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The devastating 2026 Venezuela earthquake was cataloged as a doublet of
M,, 7.2 and 7.5 events. Combining NISAR and ALOS-2 Synthetic Aperture Radar
data, teleseismic source imaging, and ensemble Kalman inversion of multiple mo-
ment tensors and dynamic rupture simulations, we show that the 2026 Venezuela
earthquake was instead a single M,, 7.6 event with variable rupture speed and
seismic moment release. The earthquake rupture went through episodes of accel-
eration and deceleration, including a pronounced slow-down around the rupture
area of the 1967 M, 6.6 Caracas earthquake. Stress transfer from the partially
arrested front and a trailing slip pulse enabled the rupture to break through this
stress barrier and release ~ 26% of the seismic moment beneath the coastal cities
of Playa Grande and Caraballeda, where damage was most severe. Such fitful
ruptures enhance high-frequency seismic radiation and challenge conventional

methods for characterization of large earthquakes.
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On 24 June 2026 at 18:04 local time (22:04 UTC), a destructive earthquake struck northern
Venezuela, causing widespread damage across several north-central states, particularly in the coastal
communities of La Guaira, including Playa Grande and Caraballeda (Fig. [TA). The event was
reported as an earthquake doublet [1, 2|] consisting of a moment-magnitude M,,7.2-7.3 event near
San Felipe followed 32 s later by an M,,7.4-7.5 event offshore La Guaira. A doublet of M,, 7.2 and
7.5 earthquakes would imply two distinct ruptures with characteristic lengths of ~90 and 150 km
and rupture durations of ~30-50 s, respectively [3]. Here we show that the available data and
dynamic models are more consistent with a single M,, 7.6 rupture that propagated unilaterally over
~220 km in 70 s, with pronounced eastward directivity, toward the populated coast of La Guaira.
The two interpretations imply different rupture dimensions, directivity, and stress changes imposed
on adjacent fault segments, with important consequences for rapid source characterization and
seismic-hazard assessment [4-7]].

The 2026 Venezuela event propagated across two major fault systems, the Bocon6 and San
Sebastian faults, whose connectivity throughout the seismogenic zone is poorly known [8}, 9]. Con-
tinental strike-slip fault systems commonly contain bends, stepovers, junctions, and fault segments
with varying orientations relative to the regional tectonic stress field |10} |11]]. These geometrical
variations modify the shear and normal stresses resolved onto the fault and can slow down, accel-
erate, redirect, or arrest a propagating rupture [[12-16]]. Whether a major bend acts as a persistent
rupture barrier depends not only on its geometry and loading conditions, but also on the dynamic
and static stress perturbations carried by the rupture into the geometric transition [[17-21].

Here we show that the 2026 Venezuela earthquake was a single, connected rupture with pro-
nounced variations in rupture speed, moment release, and high-frequency radiation. We integrate
inversions of space geodetic data for the static slip distribution, Ensemble Kalman Inversion-
Multi-Centroid-Moment-Tensor (EKI-MultiCMT) source imaging, and teleseismic backprojection
to resolve a continuous eastward rupture over ~220 km across the Bocon6—San Sebastian Fault
system. We show that the rupture accelerated during the first ~40 s, subsequently slowed down to
~1 km/s for ~20 s, and finally re-accelerated toward La Guaira, accompanied by strong variations
in moment release and high-frequency radiation. We use EKI 3D dynamic rupture simulations to
identify the physical drivers of this multi-stage rupture. The orientation of the fault bend relative

to the regional stress field promoted propagation across the fault junction at velocities near the
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shear-wave speed, whereas a low-stress barrier near the epicentral area of the 1967 Caracas earth-
quake strongly decelerated the rupture. Stress transfer from the arrested front and a trailing slip
pulse subsequently enabled rupture to propagate through the barrier. Together, our observations
and numerical simulations reveal how fault geometry, inherited stress heterogeneity, and dynamic
stress transfer produce a single connected rupture with strongly variable rupture speed and seismic

radiation.

Regional tectonics

Northern Venezuela lies along the Caribbean—South American plate boundary, where the relative
eastward motion of the Caribbean Plate at a rate of ~18-20 mm/yr is accommodated by dextral
faulting and crustal shortening [8, 9, 22]. The 2026 earthquake propagated through the transition be-
tween the northeast-striking Boconé Fault and the east—west-striking San Sebastidn Fault (Fig.[T]A).
The Bocon6—San Sebastian—FEl Pilar fault system accommodates right-lateral motion with the fault
slip rate increasing from west to east from approximately 10 to 17-18 mm/yr [9, 23]]. Regional stress
inversions indicate a transpressional strike-slip regime, which we approximate with a clockwise
rotation of the maximum horizontal compressive stress, Sgmax, from 130° to 145° eastward [24].
This combined variation in fault strike and stress orientation changes the resolved absolute stresses
along the rupture. The fault system is seismogenic with several historical earthquakes, including
the 1812 sequence, the 1900 M,, 7.6-7.7 Caracas earthquake, and the 1967 M,, ~6.6 Caracas
earthquake [25].

Three distinct asperities along the Boconé—San Sebastian fault system

We investigate static coseismic displacements due to the 2026 Venezuela earthquake using radar
and optical satellite observations (see Methods and Supplemental Materials). We combine the
Interferometric Synthetic Aperture Radar (InSAR) [26] data from the NASA-ISRO NISAR and
JAXA ALOS-2 missions to provide continuous maps of surface displacements from multiple lines
of sight and a complete three-component displacement field [27, 28]]. The coseismic displacement
field (Fig.[2]A) reveals a deformation pattern indicative of dextral slip on a ~ 220 km-long strike-slip

rupture extending from the northeastern Bocon6 Fault onto the San Sebastian Fault. Horizontal
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surface displacements do not exhibit notable variations between the inferred source regions of the
M,, 7.2-7.5 earthquake doublet cataloged by the USGS [1]], suggesting a continuous slip distribution
along the entire source region. The largest coseismic displacements slightly over 1 m are observed
along the northern Venezuelan coast, where the rupture trace goes onshore near the towns of
Playa Grande and Caraballeda (Fig. [2JA-C). Independent pixel-offset measurements from NISAR
and Sentinel-1 radar amplitude images, together with Sentinel-2 and PlanetScope optical images,
reveal large step-like displacements across the fault near Playa Grande and Caraballeda (Fig. 2B,
C; Methods). The fault offsets become more localized toward the east side of Playa Grande and in
Caraballeda (Fig. [S8).

We synthesize geophysical and geological datasets to construct a 3D fault geometry (Methods

Sec. ‘{Constructing subsurface fault geometry[’). The inferred fault geometry follows the northeast-

striking Boconé Fault in the west and the approximately east-west-striking San Sebastian Fault
in the east. We invert the NISAR and ALOS-2 LOS displacements for a static slip distribution
using the inferred fault geometry and a layered elastic half-space model constrained by the regional
seismic velocity structure (Table [S2)) with piece-wise linear triangular dislocation elements [29,
30].

The best-fit finite-fault slip model (Fig. 2ID) reproduces surface displacement data with a
variance reduction of ~ 95%. The equivalent moment magnitude is M,,7.6, in agreement with the
cumulative magnitude of the M,,7.2 and 7.5 doublet reported by the USGS []1]. Our model suggests
three main asperities: the first one at ~20 km depth near the hypocentral area along the northeastern
Boconé Fault; the second one in the middle of the ruptured section of the San Sebastidn Fault, with
peak slip up to 2.3 m near the surface, extending 75 km along-strike and 27 km depth; the third one
located farther east around the town of Caraballeda with peak slip up to 2.6 m near the surface and
extending 27 km along-strike and 15 km down-dip. The third asperity lies beneath Caraballeda,
one of the two areas with the most severe recorded damage. The static slip model favors a single
continuous rupture model, but does not explain how rupture propagated through the fault bend or

generated the strongly variable seismic radiation.
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Multistage rupture acceleration and deceleration

We investigate the spatiotemporal rupture evolution using Ensemble Kalman Multiple Centroid
Moment Tensor Inversion (EKI-MultiCMT,[31]]) and teleseismic P-wave backprojection [32],
jointly constraining the low-frequency moment release and high-frequency seismic radiation. EKI-
MultiCMT represents the earthquake as a sequence of distinct subevents without prescribing fault
geometry or rupture speed. Using teleseismic P, SH, and surface-wave displacement records from
36 stations, we reconstructed the timing, location, focal mechanism, and moment release of each
subevent. Backprojection uses 1272 teleseismic P-wave velocity records filtered at 0.2-1.0 Hz to
image coherent high-frequency radiation with finer spatiotemporal resolution, particularly sensitive
to changes in rupture propagation.

