. 1b). We use the WASP default filtering range and data weights, that is P
and SH are 1-170 s band-pass filtered, surface waves are 140-330 s band-pass filtered, and data weights decrease
from surface waves to P and finally SH waves.

In the last step, we incorporate local strong-motion observations, which we select in a range of 2.5° from
the hypocenter, aiming for an optimal station coverage (blue triangles in Fig. 1b). We reduce the time window
for comparing ground motions and retain only the first 50 s of signal following the estimated P-wave arrival.
Many regional waveforms feature long ringing coda, even at the low frequencies considered here (0.01-0.125
Hz), possibly related to resonance effects of the Cascadia subduction wedge or of the Eel river basin [67]. Our
final inversion is obtained after cross-correlation and alignment of modeled synthetic waveforms with observed

waveforms, acknowledging the imperfect 1D velocity model, as we did for teleseismic waveforms.

Back-projection

We image the rupture processes of the 2024 Cape Mendocino earthquake by defining a grid of potential source
locations spanning 40.0°N to 40.8°N in latitude and -126.0°W to -123.5°W in longitude, with a grid spacing of
0.025° in both directions. We select a wide array of 96 stations located in Florida, Cuba, the Caribbean arc, and
northern South America (Fig. S22). The broad distribution of stations, with epicentral distances ranging from
30° to 62°, provides good resolution along the rupture strike. The azimuthal coverage range, from 289° to 313°,
is narrower, impacting the less critical strike-normal resolution. We use the ak135 1D velocity model [68] to
compute theoretical travel times from each source grid point to the teleseismic stations. To account for travel-

time biases caused by unmodeled heterogeneities using a 1D velocity structure, we apply empirical corrections
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to the theoretical travel times. These corrections are estimated using a cross-correlation method applied to a 13-
second time window centered on the direct P-wave arrival. To reduce the influence of low-quality signals and
noise, we include only those stations where the P-wave exhibits a network-average cross-correlation coefficient
greater than 0.7. The rupture process is imaged using a sliding time window back-projection technique [69, 70],
with 6 s time windows and 0.5 s time steps. To maintain high wavefront coherence, we analyze low-frequency
data (0.25 Hz—1 Hz). The significant location uncertainties associated with offshore events [36] prevent us from

applying calibration methods (e.g., [70, 71]).

3D velocity and 3D structural model

We extend the 1 km sampled 3D Cascadia crustal velocity model ([26], CCVMv1.6), southward of the Mendocino
Triple Junction (Fig. S8). Grid points initially assigned water properties, i.e., zero shear-wave velocity, are updated
by replacing them with the velocity values of the first underlying grid point that has a non-zero shear-wave velocity.
We then replicate the southernmost xz-slice from the model, remove the low-velocity sediments of the Cascadia
accretionary prism by enforcing minimum shear and P-wave velocities of 3.1 km/s and 5.1 km/s, respectively, and
shift the transect along x (west—east) to align with the coastline, distinguishing shallow oceanic crust and deeper
continental crust as in CCVMv1.6 (Fig. S8).

To enable simulations of an ensemble of dynamic rupture scenarios and to evaluate both dynamic and static
Coulomb stress changes on nearby high-hazard fault systems, we construct a structural model incorporating
GEBCO topography and bathymetry at a resolution of 900 m, intersecting the planar fault modeling 2024 Men-
docino earthquake, the Cascadia subduction interface, and the northern section of the San Andreas Fault. It spans
a region of 488x412x200 km?3, centered on the Mendocino Fault. We employ a transverse Mercator projection

centered at the epicenter location, with the following PROJ.4 definition:

+proj=tmerc +datum=WGS84 +k=0.9996 +lon_0=-125.02 +lat_0=40.37

Numerical method, computational mesh, and model resolution

We solve the spontaneous dynamic rupture and seismic wave propagation problem with high-order accuracy in
space and time using the open-source software SeisSol (https://github.com/SeisSol/SeisSol). Seis-
Sol uses the Arbitrary high-order accurate DERivative Discontinuous Galerkin method (ADER-DG, [72]) and end-
to-end optimization for high-performance computing infrastructure [73-77]. SeisSol employs fully non-uniform,
unstructured tetrahedral meshes that statically adapt to geometrically complex 3D geological structures, such as
non-planar mutually intersecting faults and topography. SeisSol is verified in a wide range of community bench-
marks [78] by the SCEC/USGS Dynamic Rupture Code Verification project [79].

