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We present a direct measurement of the slip-rate function from a
natural coseismic rupture, recorded on 28 March 2025, during
the moment magnitude (M,,) 7.7 Mandalay earthquake
(Myanmar). This measurement was made using video footage of
the surface rupture captured by a closed-circuit television
(CCTV) security camera located only meters away from the fault
trace. Using direct image analysis, we measured the relative slip
at each time step and deduced the slip rate. Our results show a
local slip duration of 1.4 seconds and a cumulative slip of ~3
meters, during which surface slip velocity peaked at ~3.5 meters
per second with passage of the rupture front. These findings
demonstrate the pulse-like nature of the seismic rupture at the
location of the recording. Using slip-pulse elastodynamic rupture
models, we obtained the complete mechanical properties of this
pulse, including the energy release rate.

Estimating the spatial and temporal evolution of slip along fault inter-
faces is critical for understanding the physics of deformation processes
in Earth’s crust throughout the seismic cycle (I). Because slip typically
occurs at depth under extreme conditions, direct in situ observations
are, in most cases, impossible. Reconstructions of slip history rely on
inverse modeling (2). Consequently, our understanding of earthquake
physics is fundamentally limited by the resolution and coverage of the
data used in these inversions, as well as the inherent complexity of the
forward problem (3-6). As a result, many key aspects of earthquake
rupture, particularly the local dynamics of slip and the associated stress
evolution at the fault interface, remain poorly constrained.

On 28 March 2025, a devastating moment magnitude (M) 7.7 earth-
quake struck Myanmar along the Sagaing fault (7) near Mandalay. The
earthquake caused catastrophic damage: more than 5400 fatalities,
>11,000 injuries, and hundreds to thousands reported missing. Infrastruc-
ture losses included 120,000 homes, 2500 schools, numerous temples,
and key transportation networks such as bridges and airports. Several
historic sites, particularly in Inwa, suffered extensive damage. This
right-lateral strike-slip event ruptured more than 450 km of the fault,
with slip reaching the surface on long segments and horizontal dis-
placements up to 6 m [Fig. 1A; (8)]. The moment source function
derived from the US Geological Survey (USGS) (9) indicates that the
rupture propagation lasted ~120 s (Fig. 1B), in agreement with the
SCARDEC solution (10), and likely included supershear phases (11).

Beyond its societal impact, the earthquake offered an unprecedented
scientific opportunity: For the first time, a closed-circuit television (CCTV)
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security camera located just meters from the surface rupture cap-
tured the real-time deformation of the ground during seismic faulting
(12). This footage provides a direct observation of coseismic surface dis-
placement, enabling us to extract the time history of slip and slip rate
at a specific fault point, measurements that, until now, were only ac-
cessible through laboratory experiments or inferred indirectly through
modeling. In this study, we analyzed the footage to obtain a direct
measurement of the slip-rate function during a natural earthquake
(13) and, additionally, to invert the evolution of shear stress, energy dis-
sipation (breakdown work), and rupture dynamics. Our results pro-
vide ground-truth constraints on seismic rupture physics, offering a
critical benchmark for validating numerical models and seismic in-
versions and helping to close a long-standing observational gap in
earthquake science.

Measurement of local slip rate during the earthquake

The camera was positioned on the east side of the fault and was ap-
proximately oriented in the southwest direction. To estimate the local
slip rate, we tracked distinct visual landmarks located on both sides
of the fault (Fig. 2A). The primary landmark was a concrete or metallic
pillar (RO) located on the west side of the fault; two additional land-
marks, R1 and R2, were small poles located adjacent to a road and
behind a fence composed of vertical bars. Throughout the video, these
features display predominantly horizontal motion relative to the fore-
ground, consistent with right-lateral strike-slip faulting.

To quantify this motion, we defined two fault-parallel lines intersect-
ing the vertical landmarks (Fig. 2A) and tracked the pixel intensity
along these lines over the entire duration of the observable rupture
propagation (Fig. 2, B to E). We defined £ = 0 s as the approximate
onset of fault slip [corresponding to the time stamp 12:46:34.633 of
the video and not synchronized to universal time coordinated (UTC)].
Ground shaking began at ¢ = —4.5 s, which is evident as coherent mo-
tion across the frame due to camera motion. A secondary seismic phase
was observed at approximately ¢ = —1.8 s. The onset of fault slip was
identified as the moment when the tracked landmarks began to move
relative to nearby, foreground features. This relative motion continued
until approximately ¢ = 1.6 s (Fig. 2C).