Our EKI-MultiCMT inversion reveals a multi-stage rupture that includes seven subevents over
~80 s and ~220 km between 68.6°W and 66.8°W, with a waveform variance reduction of up to
80% (Fig. [3). During the first ~40 s, the rupture produced relatively weak teleseismic P-wave
signals, with displacement and velocity amplitudes less than half those of the subsequent 40—80 s
phase (Fig.[3B, [S12)). To prevent the stronger later signals from dominating the inversion, we first
constrain the early rupture using the initial 40 s of P waves and subsequently incorporate those

results into a joint inversion of the full P, SH, and surface wave records (Methods Sec. ‘lEnsemble]

[Kalman Multiple Centroid Moment Tensor Inversion|’). The first stage contains four spatially and

temporally connected subevents that propagated unilaterally from the Bocon6 fault onto the San
Sebastidn Fault, releasing a cumulative moment equivalent to M,, 7.31 (1.18x10?° Nm, Fig).
The first three subevents exhibit a gradual strike rotation following the fault bend, while their
apparent migration speed increases from ~ 2.1 km/s (1.0-2.6 km/s) to 3.8 km/s (3.6—4.3 km/s)
by 40 s, approaching or locally exceeding the mid-crust shear wave speed of 3.65 km/s (Fig[3JF,
Table [S2).

Following the initial acceleration, the rupture entered a slower, more episodic phase between ~40
and 70 s. Subevents 5 and 6 exhibit apparent migration speeds of only 0.8—1.0 km/s, accompanied
by a pronounced reduction in moment release between 50 and 58 s. The rupture subsequently re-
accelerated eastward to 2.7 km/s (2.0-3.2 km/s) during the final subevent near Caraballeda at ~65 s.

The three later subevents released a cumulative moment equivalent to M,, 7.22 (8.42 X 10'” N m),
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yielding a total magnitude of M,, 7.48 (2.02 x 10?° N m). Moment magnitude estimates depend on
the trade-off between radiation patterns, source duration, spatial location, and Earth structure used
[31]]. All seven subevents exhibit strike-slip focal mechanisms consistent with right-lateral motion
on a subvertical fault.

Teleseismic P-wave backprojection provides an independent reconstruction of rupture propa-

gation by tracking the spatiotemporal migration of high-frequency radiation (Fig [3JA,E.F; Methods

Sec. [Backprojectionf [32H34]]). The radiators initially migrated eastwards at subshear speeds, ac-

celerating to near or above shear-wave speed between 20 and 40 s. Between 40 and 60 s, the
high-frequency radiation becomes spatially concentrated, indicating a pronounced deceleration in
radiator migration, before resuming eastward propagation at near shear-wave speed between 60 and
80 s. The radiators generally migrate slightly ahead of the moment-release centroids inferred from
EKI-MultiCMT, providing complementary constraints on rupture propagation.

Together, EKI-MultiCMT and backprojection reveal a single connected rupture with multiple
stages of moment release and high-frequency radiation. EKI-MultiCMT and the USGS finite-
fault model indicate sustained moment release during the initial ~40 s, followed by more episodic
moment release, while backprojection identifies two dominant episodes of coherent high-frequency
radiation at 0-15 s and 40-60 s (Fig. [3). These complementary observations reveal pronounced
changes in rupture propagation and seismic radiation, particularly near 67.3°W, where the high-
frequency radiators coincide with the cataloged M,, 7.5 centroid. A simple kinematic test supports
a slowdown after ~40 s: propagating the finite-fault slip model at one or two constant rupture
speeds places the main moment-rate peak at 30 to 32 s, whereas rupture speeds following the EKI-
MultiCMT and backprojection estimates delay the peak to ~36 s and produce a low moment rate
between ~40 and 50 s (Fig. [S16). The combined low- and high-frequency observations therefore
support a single, continuously propagating earthquake with distinct stages of moment release,

rupture migration, and seismic radiation, rather than two independent events.

Dynamic controls on rupture speed and episodic radiation

To identify the physical mechanisms controlling the multistage rupture, we use large-scale three-

dimensional dynamic rupture simulations to investigate the effects of fault geometry, regional
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tectonic stress, and prestress and frictional heterogeneity. These simulations couple nonlinear
fault friction, seismic-wave propagation, and off-fault inelastic deformation, allowing spontaneous
rupture propagation and arrest [35} 36].

We construct the dynamic rupture model using the mapped Bocon6—San Sebastian fault ge-
ometry, a 1D velocity model, and regional tectonic stress observations. We prescribe linear slip-
weakening friction and a transpressional strike-slip stress field with the maximum horizontal
compressive stress, Sgmax, rotating from 130° in the west to 145° in the east (Fig. . We ad-
ditionally introduce prestress heterogeneity informed by the finite-fault slip model and frictional
heterogeneity through along-strike variations in the slip-weakening distance D, [e.g., |16} 21} 37,
38]. We used Ensemble Kalman Inversion (EKI-DR) to estimate the regional relative prestress ratio
R( (maximum possible stress drop over frictional strength drop; Eq[S9] [13]) and the contribution
of data-informed prestress heterogeneity, controlled by a scaling factor a, constrained by geodetic
observations and moment-rate history [39]] (Methods, Eq. .

Regional tectonic stress and fault geometry favor rupture propagation across the Bocon6—San
Sebastian bend but cannot alone reproduce the observed multistage rupture evolution. To isolate
these effects, we first test a regional tectonic-stress model without additional frictional or stress
heterogeneity. Despite a uniform regional relative prestress Ry, variations in fault orientation relative
to the regional stress increase the resolved on-fault relative prestress ratio from ~ (0.2 along the
Bocono6 Fault to ~ 0.4 near the Bocon6—San Sebastian transition, promoting rupture propagation
across the bend (Fig [ST9). Similar geometric and tectonic controls have been identified in other
continental earthquakes [[17,/18}, 21,40, 41]]. However, this model fails to reproduce the geodetically
observed surface displacements (55.3% variance reduction, Table [S5), moment-rate history, and
along-strike variations in slip amplitude, indicating that additional heterogeneity is required.

Introducing prestress and frictional heterogeneity enables the preferred dynamic rupture model
to reproduce the coseismic slip and broad multistage rupture evolution (Fig. d). The EKI-DR
inversion identifies an important contribution from pre-stress heterogeneity, with a heterogeneity
scaling factor a of 1.1 (Fig. Methods). The preferred rupture model has a moment magnitude
of M,,7.57 and fits the geodetic observations with 81.0% variance reduction and a root-mean-square
error of 0.10 m (Fig. [S20). It dynamically produces the major asperities comparable to the finite-
fault model, with peak slip of 2.6 m in the central asperity (Fig.[ST8)). The simulated moment-rate
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function captures the broad two-stage moment-release history, including the later peak near 60 s,
with an overall rupture duration of ~ 70 s. However, its first major peak occurs at ~31 s, about
10 s earlier than in EKI-MultiCMT and the USGS-Finite fault model, and it overpredicts moment
release between 20 and 35 s (Fig. @F). This mismatch and the absence of a clear slip minimum
between the first and the central asperity (Fig. fJA) likely reflect earlier and more concentrated
moment release associated with elevated prestress west of the fault bend. Accumulated fault slip
remains relatively modest, mostly 1-2 m over a rupture length of nearly 220 km and a down-dip
width of 25-30 km, corresponding to an average stress drop of ~ 1.6 MPa.

The preferred simulation reproduces the pronounced rupture speed variations inferred from the
seismic observations (Fig. {] and Fig. [5). During the first ~20 s, the rupture propagates eastward
at subshear speed and develops into a broad slip pulse with relatively long rise times (Fig. [5D). It
then accelerates to a transient supershear speed between ~20 and 32 s, with V,./V reaching up to
~ 1.05 (Fig. 5[C). After ~35-40 s, the rupture decelerates abruptly near a low-prestress barrier at
67.2°W, between two major asperities along the San Sebastidn fault.