For the ensemble dynamic rupture simulations, we use an unstructured tetrahedral mesh consisting of 1.3 mil-
lion cells, resolving the Mendocino Fault with an element size of 200 m. The mesh is refined within a 140x50x30
km? region centered on and aligned with the Mendocino Fault, targeting a maximum frequency of fi.x = 0.5 Hz.

Outside this region, the mesh size gradually increases to a maximum element size of 15 km.
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For the preferred dynamic rupture model presented in the main text, and for the alternative 3D dynamic rupture
scenario with a higher proportion of supershear rupture speed (Fig. S20), we also generate a velocity-adaptive
mesh based on our extended 3D crustal velocity model from CCVMyv1.6, designed for the same target frequency
of fmax =0.5 Hz, but this time across the entire model domain. In difference to the ensemble mesh, it also resolves
bathymetry and topography at a minimum of 1 km, incorporates the San Andreas Fault at a minimum resolution
of 1 km and the Cascadia subduction interface at a minimum resolution of 2.5 km, resulting in a mesh with 27.0
million elements. This mesh ensures a minimum of three elements per shortest wavelength of frequency f.x. This
setup constrains numerical dispersion below the target frequency, given the five-order accuracy of the numerical
scheme in both space and time, which is based on polynomial basis functions of order p = 4. Simulating 150
seconds of physical simulation time on the high-resolution computational mesh requires 6000 CPU hours on the
Skylake SuperMUC-NG supercomputer (Leibniz Supercomputing Center, Germany), while the mesh used for the
ensemble requires only 360 CPU hours for 30 seconds of physical simulation time.

The size of the area behind the rupture front in which shear stress decreases from its static to its dynamic value
is the process zone width. In the preferred dynamic rupture models presented, we measure the median process
zone width as 2840 m, while 95% of the ruptured fault elements are larger than 575 m. The recommended number
of elements required to resolve the median process zone size in a dynamic rupture simulation setup without off-
fault plasticity and heterogeneous initial stress conditions is 2 to 3 (for p=4) [80], thus, our rupture models are
overall resolved by our chosen discretization of h =200 m, noting that each dynamic rupture element provides

sub-element-resolution (25 quadrature points per cell).

Dynamic rupture modeling

We constrain 3D dynamic rupture models from the slip distributions of the geodetic and kinematic fault slip mod-
els (Fig. 2a,b). To this end, we adapt the rapid, automatized 3D dynamic rupture simulations workflow of [56] to
construct an ensemble of 3D dynamic rupture models. We identify a preferred dynamic rupture model for both
finite-fault models by comparing the seismic moment rate function, using the normalized cross-correlation coef-
ficient at zero lag, and the slip distribution of the respective reference model, and by aiming to match regional
waveforms. For the latter, we use the time-frequency misfit[81, 82] computed on velocity waveforms filtered
between 4-60 s at nine stations (Fig. S13), using a 70 s time window starting from rupture onset.

Our workflow includes the following steps: (i) construction of a 3D structural model that integrates all con-
sidered faults and surface topography, followed by generation of a velocity-adaptive unstructured tetrahedral mesh
(see Methods Section “3D velocity and 3D structural model”); (ii) interpolation of fault slip onto the SeisSol mesh
from a given finite fault model; (iii) computing corresponding stress changes in a pseudodynamic relaxation sim-
ulation using SeisSol; (iv) generate 120 dynamic rupture simulations varying the 3 dynamic parameters B, C' and
R; and finally (v) identify a preferred dynamic rupture model from validation using seismic observations (regional
waveforms) and the kinematic finite fault model (moment rate function and fault slip distribution).

All models are governed by linear slip-weakening friction [49, 83], with fault friction and stress parameter-

ization fully determined by the 3 parameters, B, C, and R, following [28, 84]. The parameter B serves as a
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proportionality factor linking the stress change from the finite-fault model 74,, and potential stress drop 7¢:

To = BTgm + Td ()

Tq is the dynamic strength defined as:

Ta = Kk — pa min(0, oy,) ©)

with k (<0), the frictional cohesion, o,, the effective normal stress, negative in compression, jq and the dy-
namic friction coefficient. We assume that the effective normal stress amplitude |0, | increases linearly up to 4 km
depth and 40 MPa, below which it remains constant (Fig. S12), in line with pore-fluid overpressure observations,

predicting a brittle strength approximately constant with depth [31]:

0y = min(—1 x 105 max(—40 x 10%,0.4pgz)) . 4)

Frictional cohesion amplitude |x| is set constant and equal to 0.25 MPa below 6 km depth, and increases
linearly above to 1.25 MPa at 0 km depth (Fig. S12):

k(z) = —ko — k1 max(0, (2 + Zeon)/Zcon) s 5)

with z¢on = 6000 m, kg = 0.25 MPa and k1 = 1 MPa.
C acts as a proportionality factor relating the slip weakening distance d. and the fault slip distribution of the
reference finite-fault model ugy,. This proportionality is tapered to 15% of the maximum slip magnitude to prevent

under-resolved simulations and avoid unrealistic long-distance rupture propagation in regions of low slip:
de = C max(0.15 max(ugm), Ugm) 6)

Our slip-scaled d. assumption follows the approach of [28], who reported improved waveform fits using a
weakening distance proportional to final slip in their dynamic rupture models of the 2015 A, 7.8 Nepal earthquake.
While uniform d. remains common in dynamic rupture simulations [85, 86] slip-dependent d. may better capture
the scale-dependency of fracture energy and dynamic rupture complexity of natural earthquakes [32].

R is the relative prestress ratio (e.g. [29]), which connects the potential stress drop 79 — 7q to the frictional

strength drop 75 — 74, as

R= (10 —7a)/(7s — 7a) , (7N

with 7 the initial fault traction, and 7 the static fault strength defined as

Ts = k — s min(0, oy, ) . (8)

We use R to constrain 75 (and us):

Ts=Ta+ (70 —1a)/R. 9)
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We assume a dynamic friction of g = 0.2, and enforce 0.22 < pg < 1.5, with pg the static friction.

We prescribe a nucleation patch that grows smoothly in time and across a minimal-sized perturbation area,
adapted to the friction and stress parameters of each setup, based on Galis et al. [87] estimate. The nucleation
center is placed at the on-fault location, nearest to the USGS reviewed hypocenter location (40.374°N 125.022°W,
10km depth)[25] for the dynamic rupture models informed by the kinematic model, and at the same location
shifted 2.5km along strike for the geodetically informed dynamic rupture models, because the geodetic model
features very little slip near the inferred hypocenter, which challenges nucleation.

We explore all combinations of (B,C, R) with B in [0.9,1.0,1.1], C in [0.1,0.2,0.3,0.4,0.5], and R in
[0.55,0.6,0.65,0.7,0.75,0.8,0.85,0.9], leading to 3 x5 x 8 = 120 models. The preferred dynamic rupture
model informed by the kinematic models is obtained with (B,C,R) = (0.9, 0.2, 0.7). The preferred dynamic rupture
model informed by the geodetic model is obtained with (B,C,R) = (1.0, 0.1, 0.6).

Ensemble and best-fitting dynamic rupture models informed from the geodetic slip model

In the main text, we inform the dynamic rupture scenarios by our kinematic model. Alternatively, using the
geodetic model to inform dynamic rupture modeling allows discussing velocity structure assumptions and their
consequences on earthquake dynamics. Our geodetic model is based on a uniform half-space with G=35 GPa.
Since peak slip occurs within the top 5 km, variations in the velocity model significantly impact the modeled
earthquake magnitude. To generate more realistic ground motions synthetics, we use a 1D velocity structure
in dynamic rupture models informed by the geodetic model, rather than a homogeneous half-space. We select
the stiffer 1D velocity model from LITHO1.0, also used in the USGS inversion, as it produces M7 earthquake
scenarios. In contrast, the 1D velocity model used in the kinematic inversion results in M,,6.8 scenarios. The
preferred dynamic rupture scenario, obtained with (B,C,R)=(1.0,0.1,0.6), is shown in Fig. S15. Our preferred
dynamic rupture scenario informed by the geodetic model is in overall agreement with the preferred dynamic
rupture scenario informed by the kinematic model. Rupture is predominantly unilateral to the west, with a smooth
slip distribution that deepens in that direction and peaks at shallow depths. The geodetic slip distribution poses a
challenge for rupture nucleation due to limited slip in the hypocentral region, requiring the hypocenter to be placed
2.5 km farther east than inferred. A localized supershear transition occurs at the eastern edge of the main slip
patch. The model has overall 24% of its rupture area at supershear rupture speed. Notably, a deeper region of low
slip is dynamically connected to the main rupture asperity, and corresponds with the deep and isolated asperities

to the east in the preferred dynamic rupture scenario based on the kinematic model.