For each landmark, we selected a nearby visually stable reference
point on the east side of the fault, as shown in Fig. 2A: R0’ (a vertical
wall) and R1’ and R2’ (vertical bars of the fence). We tracked the mo-
tion of both the landmark and its corresponding reference feature over
time (Fig. 2, C and E). The difference in their pixel positions provided
a measure of relative displacement that was corrected for camera mo-
tion. We determined the temporal and spatial resolutions using the
method described in the supplementary materials (fig. S1), and we
applied a spatial scaling using an estimate of the final slip. This ap-
proach yielded a temporal resolution of 0.033 s and a spatial resolution
with a relative uncertainty of approximately +20%.

The slip history derived from the three measurements is shown
in Fig. 3A. The curve obtained from RO provides the most reliable
estimate, as both the onset and arrest of motion were clearly visible
in the video. The timing and slope of estimates from R1 and R2 are
consistent with that of RO. The slip increased smoothly from 0 to 3 m
over ~1.4 s, after which it ceased. We obtained the slip-rate function
(Fig. 3B) by numerically differentiating the slip history after resam-
pling it at 90 Hz. We then applied a moving average with a 0.33-s time
window, as we interpreted the oscillations in the raw curve to result
from uncertainties in manual tracking and camera-motion correction.
The slip-rate function is slightly asymmetric: The slip rate rose rap-
idly from O to 3.5 m s~ within 0.6 s, then decreased more gradually
to 0 m s™! over ~1 s. These values correspond to an average slip ac-
celeration of 5.8 m s~2 and a slip deceleration of 3.5 m s~

The total slip duration is best estimated using the rise time of the
slip function, as the smoothing applied during signal processing tends
to artificially broaden the slip-rate pulse. The most robust estimate of
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Fig. 1. Displacement field, moment-rate functions, and local slip-rate functions for the 2025
Mandalay earthquake. (A) North-south displacement field derived from the subpixel correlation of
Sentinel-2 optical imagery. The yellow star indicates the location of the epicenter, and the green triangle
marks the location of the footage, as given in the YouTube video description. The black lines show the
surface trace of the finite fault model obtained from the USGS. Dots labeled A to F show the locations of
the shallowest subfaults of the USGS finite fault model, which were used to extract the local slip-rate
functions shown in (C). (B) Moment-rate functions from the USGS and SCARDEC. (C) Local slip-rate
functions derived from the USGS finite fault model. This was only done for the shallowest subfaults of
the segment highlighted in (A). Note that we use a triangular function to display the local slip-rate
function instead of the asymmetric cosine function used by the USGS kinematic inversion.

account for the short 1.4-s slip duration observed here.
In particular, thermal pressurization of pore fluids
within a thin gouge layer can induce rapid restrength-
ening behind the rupture tip. Using representative val-
ues for hydrothermal diffusivity (o« = 10 to 105 m?s™)
and a gouge thickness / ranging from 1072 to 107 m
(20, 21), the expected slip duration scales to At ~ h*/a ~
15 (22), consistent with our observations. This mecha-
nism does not rely on rupture aspect ratio and could
explain the relatively small pulse width compared with
the total rupture depth. Our results, however, are ag-
nostic to various healing mechanisms simply because
of the lack of additional in situ physical measurements.

The slip-rate values are consistent with the coseismic
slip rates expected during large earthquakes. Particle
velocity in the vicinity of the fault was predicted to be
capable of reaching several meters per second for self-
healing pulse ruptures (14). Note that our direct mea-
surements of the fault slip rate are much higher than
those estimated from inverted teleseismic data (9),
which indicated a peak slip rate on the order of 0.2 m s™*
at the footage location (Fig. 1C). In addition, the re-
corded duration of local slip is much shorter than the
inverted estimate: 1.4 s compared with ~16 s for the
USGS kinematic model. However, it is well known that
modeling the rupture process involves substantial un-
certainty (6, 23). Indeed, the inverted slip duration just
10 km north of the footage location is much shorter (~6 s),
and the peak slip rate is higher (0.45 m sh (Fig. 1C). This
discrepancy underscores the value of direct observation
of slip during a natural earthquake as an empirical
benchmark for validating and refining seismic source
models of large earthquakes.

The shape of the slip-rate function is a key parameter
in kinematic slip models (24) and plays an important
role in ground motion prediction (25). In this study, the
smoothed slip-rate function exhibits a simple form that
can be described as an asymmetric triangle, with the
duration of the acceleration phase being ~60% that of
the deceleration phase. A similarly smooth, asymmetric,
and triangular slip-rate function has been observed in
friction experiments involving self-healing slip pulses

slip duration is At = 1.4 s (Fig. 3A), independent of any assumptions
related to spatial scaling. By contrast, our estimates of total and inter-
mediate slip must consider a relative uncertainty of approximately
+20% in the spatial scaling factor. The uncertainty in total slip also affects
absolute values of the slip rate.