Stress barriers can slow, arrest, or delay a rupture depending on their strength and spatial extent
[42]]. In our model, interactions with the free surface and fault bend generate a secondary slip
pulse that trails the primary rupture front (Fig. [5]A, Movie S1). As the primary front approaches
the low-stress barrier, the energy release rate drops below the fracture energy [43]], causing the
front to decelerate and eventually arrest. However, slip behind it continues and stress transferred
from the arrested front reloads the barrier, while the trailing secondary pulse continues to approach
the barrier. This allows the rupture to overcome the barrier between ~45 and 60 s without a new
nucleation. The rupture then re-accelerates into the adjacent asperity beneath Caraballeda (Fig.[dD)
before it arrests at the eastern end of the modeled fault, where we taper the regional prestress.
This renewed propagation east of the barrier releases ~26% of the seismic moment in the preferred
model, beneath Playa Grande and Caraballeda.

Whether a rupture crosses such a barrier depends on the stress deficit of the barrier relative
to the stress drop of the asperities rather than on the length already ruptured, because the energy
release rate of a rupture much longer than the seismogenic width saturates [44]], and the barrier
i1s ~30 km long, which is comparable to the seismogenic width. In a model with lower regional

prestress, Rp = 0.20 instead of Ry = 0.33 (with @ = 1.2), both the primary front and the trailing
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slip pulse are arrested at the barrier, and the earthquake terminates at a magnitude of M,, ~ 7.47
(Fig.[S23).

The reduced coseismic slip (and, by inference, pre-stress) between the central and eastern
asperities (67-67.3°W, see Fig. 2JA-C) appears to correlate with the estimated extent of the 1967
M,, 6.6 Caracas earthquake (Fig. [6) [9} 25| 45]]. Assuming no creep above the locking depth, ~16-
17 mm/yr of fault-parallel motion [23] has accumulated a slip deficit of ~1 m on the segment that
ruptured in 1967, compared with ~2 m on the Caraballeda segment that likely ruptured in 1900 [9]],
consistent with the lower prestress of the barrier relative to the asperities in the preferred model
(Fig. D). For a locking depth of ~15 km [9], the slip-deficit contrast of ~1 m corresponds to a
shear-stress contrast of ~0.7 MPa (At ~ u Ad/xD with u = 30 GPa), or a relative prestress ratio
contrast of ~0.15 for the 4.56 MPa strength drop of our model, comparable to that between the
barrier and the asperities in the preferred model (Fig. @D). Historical ruptures may therefore have
contributed to the inherited stress heterogeneity that impeded the 2026 rupture.

It is worth noting that the down-dip extent of the 2026 rupture (up to 30-35 km, Fig. [2D)
significantly exceeds the fault locking depth inferred from geodetic measurements of interseismic
deformation (< 15 km) [9, [23]]. The unusually deep penetration of coseismic slip is independently
suggested by the USGS moment centroid (depth of 23.5 km, Fig. 2D), depth distribution of after-
shocks (Fig. [ST)), and an agreement between seismic and geodetic moment magnitudes (M,, 7.6).
Rupture propagation below the nominal locking depth might result from a strong dynamic weak-
ening [46-48].

The transient supershear phase is favored by inferred rupture migration but is not uniquely
required by the observations. In the preferred model, supershear rupture is confined to the central
asperity between about 70 and 105 km along strike (Fig. @B), where the initial on-fault relative
prestress ratio reaches R ~ 0.5-0.6 (Fig.[dD), above the value of R ~ 0.46 (S ~ 1.19) required for a
supershear transition in three dimensions [49]]. A model with high relative prestress produces more
persistent supershear propagation, reaching V,/V, > V2, but overpredicts the observed moment-
rate peak by more than a factor of two (Fig. Methods). Conversely, a model with uniform
D, fits the geodetic and moment-rate observations equally well and reproduces the slowdown
at the same barrier, while remaining subshear throughout the rupture (Fig. Methods). We

prefer the heterogeneous-D,. model because its rupture-speed evolution better agrees with the
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apparent acceleration inferred from EKI-MultiCMT and backprojection (Fig. [3E). The kinematic
observations therefore permit, but do not require, transient supershear propagation. Consistent with
this interpretation, only 8% of aftershocks occurred within the modeled supershear segment (60—
100 km along strike), compared with 58% in the easternmost rupture region (Fig. [I)), although this
contrast does not independently indicate supershear rupture [50].

The dynamic rupture model also offers an explanation for the contrasting histories of high-
frequency radiation and moment release. EKI-MultiCMT and the finite-fault model indicate sus-
tained moment release, whereas backprojection reveals concentrated high-frequency radiation asso-
ciated with abrupt rupture-speed changes and slip-pulse interactions (Fig.[5)). Rupture irregularities,
including abrupt acceleration and deceleration, variations in local slip duration (rise time), and in-
teractions between rupture fronts, can enhance high-frequency radiation without corresponding
peaks in total moment release [38, |51-53|]. The observed 40—60 s radiation burst coincides with
the modeled primary-front deceleration, secondary-pulse propagation, and rapid shortening of slip
duration, suggesting that the apparent doublet reflects a transition in rupture dynamics rather than

two independent earthquakes.

Implications for rapid source characterization and seismic hazard

Complex multistage ruptures challenge conventional source characterization, because distinct
episodes of seismic radiation can be misidentified as separate earthquakes, potentially misrep-
resenting rupture length, duration, and directivity. Integrating complementary seismic and geodetic
observations with physics-based dynamic rupture simulations provides a framework for linking
rupture evolution to physical mechanisms and ground-motion characteristics. Our preferred sim-
ulation predicts strongly asymmetric shaking concentrated along and south of the San Sebastian
Fault, with near-fault peak ground velocities exceeding 1 m/s (Fig. iH).

Our simulations use linear slip-weakening friction, a one-dimensional velocity structure, and
a simplified fault geometry, without accounting for time-dependent healing, bi-material effects,
or small-scale fault complexity. Frictional healing would increase the stress required to break the
barrier, such that our modeled delay may represent a lower bound. In addition, a bimaterial contrast

across the fault, potentially coupled with fault normal stress and pore-pressure changes, would favor
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eastward pulse-like rupture [54-56].

The rupture behavior observed in Venezuela has broader implications for continental strike-slip
fault systems, including the San Andreas Fault in California, the North Anatolian Fault in Tiirkiye
[10], the Median Tectonic Line in Japan, and the Enriquillo-Plantain Garden fault system in
Haiti [57]]. Our results suggest that fault geometry and stress heterogeneity, possibly inherited from
historical earthquakes, jointly influence present-day rupture dynamics, while regional tectonic stress
and dynamic stress transfer can promote rupture propagation across otherwise restrictive barriers.
Understanding these interactions is essential for assessing whether ruptures remain confined to
individual segments or propagate across entire fault systems, with important implications for the

maximum earthquake size and spatial extent of damaging ground motion.
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Figure 1: Tectonic setting and rupture region of the 2026 M,, 7.6 Venezuela earthquake (A) Map of
northern Venezuela showing the Boconé Fault (blue), San Sebastidn Fault (red), and mapped regional faults
(grey). The yellow band marks the inferred rupture region of the 2026 earthquake, and gray circles, sized by
magnitude, show aftershocks within 14 days of the mainshock with magnitude My, > 2.0. Two stars indicate
the epicenters of the two events initially cataloged by the US Geological Survey (USGS) as M,, 7.2 and M,,
7.5, which occurred on 2026-06-24 22:04:31.8 (UTC) and 2026-06-24 22:05:04.1 (UTC), respectively. The
orange arrows indicate the SHp,x orientation along the fault system. The SH .« rotates clockwise gradually
from Bocon6 Fault to San Sebastidn Fault [24]. Open circles indicate the major cities, and a triangle indicates
the CCS1 GNSS station. Grey lines indicate the active fault trace in the region [58]. The inset shows the
regional tectonic setting along the southern Caribbean plate boundary in thick black lines. The red box
indicates the extent of the main map. (B) The along-strike aftershock histogram shows depleted aftershocks

between 20 and 100 km along-strike distance (68.3°W — 67.6°W).
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Figure 2: Coseismic deformation, fault trace, and finite-fault slip distribution (A) Coseismic displace-
ments derived from NISAR and ALOS-2 InSAR observations. Color denotes the magnitude and black arrows
denote the orientation of horizontal displacements. The gray line denotes the rupture trace. Blue and ma-
genta boxes outline the Playa Grande and Caraballeda regions shown in panels B and C, respectively. White
arrow denotes the GNSS coseismic displacements at the continuous cite CCS1 [59]. (B and C) East-west
component of horizontal surface displacements in the Playa Grande and Caraballeda regions. Displacements
are obtained from cross-correlation of high-resolution (3 m pixel size) PlanetScope optical imagery. Black
line denotes the inferred rupture trace. (D) Best-fit coseismic slip model obtained from inversions of InSAR
data. The fault geometry is constrained using geologic fault maps, geodetic (InSAR and optical) data and
EKI-MultiCMT focal mechanisms. Colors indicate slip amplitude. Yellow stars denote the USGS W-phase