Dynamic and static Coulomb stress modeling

We compute the static and peak dynamic Coulomb failure stress change (ACFS) [20] on the Cascadia subduction
interface and the San Andreas Fault from the 3D dynamic rupture simulations of the preferred model. The Coulomb
failure stress change is given by:

ACFS = At — psAoy , (10)
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where A7 and Ao, are the shear and normal stress changes on the fault, respectively, and us = 0.6 is the
static friction coefficient. We evaluate A7 in the expected direction of maximum tectonic loading: along-dip in the
direction of reverse-sense motion for Cascadia, and along-strike in the direction of right-lateral strike-slip motion

for the San Andreas Fault.

Supplementary Animations

We provide three animations illustrating the kinematic and preferred dynamic models athttps://syncandshare.

lrz.de/getlink/fi2AacRuynwAVF2rasxvy7/.

* Animation 1: Mendocino_kinematicmodel_interpolated_slip_rate.mp4 - Rupture evolu-
tion in the kinematic model (Fig. 2), shown as absolute slip rate (m/s). The model comprises 240 subfaults

(Fig. 2b) and is interpolated for visualization purposes.

* Animation 2: Mendocino DR_from_kinematic.model_slip_rate.mp4 — Rupture dynamics of

the preferred 3D dynamic rupture scenario (Fig. 3), shown as absolute slip rate (m/s).

* Animation 3: Mendocino.wavefield.vertical.velocity.mp4 — Simulated vertical velocity
wavefield (m/s) at the free surface accounting for topography and bathymetry, illustrating rupture directivity

and the influence of the 3D velocity structure.

e Animation 4: Mendocino DR_from geodetic.model_slip_rate.mp4 — Rupture dynamics of
the 3D dynamic rupture scenario informed by the geodetic model (Fig. S15), shown as absolute slip rate
(m/s).
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Figure S1: Empirical geodetic model resolution test. The sensitivity of the inversion scheme to slip along each of
the model subfaults is represented by the resolution, which is the correlation between the inverted slip distribution
and synthetic slip distribution along the ith subfault. This test involves calculating GNSS displacement due to a
synthetic slip distribution, adding noise based on GNSS uncertainties, inverting for the slip distribution from the
noisy data, and computing the correlation between the synthetic and inverted slip distributions.

Type  Reference

LITHO1.0 With Cascadia

GNSS 0.045 0.047 0.051
HNE 0.044 0.053 0.039
HNN 0.043 0.052 0.041
HNZ 0.057 0.066 0.051
L 0.009 0.009 0.009
P 0.067 0.077 0.049
R 0.023 0.023 0.020
SH 0.040 0.041 0.040
Total 0.328 0.367 0.299

Table S1: Decomposition of the misfit by data type for three kinematic models: (1) the reference model based
on a 1D crustal velocity structure from CCVMv1.6, (2) an alternative model using the routinely derived crustal
velocity model from WASP based on LITHO1.0, and (3) a two-fault kinematic model incorporating the Cascadia
subduction interface. Data types include strong-motion records in the east-west (HNE), north-south (HNN), and
vertical (HNZ) components, body P and SH waves, surface Love (L) and Rayleigh (R) waves, and static GNSS