Duration and shape of the slip-rate function

Our results highlight the much shorter local slip duration (1.4 s) com-
pared with the total rupture duration of 100 to 120 s (Fig. 1B). This
clearly shows that the rupture had a pulse-like nature, also called a
self-healing pulse, at least at the surface along this segment of the
fault. Self-healing pulses have long been identified as a possible mode
of earthquake rupture (74). Indeed, pulse-like behavior appears to be a
fairly common feature of rupture models for large earthquakes
(15, 16). The origin of this pulse-like behavior can be attributed to (i)
the elongated geometry of the rupture or (ii) the structure of the fault
damage zone (17). In the case of the Mandalay earthquake, the rupture
was expected to have quickly saturated the seismogenic width, result-
ing in a large length-to-width ratio at the footage location. Under these
conditions, it is expected that a pulse-like rupture would emerge natu-
rally (18, 19). However, alternative slip-healing mechanisms may also

Science 30 OCTOBER 2025

propagating at 0.76 times the Rayleigh wave speed (26).
An analytical form of the slip-rate function was pro-
posed for mode III self-healing pulses (27). This form, sometimes re-
ferred to as the Yoffe function, is characterized by an infinitely steep
onset, a sharply peaked maximum, and a long tail with a variable slope.
Although the Yoffe function qualitatively captures the asymmetry ob-
served in our data, its overall shape is more peaked and strongly asym-
metric. A regularized version of the Yoffe function, derived from
dynamic rupture models (28), more closely resembles the slip-rate
function observed in our measurements, though it still exhibits greater
asymmetry.

Estimate of dynamic source parameters from the fault slip rate
We applied the elastodynamic equilibrium condition to infer the
evolution of shear stress from a slip-based model. Assuming a two-
dimensional plane strain shear (mode II) rupture propagating at a
constant sub-Rayleigh rupture velocity V; along the fault, the shear
stress t(x) is related to the spatial distribution of slip rate v(zx) through
the singular integral equation (22, 29, 30)
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Fig. 2. Landmark tracking method. (A) Zoomed-in video frame showing tracked landmarks and their
corresponding reference objects. The landmarks are as follows: RO (red circle) is the front-side pillar,
R1 (blue square) is the pole visible behind the fence, and R2 (orange diamond) is the second pole behind
the fence. The reference points are as follows: RO’ (gray circle) is the arch wall, and R1” and R2’ (gray
square and diamond, respectively) are fence bars near the initial positions of R1 and R2. The red dashed
line (L1) indicates the axis used for projections in (B) and (C). The white dashed line (L2) indicates the
axis used for projections in (D) and (E). (B) Motion tracking with annotations showing the arrival of the
first seismic wave, second wave, and slip onset. (C) Pixel displacement time series for RO and RO’,
measured along L1. (D) Pixel displacement time series for R1, R1’, R2, and R2’, measured along L2.

(E) Same as (D), with additional annotations showing the tracking of each landmark and associated
reference for R1 and R2 as well as a motion scale (black crosses).
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Fig. 3. Slip and slip-rate functions measured at the camera location. (A) Evolution of the fault slip
during the rupture propagation modeled using the three landmark-reference pairs (Fig.2A). (B) Slip-rate
function derived from (A) for the three pairs. The gray shaded areas in (A) and (B) represent the effect of
the 20% uncertainty in our slip estimate on the measurements derived from RO, which is the landmark
used in the modeling. The symbols correspond to those described inFig. 2.
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where 7, is the background stress; p is a scaled shear
modulus, which depends on the rupture velocity V;
is the distance to the rupture tip; L = V;At is the length of
the slip pulse, which defines the spatial extent of the actively
slipping region; £ is the integration variable; and PV
denotes the Cauchy principal value of the integral.

To compute the shear-stress evolution t(x) — 7y along
the fault, we interpolated v(x) using a Chebyshev-based
fit (Fig. 4, A and B), which captures the asymptotic behav-
ior of slip and slip rate expected from fault mechanics, at
both the leading and trailing edges of the pulse (see figs. S4:
and S5 and supplementary materials for more details).

Once v(x) was known, we inferred the shear stress
evolution from Eq. 1 (Fig. 4C). Because the exact value
of V; was not known at this stage, we present results
for two representative cases in Fig. 4C: 1;/Cs = 0.75 and
V:/Cs = 0.90. These ratios correspond to the two end-
member rupture velocities of a rupture propagation
scenario accounting for the ground motion and arrival
times of the first and second seismic-wave arrivals as
observed in the footage (Fig. 2B), implying a local sub-
shear rupture velocity (see supplementary materials
and fig. S3).