moment centroids.
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Figure 3: Kinematic rupture evolution from EKI-MultiCMT and teleseismic backprojection
(A) EKI-MultiCMT subevent focal mechanisms and backprojection high-frequency radiators pro-
jected onto the coseismic displacement field. Each moment tensor represents the subevents scaled
by moment, and gray lines indicate the variability in the resolved fault geometry. The color contours
delineate the high-frequency radiation with custom window ranges. The background map shows the
InSAR-derived displacement. The pentagon and star markers indicate the USGS doublet locations.
The circle markers indicate the major cities. (B) Comparison between the synthetic and observed
teleseismic P-wave displacement records. The synthetic P waves achieve 82% variance reduction
relative to the observations. The P waves are bandpass filtered between 0.01 and 0.2 Hz. Top left
labels of each waveform list the corresponding station network, code, and azimuth. Fig.
shows all waveform comparison. (C) Moment-rate history from the ensemble MultiCMT solutions.
The black and colored lines show the total and subevent moment-rate functions, respectively. The
gray line shows the moment-rate history from the USGS finite-fault slip model (USGS-FFM). (D)
Comparison of cumulative moment release with the EKI-MultiCMT solution (black solid line),
the USGS finite-fault slip model (gray solid line), and the USGS doublet moment release (dashed
horizontal lines). (E) Normalized high-frequency backprojection energy with a burst at 48 s. The
origin time of the USGS M,,7.5 second event (32 s from the origin time) is indicated by the dashed
line. The BP energy is computed using a uniform five-second sliding window. We note that the BP
energy is not directly correlated with waveform amplitude. (F) Space-time rupture evolution from
EKI-MultiCMT subevents and backprojection peak-energy windows. The inner and outer colored
shading enclose the 50% and 90% density regions of the EKI-MultiCMT ensemble subevents’
centroid time and location samples. The gray shading indicates 80% BP relative energy per sliding
5 s window. The dashed line shows the estimated rupture speed following the EKI-MultiCMT
subevents and BP migration patterns. Rupture speeds for each segment are listed in the figure, with

the uncertainty range between the fastest and slowest possible rupture-front estimates.
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Figure 4: Preferred dynamic rupture simulation (A) Simulated slip distribution of the Venezuela earth-
quake. Each black line represents a 5 s rupture time. Heterogeneous distributions of B-E simulated rupture
speed V, normalized by the fault-local shear wave velocity Vj, along-strike stress drop, initial relative pre-
stress ratio R, and D .. Average stress drop over the slip area is 1.62 MPa. F Synthetic moment rate release
compared with observational inferences from teleseismic data by the USGS model and EKI-MultiCMT. G
Six snapshots of rupture evolution at 10, 25, 40, 45, 50, and 60 s. Black stars mark the hypocenter, and
the dashed line indicates the 10 km depth interval. H Peak ground motion distribution. We apply a 2.5 Hz
low-pass filter to the simulated data and compute orientation-independent horizontal ground motions without

geometric means (RotD50, ). 16
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Figure 5: Comparison between simulated rupture dynamics and observed kinematics. (A)
Space-time evolution of the simulated fault slip rate with the back-projection migration. The
simulated slip rate is obtained along 15 km depth. The grey shaded area indicates the BP radiators’
location. The simulation captures an initial phase of rupture acceleration, a transient supershear
episode, subsequent deceleration, and reacceleration. (B) Normalized BP energy as a function of
time. (C) Simulated rupture speed V, normalized by the fault-local shear wave velocity Vi, with the
shaded region indicating variability across the rupture front. Dashed line marks the V,/V, = 1, V2.
The interval with V,./V; > 1 denotes transient supershear propagation. (D) Simulated rise time
(local fault slip duration). The rupture varies between long-duration slip and short-duration slip

pulses.
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Figure 6: Schematic diagram of the multi-stage Venezuela earthquake. Color denotes the
amplitude of coseismic slip from the static finite fault model, with increments of 0.5 m. Gray
contours denote location of the rupture front from the dynamic rupture model, with increments
of 5 s. Other notation is the same as in Figs. [T[fand 2] The 1967 earthquake rupture extent is
estimated from refs. 61]]. The rupture length is uncertain; we assume 35 km based on the
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Materials and Methods
InSAR analysis

We use Synthetic Aperture Radar (SAR) data acquired by NISAR and ALOS-2 satellites. Due
to dense vegetation cover and surface disruption caused by seismic shaking, the C-band (radar
wavelength of 5.6 cm) Sentinel-1 interferograms are strongly decorrelated in the near field (within
10-20 km) of the earthquake rupture. We only use Sentinel-1 pixel offsets to constrain the location
of the rupture trace and the amount of surface slip. The L-band (radar wavelength of 24 cm)
NISAR and ALOS-2 interferograms remain coherent over much of the study area and provide
information about coseismic displacements with 10s of millimeters accuracy and 10s of meters
spatial resolution. Table [S1|lists interferometric pairs used in this study.

NISAR interferograms are generated from GSLC (geocoded single look complex) products
provided by NASA via the Alaska SAR Facility. The ALOS-2 interferograms are generated using
GMTSAR software [[65] from the Level-1 Single Look Complex (SLC) images provided by the
Japan Aerospace Exploration Agency (JAXA). Topographic phase is removed using the Shuttle
Radar Topography Mission (SRTM) digital elevation model with 30 m resolution [66]. We process 2
consecutive frames from each track that spans the earthquake rupture. Each ALOS-2 frame consists
of 5 sub-swaths that are co-registered, filtered, and merged into a full frame. The merged frames are
unwrapped using the branch-cut algorithm [67] for ALOS-2 and the Statistical-cost, Network-flow
Algorithm for Phase Unwrapping (SNAPHU) [[68]] for NISAR. We merge the frames for each track
by minimizing phase differences in the overlap areas. Fig.[S3|shows the resulting NISAR and ALOS-
2 interferograms re-wrapped using the respective radar wavelengths. Most of the interferograms
exhibit long-wavelength trends most likely due to ionospheric variations. NISAR interferograms
are corrected for the ionospheric phase contributions using ionospheric phase screens provided as
part of the GUNW (geocoded unwrapped) data products. Estimates of ionospheric phase screens
for the ALOS-2 interferograms are less robust due to a smaller bandwidth of ALOS-2 ScanSAR
data. We account for ionospheric contributions to the ALOS-2 and any residual long-wavelength
artifacts in the NISAR interferograms by solving for cubic ramps as part of inversions of InSAR
data for the coseismic slip distribution, as described in Section “Static finite-fault slip inversion.”

The ALOS-2 interferogram from the ascending track 40 (not shown) spans a time interval of
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more than 1.5 years and is more strongly decorrelated compared to the other L-band interferograms
that span less than 1 month. Therefore, we don’t include the former in our inverse modeling. The
remaining data set consists of 4 NISAR interferograms (2 from the ascending tracks 61 and 162,
and 2 from the descending tracks 54 and 126), and 3 ALOS-2 interferograms from the descending
tracks 133, 134 and 135. Given the right- and left-looking capabilities of the ALOS-2 and NISAR
radar instruments, respectively, the available data provide sufficiently diverse lines of sight (LOS)
to allow recovery of the full 3-component displacement field. We resample the detrended geocoded

interferograms onto a common grid, and for each pixel solve a system of linear equations
Au =d, (S

where u is the displacement vector with the 3 orthogonal East, North, and Up components, A is
the design matrix composed of components of the local unit look vectors, and d is the data vector
composed of LOS displacements from different interferograms. The look vector at each pixel
points from the ground to the satellite position in an Earth-centered, Earth-fixed (ECEF) Cartesian
coordinate system. The look vectors are normalized to unit length and transformed into the local
east-north-up (ENU) coordinate system. We solve the system [ST| provided the two conditions are
met: (1) more than two independent observations are available for a given pixel, and (2) a condition
number of the design matrix A is less than a prescribed threshold (we use a threshold of 50 in this
study). The first condition ensures that the system is not underdetermined, and the second condition
ensures that there is sufficient diversity in the look angles, so that all components of the displacement
vector are resolved, and the solution is not highly sensitive to errors in the data [27, 28, 69]. The
resulting distribution of horizontal displacements is shown in Fig. 2JA. The calculated horizontal
displacements exhibit a characteristic "butterfly” pattern expected of strike-slip earthquakes [27,
'/0]]. For comparison, we also show coseismic displacements measured using the continuous Global
Navigation Satellite System (GNSS) station CCS1 (white arrow and triangle in Fig.[2JA). GNSS data
were processed by the Society of Geodetic, Geomatic, and Surveyor Engineers of Venezuela [59].
The GNSS data provide independent measurements of the coseismic displacement in the east, north,
and vertical directions. As can be seen in Fig. 2JA, the InSAR-derived coseismic displacements are

in excellent agreement with the available GNSS data at site CCS1.
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Optical pixel correlation