measurements.
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Figure S2: Velocity waveform comparison at selected strong-motion stations for the preferred geodetic model
informed 3D dynamic rupture scenario, (Fig. S15). Observed waveforms are plotted in black. All waveforms are
band-pass filtered between 0.016 Hz and 0.25 Hz. The station location is plotted in Fig. S13. Annotations provide
for each station, distance, and azimuth relative to the hypocenter (first line), and goodness of fit (second) line.
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Figure S3: Comparison of synthetic (red) and observed (black) teleseismic displacement waveforms from the
kinematic model during the P-wave time window. A 1-170 s band-pass filter is applied to all traces.
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Figure S7: Comparison of synthetic (red) and observed (black) regional velocity waveforms from the kinematic
model. An 8-100 s band-pass filter is applied to all traces.
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Figure S8: (a.) P and S wave velocity in the assumed depth-dependent crustal velocity model extracted from the
Cascadia velocity model v1.6 ([26], CCVMvV1.6) at (-124.75°, 40.5°), used in our kinematic inversion. (b.) 3D
crustal velocity model evaluated on our 3D mesh, extended to the South from CCVMv1.6, used in our dynamic
rupture simulations informed by the kinematic model. (c.) 3D crustal velocity model (from top to bottom, density,
P- and S-wave velocity) evaluated on the Mendocino fault. The x-location where we evaluate the 1D velocity
model from the 3D velocity model is marked by a dashed line. Our 1D velocity model is evaluated from a coarsely
sampled (2.5 km vs 1 km) model.
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Figure S10: Moment rate functions for 3D dynamic rupture scenarios informed by our kinematic model, forming
an ensemble of 120 different dynamic rupture models, compared with the moment rate function of the kinematic
model itself (black line). The 10 dynamic rupture models best fitting the moment rate function of the kinematic
model are shown with colored lines, while the remaining models are shown with grey lines.
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Figure S14: Horizontal co-seismic surface deformation. Blue and pink vectors represent the modeled horizontal
displacements from the preferred dynamic rupture model, informed by the kinematic finite-fault model, and from
the kinematic finite-fault model itself, respectively. Red vectors show Nevada Geodetic Laboratory processed data
[55]. The figure also includes known fault traces [50], and the fault slip region from our kinematic finite-fault
model (shaded area).
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Figure S17: Velocity waveform comparison at selected strong-motion stations for the preferred dynamic rup-
ture model, informed from the kinematic model and incorporating a 3D velocity model (red, Fig. S8b, Methods
Sec. “3D velocity and 3D structural model”) and for a corresponding multi-point source model and a 1D velocity
model, using the Axitra software (blue, Fig. S8a). All waveforms are band-pass filtered between 0.016 and 0.25Hz.
The station location is plotted in Fig. S13. Annotations provide for each station, distance, and azimuth relative to
the hypocenter (first line), and goodness of fit (second) line, for waveforms based on the 3D and the 1D velocity
structure, respectively.
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Figure S18: (a.) Fault slip of the M,,7.0 1994 earthquake on the Mendocino Transform Fault (left), adjacent to
the fault slip of the M, 7.0 2024 earthquake (right). Colored spheres indicate the hypocenters of both events. (b.)
Static Coulomb stress change imparted by the 1994 earthquake. (c.) Moment rate function of the 1994 earthquake.
(d.) Same as (b), but using a saturated color scale to better highlight the positive Coulomb stress change in the
hypocentral region of the 2024 event. (e.) Fit to selected P, SH body waves, and surface Love and Rayleigh waves

(top to bottom rows).
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e. Regional strong motion velocity waveforms
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Figure S19: Two faults finite fault model with the Cascadia subduction interface. Fit to selected surface Rayleigh
(a.) and Love (b.) waves, P (c.) and SH (d.) body waves, regional waveforms (e.), and GNSS (f.) data. The fault
slip on Cascadia is plotted in (f.), and in (g.) for the Mendocino fault. The moment rate function is given in (h.),
as well as the inferred moment tensor representation, compared with the inferred moment tensor from the USGS
catalog.
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Figure S20: Alternative 3D dynamic rupture scenario, informed from our kinematic model, with a higher propor-
tion of supershear rupture speed, obtained with parameters (B,C,R) = (0.9,0.2,0.8). (a.) Snapshots of absolute slip
rate. (b.) Total fault slip in m, and rupture time contours every s (grey) and 5 s (black). (c.) Peak slip rate in m/s.
(d.) Rupture rupture speed in m/s. (e.) Moment rate function of the preferred and alternative dynamic rupture
scenario compared to our kinematic model, and the USGS kinematic model [15].
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—— preferred dynamic rupture model —— alternative scenario with more supershear rupture —— observations
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Figure S21: Velocity waveform comparison at selected strong-motion stations for the preferred model (red, 16%
of rupture area at supershear rupture speed) and an alternative 3D dynamic rupture scenario (blue, 36% supershear,
Fig. S20), informed by our kinematic model with parameters (B,C,R) = (0.9,0.2,0.8). Observed waveforms are
plotted in black. All waveforms are band-pass filtered between 0.016 Hz and 0.25 Hz. The station location is
plotted in Fig. S13. Annotations provide for each station, distance, and azimuth relative to the hypocenter (first
line), and goodness of fit (second) line, for the preferred and alternative dynamic models, respectively.
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Figure S22: Seismic stations considered and selected (after quality control) for imaging the 2024 Mendocino M,,7
earthquake with back-projection. Stations are selected based on the waveform similarity of their direct P-wave
arrivals, with a network-average cross-correlation coefficient greater than 0.7 required for inclusion.
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