We use PlanetScope optical imagery (PlanetScope Ortho Analytic Scene Product) at 3 m spatial
resolution to measure the near-fault displacement field along the eastern part of the rupture, where
three sections of the surface fault trace are located onshore. Two pairs of pre- and post-earthquake
images, acquired on 21-22 June 2026 and 27 June 2026, respectively, are used. Image pairs are
selected to minimize cloud cover and temporal separation from the earthquake (Table [S4). We
correlate each pre- and post-event pair individually using the phase correlator of the open-source
software package COSI-Corr [71, [72] with a multiscale sliding correlation window of 128 to
32 pixels and a measurement step of 8 pixels (24 m). We discarded outliers with displacement
amplitudes greater than 15 m and data points with a low signal-to-noise ratio (<0.90). We then
detrended the displacement fields by removing a residual ramp from each correlation. Finally, we
smoothed the surface displacement fields using the non-local means filter implemented in COSI-
Corr [73]. We used a patch size of 4x4 pixels, an area dimension of 21x21 pixels, and a noise
parameter value of 0.75 [74].

To constrain the rupture trace location and surface slip amplitude, we complemented the inter-
ferometric measurements with pixel offsets derived from NISAR and Sentinel-1 radar amplitude
images, as well as Sentinel-2 and PlanetScope optical images Pixel offsets derived from cross-
correlation of high-resolution (3 m pixel size) PlanetScope optical images are shown in Fig.2B,C.
The offset maps clearly show step-like displacements, which are used to determine the rupture lo-
cation and slip amplitude. At the west side of the town of Playa Grande, fault offsets are distributed
over arelatively broad zone of several kilometers, indicating buried slip, distributed failure, or some

combination of both [[70, 75]].

Static finite-fault slip inversion

We invert line-of-sight (LOS) coseismic displacements for the subsurface slip distribution using
piece-wise linear triangular dislocation elements that ensure a continuous slip distribution [29].
The fault geometry is approximated by a 3D curved surface that follows the surface trace, has a
constant dip angle of 80 degrees to the south, and extends from the surface to a depth of 40 km

(Fig. 2, D). Fig.|S1|shows the best-fit finite fault model along with aftershocks recorded by a local
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seismic network.

The element size gradually increases from ~4 km at the Earth’s surface to ~8 km at the bottom
of the fault model (40 km). Element size follows the resolution of the data [76, 77]. Each element
is sized to half the width of a Gaussian fitted to the averaging kernel of the corresponding model
parameter. The mesh and data sub-sampling were updated iteratively until the mesh converged.
Each triangular element is given by a superposition of point sources placed at the centroids of a
uniform subdivision of each triangle and weighted by the basis function. The Green’s functions
for point sources are computed assuming a 1D seismic velocity structure shown in Table We
then calculate Green’s functions for the vertices of the triangular elements, imposing a slip of
unity at the given vertex, and a linear decrease of slip to zero to the other vertices of all adjacent
triangular elements [29]]. This is similar to a treatment of triangular elements with linear basis
functions in the Finite Element Method [78]]. Finally, we solve for slip s at the nodes (vertices of
interconnected triangular elements) of the mesh by forming a linear system of equations Gs = d,
where G is the Green’s function matrix, and d is the data vector consisting of sub-sampled NISAR
and ALOS-2 LOS displacements. Vector s consists of strike-slip and dip-slip components for each
node. The matrix G accounts for the projection of the 3-component surface displacement field onto

the respective lines of sight. We seek the slip distribution u that minimizes a functional
IW (Gs + Pe — d)|[3 + 42 |[Hs|; + [[Bs]|3 . (S2)

where ||.||2 is the Euclidean (L,) norm, A2 is the effective regularization parameter, and H is the
discrete Laplace—Beltrami operator that penalizes curvature in the slip distribution and serves as a
regularization operator to avoid ill-posedness [[79]]. For any given edge of a triangular element, H
uses cotangent weights if both opposite angles of the edge are acute and symmetrized mean-value
weights otherwise [29, 80]. Pc is a polynomial (degree of 3) used to estimate long-wavelength
trends (ramps) for each interferogram, solved for jointly with the slip and not regularized [81], W
is a diagonal weighting for each sample by 1/VN, where N is the number of samples from the
respective interferogram, and B implements a soft zero boundary condition for slip at the bottom
and side edges of the fault [82].

Since the regularization parameter A, depends on the mesh, we express the mesh-independent
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regularization strength as the effective rank
Tyw?2 1 Tw?
(1) = r(Ryy),  R= (A W2A + r) ATW2A, (S3)

where A =[G P] and

(4, ,HH+B'B 0

= : (S4)

0 0

The regularization is chosen by spatially blocked cross-validation [83]. The data were divided into
eight along-strike blocks of about ~ 71 km, each block was predicted from an inversion of the
other seven, and the misfit of the held-out predictions was minimized (Fig. [S2). The corner of the
L-curve corresponds to a model about four times smoother, which both the cross-validation and the
recovery tests below disfavor.

Fig. [S4] shows the interferograms corrected for the ionosphere (NISAR) and long-wavelength
ramps estimated from joint inversions. The corrected interferograms display clear coseismic fringes
along the fault, suggesting that the de-trending procedure is robust. This is further demonstrated by
reasonable model fits and low residuals (Fig. [S3).

We estimate model uncertainty from 100 re-inversions, with the same bounds, of the model
prediction plus spatially correlated noise. The noise is drawn from an exponential covariance fitted

to each interferogram’s far-field residual and scaled to its residual rms. A second contribution is

the spread of models across the cross-validation range of effective rank (Fig. [S6).

Backprojection

Teleseismic back-projection is routinely used to image the rupture process of large earthquakes
and to estimate rupture speed [32]]. Here, we employ a time-domain P-wave backprojection method
to investigate the rupture evolution of the M,, 7.6 Venezuela earthquake [32-34]]. We download
vertical-component P-wave velocity records from seismic stations at epicentral distances of 30-95°,
totaling 1291 traces, with a sampling rate of 100 Hz. The records are filtered with 0.2—-1.0 Hz bands
using fourth-order Butterworth filters. We calculate theoretical P-wave arrivals using the IASP91
travel-time model [84]. We exclude stations near the nodal planes of the USGS focal mechanism
and align the remaining records using multichannel cross-correlation in a window from -3 to 5

s relative to the theoretical P arrivals. Time shifts of up to 3 s and polarity reversals are allowed
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during alignment. Records are subsequently selected based on their correlations with the reference
beam and visual inspection. In total, 1,272 records are used in the analysis.

We define a spatial grid of potential sources at the hypocentral depth, with a grid spacing of
5 km. The grid extends from 50 km west to 300 km east of the hypocenter and spans 150 km in
the north—south direction. To improve the spatial resolution of the backprojection images, we use
fourth-root stacking (N = 4), although this nonlinear method does not preserve absolute amplitude
information [85, |86]. Prior to stacking, each waveform is normalized by its peak amplitude and
inversely weighted by the number of contributing stations within 5°, reducing the biases associated
with uneven azimuthal and spatial coverage.

To locate the major coherent radiators, we construct backprojection snapshots using non-
overlapping stacking windows of (0-10 s, 10-25 s, 25-35 s, 40-50 s, 50-55 s) and normalize
each snapshot to its maximum back-projection power (Fig. [3). The window boundary is selected
empirically to isolate distinct episodes of coherent high-frequency radiation. After ~ 55 s, increasing
interference from coda waves reduces waveform coherence and thus increases the uncertainty of
the inferred radiator locations.

For higher temporal-resolution analyses in Fig. [3E,F, we instead use uniform, half-overlapping
5 s windows throughout the rupture. For each window, we sum the back-projection power over
the entire source grid and normalize the resulting time series to obtain a relative measure of the
temporal evolution of high-frequency radiation (Fig. BE). We use the same 5 s back-projection
results to construct the space—time migration image by projecting the locations of the resolved

radiators onto along-strike distance from the hypocenter (Fig. [3F).

Ensemble Kalman Multiple Centroid Moment Tensor Inversion

We use Ensemble Kalman Multiple Centroid Moment Tensor Inversion (EKI-MultiCMT) to recon-
struct the kinematic rupture history of the 2026 M,, 7.6 Venezuela earthquake [31]. The MultiCMT
representation describes an earthquake as a sequence of moment-tensor subevents, each character-
ized by its location, focal mechanism, seismic moment, centroid time, and moment-rate function
[87]. Unlike conventional finite-fault inversions, MultiCMT does not require prescribed fault geom-
etry or rupture velocity. EKI-MultiCMT jointly estimates the subevent parameters using Ensemble

Kalman Inversion, a derivative-free optimization method that updates an ensemble through esti-
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mated cross-covariances between model parameters and synthetic waveforms [88]].

Initial ensemble and observational constraints. We follow the inversion framework of Wong
et al. [31] and use teleseismic backprojection, satellite geodesy, and regional tectonic information
to guide the initial spatial and temporal distribution of the ensemble. The detailed formulation of
the EKI-MultiCMT and implementation are listed in [31]. In the following, we discuss the specific
datasets, ensemble setup, and the new two-stage inversion developed for this event. Backprojection
and NISAR observations indicate rupture over approximately 200-250 km along the Bocon6—San
Sebastian fault system, with high-frequency radiation migrating at an average apparent speed of
2.8-3.5 km/s over ~70-80 s. We initialize subevents along this migration pattern with sequential
centroid times and approximately 50% overlap between neighboring subevent time windows. These
distributions provide initial samples rather than fixed bounds on the inversion parameters. Supple-
mentary Table |S3| summarizes the initial parameter distributions. Using satellite observations and
the known Boconé-Sebastian fault system, we restrict the ensemble to the identified trace to reduce
the inversion dimensionality.

Waveform selection and processing. We select 36 teleseismic stations at epicentral distances of
30°-90° (Fig.[S9). Records are selected separately for each waveform type based on signal-to-noise
ratio. The joint inversion uses 24 P-wave records, 21 SH-wave records, and 61 surface-wave records.
Body-wave displacements are resampled to 1 Hz and surface-wave displacements to 0.1 Hz. We
apply bandpass filters of 5-100 s for P waves, 20-100 s for SH waves, and 50-200 s for surface
waves. Records are normalized using a common scaling factor for each waveform type, preserving
relative amplitudes between stations and radiation-pattern information. We assign relative weights
of 4:2:1 to P, SH, and surface waves, respectively, for the second-stage joint inversion. We use
Instaseis with the Syngine green’s function library PREM prem_a 2s to generate the synthetic
waveforms [89, 90].

Two-stage inversion strategy. Teleseismic P-wave observations show two distinct phases:
relatively low-amplitude signals during the first ~40 s, followed by signals with more than twice
the displacement amplitude between ~40 and 80 s. To prevent the later, higher-amplitude arrivals
from dominating the inversion, we adopt a two-stage strategy. We first invert the initial 40 s of
teleseismic P-wave observations to constrain the early rupture. We then incorporate these results

into a joint inversion of the full P-, SH-, and surface-wave records to reconstruct the complete
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rupture history. The temporal division approximately coincides with the separation of the two
events initially reported in the USGS and GEOFON catalogs [1, 2]. This two-stage inversion is
similar to the multistage Bayesian inversion used in [91]].

Rather than fixing the first four subevents, we impose a prior to preserve the inverted first four-
subevent source parameters while allowing adjustments during the joint inversion. We initialize
these subevents by perturbing the first-stage estimates with zero-mean Gaussian noise and incor-
porate their inferred parameters as Tikhonov regularization within the Ensemble Kalman Inversion
(TEKI) framework [92]. We estimate the prior variance Cpior from the ensemble spread from the
first-stage inversion. Hence, the second-stage objective function is

1 1 .
J(0) = EIIG(O) —dl3, + §||01;4 — 0742 (S5)

prior

where 7., denotes the first-stage reference solution, Cpior specifies the prior covariance of the
first four subevents, and R is the observational error covariance. The prior covariance controls
allowed deviations from the first-stage estimates, enabling the inversion to account for waveform
interference and parameter trade-offs between early and later subevents without discarding early-
rupture constraints.

First stage: Initial 40 s of teleseismic P waves. We invert the initial 40 s of P-wave observations
using models containing one to five subevents. The four-subevent model achieves the highest
waveform variance reduction (80.0%) and the lowest BIC (Fig. [SI10p, Fig [STI), and is therefore
selected to represent the early rupture.

We assess parameter variability using a Randomized-then-optimization procedure [31,|93-95].
We conduct ten independent inversions with randomized initial ensembles and perturbed observa-
tions. Each inversion produces an optimized, data-consistent solution, and the variability among
these solutions provides an empirical measure of inversion stability and parameter uncertainty. The
ten solutions yield waveform variance reductions of 78.4—82.6%, and Fig. shows the subevent
centroid time and location variability in the space-time migration plot.

Second stage: Joint inversion of full teleseismic waveforms. We extend the inversion to
the full 90-s P-wave displacement records, together with SH- and surface-wave observations, to
reconstruct the complete rupture history. The four subevents inferred from the first stage provide

initial estimates of the early rupture, while additional subevents represent subsequent moment
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release.

We invert the full-trace waveforms with a total of five to eight subevents. The seven-subevent
model achieves the highest waveform variance reduction (83.6%) and the lowest BIC (Fig.[STO)b,
Fig [ST5). Similarly, we conduct the Randomized-then-optimization procedure and yield ten

sets of ensemble solutions with waveform variance reduction of 77.6—85.1%.

Constructing subsurface fault geometry

To construct the fault geometry of the Bocon6 and San Sebastian faults, we first digitize the
surface trace of the Venezuela earthquake rupture using phase gradients derived from NISAR
data, the E-W component of horizontal displacements derived from NISAR data, and optical pixel
correlation offset from Sentinel-2 and PlanetLab data. We connect the offshore trace and extend
the fault segments beyond the rupture area using the active surface fault trace [58]]. To determine
the subsurface fault geometry from the surface fault trace, we use the EKI-MultiCMT inversion
of subevent focal mechanisms. All subevents have sub-vertical fault plane with dip angles ranging
from 70 to 90°, with median dip angles around 80-85 °. Therefore, we construct a constant 80°

dipping-angle fault network across the Boconé and San Sebastian faults.

Ensemble Kalman Inversion (EKI) 3D dynamic rupture simulations

We use three-dimensional dynamic rupture simulation to investigate the faulting conditions con-
trolling the rupture dynamics of the Venezuela earthquake. Dynamic rupture simulation solves the
governing equations for coupled seismic wave propagation and on-fault frictional evolution and can
include off-fault inelastic deformation, allowing spontaneous rupture to emerge from prescribed
stress, frictional, and structural conditions [36, 96, 97]. To constrain the heterogeneous prestress
conditions, we employ Ensemble Kalman Inversion for Dynamic Rupture simulations (EKI-DR)
[39, [88]], using geodetic displacements and the seismic moment-rate history as observational con-
straints.

We perform simulations using SeisSol [98], which solves the elastodynamic equations using the
arbitrary high-order derivative discontinuous Galerkin (ADER-DG) method [99, 100]]. The fault ge-
ometry follows the connected Bocon6—San Sebastidn fault system constrained by satellite geodesy,

EKI-MultiCMT focal mechanisms, and mapped active fault traces [58]] (Methods Sec. ‘{Construct-|
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[ing subsurface fault geometry[’). The fault dips at 80° and extends from the surface to 40 km depth.

We adopt the same one-dimensional layered elastic structure used for the static finite-fault inversion,
derived from the regional CRUST2.0 model [101] (Table[S2). The computational domain includes
topography from the 450-m GEBCO grid [102] and neglects viscoelastic attenuation.

The model domain is discretized into ~17.0 million tetrahedral elements, with mesh refinement
in a 350 km x 100 km high-resolution region aligned with the predominantly east—west fault system
to resolve frequencies up to 1 Hz. The characteristic fault on-fault edge length is 250 m, which
resolves the process zone (with D, = 0.1 m) with a measured width of 250 m in our simulation
using a polynomial basis function of degree p = 5 (order 6 accuracy) with local time stepping
[103].

Simulations are configured to run for up to 150 s. Each simulation takes 3,500 GPU-hours on
the Leonardo HPC cluster, and 58,000 CPU-hours on the Frontera HPC cluster [[104].

Fault friction, rupture nucleation and off-fault plasticity. We prescribe linear slip-weakening
friction [35} |105]], following 3D dynamic rupture model setups of previous large strike-slip earth-
quakes [17, 21}, 30, [106-109]]. Fault strength, 7, at any location on the fault is calculated using:

Ms — Hd

Cc

75 ==C —min (0,07) |us — min(AS,D.) |, (S6)

where C is the frictional cohesion, o7, is the compressive effective normal stress magnitude, p; and
g are the static and dynamic friction coeflicients, and AS is accumulated fault slip. We prescribe
uniform coefficients uy; = 0.6 and uy = 0.22, with cohesion increasing linearly from 0.5 MPa below
6 km depth to 1.5 MPa at the surface.

To reproduce the observed variation in rupture dynamics, we prescribe an along-strike distribu-
tion of D, linearly interpolated between control points. The D, ranges from 0.025 to 0.20 m, with
lower values over the western and central fault segments and higher values farther east. Specifically,
D, is prescribed as 0.06, 0.10, 0.025, 0.025, 0.20, 0.20, 0.10, and 0.10 m at along-strike coordinates
of 0, 60, 70, 100, 110, 150, 160, and 200 km, respectively. Within the nucleation region, D, is
reduced to 0.03 m inside an 8-km radius and transitions linearly to the background distribution
between radii of 8 and 12 km.

Rupture is initiated through a smooth forced-nucleation method [36] centered at 20 km depth

(68.528°W, 10.436°N), following the hypocenter location of the USGS finite-fault slip model []1]].
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The prescribed nucleation front expands within an 8-km-radius patch at a nominal speed of 0.7V,
with a smooth increase in the forced-rupture time approaching the patch boundary. Beyond this
region, rupture propagation evolves spontaneously according to the initial stress and frictional
conditions.
We prescribe a depth-dependent effective normal stress assuming depth-dependent high pore-
fluid pressure [110]:
0, (z) = min[12 MPa, 0.34pg max(z,200m)]

where z denotes positive depth, p = 2670 kg/m>, and g = 9.8 m/s?. This stress scale increases
with depth until reaching a cap of 12 MPa at approximately 1.35 km. The resulting effective
normal traction on the fault also depends on the resolved three-dimensional initial stress tensor. The
absolute effective stress and friction coeflicients are not independently constrained by the rupture
observations. Under linear slip weakening, the strength drop, relative prestress, and fracture energy
jointly control rupture behavior, while variations in effective normal stress also influence dynamic
fault-normal stress perturbations and off-fault yielding.

We assume a depth-dependent, non-associated Drucker-Prager elasto-viscoplastic rtheology to
model coseismic off-fault plastic deformation [96, [111-113]]. We parameterize off-fault plasticity
by a bulk internal friction coefficient and 3D variable plastic cohesion. We use a uniform bulk
friction coefficient of 0.6, matching our on-fault static friction coeflicient, and define the plastic

cohesion Cpjagic to vary linearly with effective confining pressure [96,|112,|114]:

Cplas(Z) = Cplas,O + Cplas,l (Z)O-é . (S7)

We set Cplas,0 to 1 MPa to represent partially consolidated sediments [115], whereas Cpa,1 linearly
reduces from 1 to O at depths shallower than 5 km.

Regional stress and relative prestress ratio We construct the initial stress field by combining
an Andersonian strike-slip regional stress tensor [[116,/117] and a heterogeneous stress field derived
from the finite-fault slip model. The regional stress tensor assumes that the vertical principal stress

corresponds to the intermediate principal stress, 0%, with a stress shape ratio

y=22"9 _gs. (S8)
o1 — 03

where 01 > 0» > 03 denote the principal compressive stresses.
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To represent the regional variation in tectonic stress orientation, we prescribe a clockwise
rotation of the maximum horizontal compressive stress, Sgmax, from 130° in the west to 145° in the
east (Fig. [T]A) [117, [118]. The orientation varies linearly between local coordinates x = —50 and
100 km and remains constant outside this interval.

We parameterize the regional prestress using the relative prestress ratio [[13]],

_T0o—Td _ 70 — HdO,

R ,
Ty =714 (Hs — Ha)Oy,

(59)

where 79, 75, and 7, are the initial shear traction, static strength, and dynamic strength, respectively.

The corresponding seismic strength parameter is

S:TS—T()’ R 1 .
T0 — Td 1+S

(S10)

Following [ 18], the regional prestress level R is specified on an optimally oriented fault. The
corresponding principal stress magnitudes are used to construct the three-dimensional Andersonian
stress tensor, which is subsequently resolved onto the nonplanar fault geometry. Consequently, the
local on-fault prestress ratio Ry depends on both regional stress magnitude and fault orientation
and varies significantly even for uniform Ry, and is always equal to or less than Ry.

To introduce additional along-strike prestress heterogeneity, we parameterize the regional stress
field using the seismic strength ratio S at discrete along-strike control points, with linear interpo-
lation between them. In the reference configuration, S increases from 1.2 at x = 0 km to 1.5 at
40 km and 2.0 at 80 km, remains at 2.0 through 200 km, and increases to 20 at 220 km to promote
terminal rupture arrest. The corresponding relative prestress ratios are approximately 0.45, 0.40,

and 0.33 over the principal rupture segments.

st =Qbij+acy+(1-Q)al 6, (S11)

where b;; denotes the Andersonian stress tensor, c;; is the sign-reversed deviatoric stress change of
the finite-fault slip model, @ = 1.1 is its scaling coefficient, and ¢;; is the Kronecker delta.

The depth-dependent modulation function Q(d) equals 0.4 at depths shallower than 2 km,
increases linearly to one between 2 and 4 km, and remains one between 4 and 30 km. It decreases

to 0.5 between 30 and 35 km and remains at 0.5 below 35 km to taper stress at depth. We choose
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35 km because it is the downdip limit of the finite-fault slip model. This modulation reduces the

regional deviatoric stress outside the seismogenic depth interval.

Ensemble Kalman inversion for dynamic rupture model initial stress conditions

Following our previously developed EKI-DR framework [39], we jointly invert for two parameters
controlling the initial stress state: the amplitude scaling @ of the finite-fault-model-derived stress
perturbation and the regional prestress parameter Ry. Each EKI ensemble member corresponds to
a fully spontaneous 3D SeisSol simulation, and the ensemble is iteratively updated using the joint
misfit between modeled and observed geodetic displacements and moment-rate functions.
Starting from an ensemble spanning @ = 1.0-1.2 and S, = 2—4, EKI iteratively updates the
parameter ensemble using the ensemble-estimated cross-covariance between the model parameters
and simulated observables. We perform the iterative inversion until the ensemble converges toward a
region of parameter space that provides a joint fit to both the geodetic and moment-rate observations.
We select the preferred model from the best-fitting EKI ensembles (Fig.[ST7). Among the first
updated ensemble, the model with @ = 1.10 and Ry = 0.33 (S = 2) provides the best geodetic
variance reduction (81.0%) and a low geodetic residual RMSE (10.29 cm), while its seismic
moment, 2.65 x 10*° Nm (M,,=7.59), and rupture duration (68.1 s) are consistent with the target

event. We therefore use this model as the preferred dynamic rupture for subsequent analysis.

Ground motion analysis

We compute peak ground velocities from the simulation of the preferred model (polynomial degree
5, with 250 m on-fault mesh resolution), with free-surface output every 0.1 s. At each surface
element, we low-pass filter the two horizontal velocity components at 2.5 Hz, rotate them over
all azimuths, and take the median of the peak values (RotD50) [[60]. The velocity model includes
no sediments with shear-wave speeds below 1.95 km/s and no anelastic attenuation, so absolute

amplitudes at basin sites are uncertain.
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s Supplementary Materials

Table S1: Coseismic interferometric pairs used in this study. Letters preceding the track numbers

denote ascending (A) and descending (D) tracks, respectively. Bpep denotes a perpendicular base-

line. Dates of the reference and secondary radar acquisitions are in a ”year/month/day” format.

Mission Track Reference Secondary  Bperp (m)

NISAR  A162 2026/06/13 2026/06/25 22
A061 2026/06/18 2026/06/30 25
D054 2026/06/17 2026/06/29 17
D126 2026/06/22 2026/07/04 7

ALOS-2 A040 2025/01/14 2026/06/30 203
D133 2026/06/19 2026/07/17 71
D134 2026/06/10 2026/07/08 124
D135 2026/06/15 2026/06/29 85
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Table S2: 1D velocity structure averaged from CRUST2.0 [[101].

layer depth [km] thickness [km] V, [km/s] Vi [km/s] rho [g/cm3]
hard sediments 2.00 2.00 3.75 1.95 2.37
upper crust 10.58 8.58 6.10 3.50 2.75
middle crust 19.25 8.67 6.50 3.65 2.87
lower crust 27.92 8.67 7.00 3.90 3.01
mantle 999 999 8.20 4.70 3.40
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Table S3: Initial ensemble distribution for the EKI-MultiCMT inversion.

Case First 40 s inversion 100 s inversion

number of ensemble 100 100

iterations 16 16

data P (5-100s) P (5-100s) & SH (10-100s) & surface waves (50-100 s)

Initial ensemble distributions*

Depth U(2 - 16km) U(2 - 16km)

Moment DW0.9-1.1)- 1 x 10"°Nm) DWU0.9-1.1)-2.5x 10"°Nm)

Strike U(70° - 100°) U(70° - 100°)

Dip U(70° - 90°) U(70° -90°)

Rake U(160° — 200°) U(160° — 200°)

Duration U(6 - 16s) U(6 - 16s)

Centroid time 50% overlap with total duration of 40 s 50% overlap with total duration of 100 s

* U represents uniform distribution, D represents Dirichlet partition .

* The subevent moments are determined by a Dirichlet partition of a uniformly distributed total seismic moment.
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Table S4: PlanetScope Imagery meta-data.

Covered Product Spatial Acquisition date Image ID
area type resolution (m) (year-month-day)
Playa Grande Analytic Ortho Scene 3 26-06-22 20260622_153256_45_253b
Analytic Ortho Scene 3 26-06-27 20260627_153104_40-2530
Caraballeda  Analytic Ortho Scene 3 26-06-21 20260621_145736_82_2558
& Naiguata  Analytic Ortho Scene 3 26-06-27 20260627 145723 402553

Table SS: List of alternative dynamic rupture models with corresponding figures and geodetic

variance reduction.

Model

Figures

Geodetic variance reduction

Uniform Regional relative prestress model (Ry, @) = (0.67,0) Fig.

Uniform D, model with (Ry, @) = (0.33,1.1)
Persistent supershear model with (Ry, @) = (0.33,1.2)

Barrier-arrest model with (R, @) = (0.2, 1.2)

Fig.
Fig.
Fig.

S19
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S21

S23

55.3%
81.5%
79.0%
43.0%
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model.
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Figure S8: Near-fault surface displacement from optical image correlation of PlanetScope

data. (a) Map of east—west (E-W) coseismic displacement near Playa Grande and Caraballeda.

Black line indicates the mapped fault trace, and the profile locations are shown by black and cyan

lines. (b—e) Representative fault-perpendicular displacement profiles extracted from the optical

pixel-offset field. Gray dots show displacement measurements, vertical dashed lines mark the fault

trace, and horizontal blue dashed lines indicate displacement levels on either side of the fault used

to estimate coseismic offsets. The inferred displacement steps are 1.79, 2.91, 4.09, and 4.21 m,

respectively.
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Teleseismic stations (30-90° range)
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Figure S9: Teleseismic stations used in the EKI-MultiCMT inversion. Map view of the 36

stations used for the EKI-MultiCMT inversion.
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a First 40s teleseismic P wave inversion b Full-record teleseismic P, SH, surface waves inversion
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Figure S10: Comparison of variance reduction and Bayesian Information Criterion (BIC)
value with varying number of subevents. (a) Comparison for the first stage inversion. The
four-subevent model achieves the highest variance reduction of 80.0% and the lowest BIC. (b)
Comparison for the second-stage inversion. Three additional subevents achieve the highest variance

reduction of 83.6% and the lowest BIC.
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Figure S12: Comparison of the observed and synthetic teleseismic P waves of the second
inversion. Black traces show the first 80s of the observed teleseismic P-wave and red traces show
the synthetic waveforms predicted by the EKIMultiCMT ensemble solution. Labels at the top-left

corner of each waveform plot show the network, station, azimuth, and station distance in degrees.
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Figure S13: Comparison of the observed and synthetic teleseismic SH waves of the second
inversion. Black traces show the first 80s of the observed teleseismic SH-wave and red traces show
the synthetic waveforms predicted by the EKIMultiCMT ensemble solution. Labels at the top-left

corner of each waveform plot show the network, station, azimuth, and station distance in degrees.
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Figure S14: Comparison of the observed and synthetic teleseismic Love waves of the second

inversion. Black traces show the first 80s of the observed teleseismic Love wave and red traces

show the synthetic waveforms predicted by the EKIMultiCMT ensemble solution. Labels at the

top-left corner of each waveform plot show the network, station, azimuth, and station distance in

degrees.
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Figure S15: Comparison of the observed and synthetic teleseismic Rayleigh waves of the
second inversion. Black traces show the first 80s of the observed teleseismic Rayleigh wave and
red traces show the synthetic waveforms predicted by the EKIMultiCMT ensemble solution. Labels
at the top-left corner of each waveform plot show the network, station, azimuth, and station distance

in degrees.
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Figure S16: Comparison of moment-rate function estimates using prescribed rupture speed

on a finite-fault slip model. (a) Comparison of the three assumed rupture propagation patterns

with constant 2.8 km/s, 2.49 km/s, and varying rupture speed following the EKI-MultiCMT and

backprojection analysis in Fig[3F. (b) Moment-rate function based on the assumed rupture propa-

gation patterns.
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Figure S17: Ensemble Kalman inversion of the initial stress (o, Ry) parameterization Geodetic
variance reduction as a function of the finite-fault-model stress-scaling factor @ and the regional
prestress parameter Rp. Colored contours show the interpolated variance reduction across the
explored parameter space. Gray squares denote the initial EKI ensemble, black squares denote
ensemble members after the first EKI update. The orange outlined square marks the preferred

model.

Along-strike average slip (0.3-38.2 km depth; 5 km bins)
1.6 —— Finite-fault model
= Preferred rupture model
1.4 4
1.2

1.0

Area-weighted mean slip [m]
o
©

0 50 100 150 200
Along-strike distance in local projection [km]

Figure S18: Along-strike average slip for the finite-fault and preferred dynamic rupture
models. Mean slip is computed in 5-km along-strike bins. Black and red curves show the finite-

fault and preferred dynamic rupture models, respectively.
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Figure S19: Dynamic rupture simulation with uniform regional relative prestress level Ry.

Same plotting style as Fig. ] using the dynamic rupture model with a uniform regional relative

prestress level Ry = 0.669.

S36



a EW b NS

InSAR obs 100 InSAR obs 100
11.0 - o -
0 50 £ 50 E
10.5 1 /—-ﬁ"_/ o = A /—/_/ 0o =
8 h=t
10.0 -50 w -50 2
9.5 . . . . -100 . . . . -100

0
[= X

Synthetic 100 Synthetic 100
11.0 - _ =
50 g 50 LE)
10.5 /—."—"_/ 0o T /—"// 0o =
@ £
© o
10.0 -50 w A -50 =
9.5 T T T T _100 T T T T _100
e f
(obs - syn), VR: 80.99%, MSE: 10.29 cm 100 (obs - syn), VR: 80.99%, MSE: 10.29 cm 100
11.01 50 = 1 50 E
(9]
10.5 1 /—/”F_/' 0o = A /—/”/ o =
0 f=
© o
10.0 -50 W o -50 2
9.5 ; . : . -100 ; : ; . -100
—69 —-68 -67 —66 —69 —-68 -67 —-66

Figure S20: Geodetic fit of the preferred dynamic rupture model. (A,B) Observed coseismic
displacement along the east-west and north-south components, respectively. The data are resampled
to dense 1 km spacing near the fault to 10 km spacing 100 km away from the fault trace. (C,D)
Synthetic east—west surface displacement predicted by the preferred dynamic rupture model. (E,F)
Residual displacement, calculated as NISAR minus synthetic displacement. The preferred model
achieves 81.0% variance reduction and a root-mean-square averaged residual of 10.29 cm. Gray

lines indicate the modeled fault trace.
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Figure S21: Alternative dynamic rupture model with persistent supershear rupture. Same
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Figure S23: Dynamic rupture model that arrests at the barrier, with (Ry, @) = (0.2, 1.2). Same
plotting style as Fig. d] Both the primary front and the trailing pulse arrest at the low-stress barrier
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sss  Movie S1. Slip rate evolution of the preferred dynamic rupture model. Fault slip rate of the

sso model in Fig. |4l The color scale gives the slip rate in m/s.
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