As anticipated for pulse-like ruptures, we observed
that the stress drop was followed by a restrengthening
phase (Fig. 4D) that spanned ~17% of the pulse length.
The dependence of the shear-stress evolution on the
rupture velocity V; was also expected: A lower rupture
velocity V; requires a larger strength drop At, defined
as the difference between the maximum and the mini-
mum shear stress, to match the measured cumulative
slip and slip rate. In addition, the size of the cohesive
zone X., which corresponds to the distance over which
the frictional strength of a fault degrades from its peak
to residual level, increases linearly with V}. Specifically,
we found At = 5.7 MPa and X, = 3749 m for /; = 0.90Cs,
compared with At = 28.2 MPa and X, = 3124 m for V; =
0.75Cs. Examining the apparent stress-slip relation-
ship in Fig. 4D, we observed a decay of shear stresstwith
slip 8, up to a critical slip value D, = 2.94 m, which is
consistent for both rupture velocities.

We then calculated the breakdown work Wy =

D,
J [’c(ﬁ)—’cmin]ds associated with the slip pulse, in-
0

tegrating up to the point of minimum stress Ty, defined
spatially at X, and in cumulative slip at D. (Fig. 4, C
and D). Because this estimate is strongly dependent on
final slip Dgj, and rupture velocity V3, we conducted a
sensitivity analysis to characterize the uncertainty on
these parameters (fig. S6 and supplementary materi-
als). For the assumed final slip of 3.0 m, W}, ranges from
77MJ m ™2 for V; = 0.90C;s to 38.2 MJ m ™2 for V; = 0.75Cs.

To better constrain V; and provide an independent
direct measurement of the energy release rate G during
the rupture pulse of the My, 7.7 Mandalay earthquake,
we fitted a classical two-dimensional steady-state rup-
ture pulse model (29) to the observed slip pulse. The
model assumes a steady-state sub-Rayleigh rupture
velocity V; and a constant-width cohesive zone in
which the friction linearly decreases from the peak to
the residual frictional strength (f, = 0.6 and f; = 0.1,
respectively) behind the rupture front (fig. S7A). Unlike
the direct slip-based model used previously, this model
imposes a cohesive zone friction law and no healing
within the pulse. Therefore, the energy released during
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Fig. 4. Stress evolution and stress-slip relationship inferred from the slip-rate function. (A and B) Direct measurement (red circles) and Chebyshev-based fit (solid black
curve) of (A) fault slip rate and (B) fault slip at the footage location. (C) Solution of the evolution of shear-stress change as a function of the distance from the rupture tip during
slip-pulse propagation for rupture scenarios V; = 0.75C; (solid green curve) and V, = 0.90Cs (solid purple curve). Cohesive zone size X. is defined as the distance between the
maximum and minimum of the shear-stress change (triangles), whereas the pulse length L corresponds to the extent of the actively sliding region (circles). (D) Evolution of
stress variation t — 7o with slip, including the healing stage for V, = 0.90Cs. The breakdown work W, (in shaded purple area) is defined from an integral of the shear-stress

change t = tmin up to the critical slip distance 8 = D.

the weakening contributes entirely to the rupture propagation and
corresponds to G as described in fracture mechanics. Whereas
the direct slip-based approach is applicable in this study because of the
availability of true on-fault slip measurements from CCTV footage, the
linear cohesive zone model is a more general framework that can be
applied to conventional seismic observations, including data recorded
at stations located away from the fault (37). We assumed a nominal
normal traction of 6, = 10 MPa, consistent with the shallow nature of
the rupture. The slip pulse duration was fixed at At = 1.4 s, as estimated
previously. We performed a grid search on the scaled cohesive zone
size to X./L and scaled rupture velocities 1;/C, identifying the param-
eters that produce the largest signal similarity index (SSI), which is a
Euclidean-norm measure of how well the predicted slip-rate evolution
matches that measured from image analysis. As seen in Fig. 5A, the
optimal SSI corresponds to X./L = 0.71 and V;/C; = 0.903, which pro-
vides the fit of the curve in Fig. 5B. This X./L value is lower than the
elastodynamic estimate of 0.83, as the pulse model prohibits re-
strengthening within the pulse, reducing the effective weakening (co-
hesive) zone. Nevertheless, the result supports V; = 0.90C; = 3240 m st
as the most consistent rupture scenario.

‘We have now obtained a complete mechanical characterization of
the slip pulse observed in the CCTV data. The inferred strength drop
was Tp - T, = 5 MPa, the stress drop was 7o - 7, = 2 MPa, and the cor-
responding slip-weakening distance was X, ~ 2.5 m. These values are
consistent with the slip-based model estimates (1, - T, = 5.7 MPa, 7o -
T, = 2.6 MPa), except for D, = 2.94 m, which was slightly overesti-
mated because of the larger cohesive zone size. Ultimately, the energy

DC
release rate G was computed as J [rf((‘i)—rr] ds = 5.8 MJ/m? where
0

1¢(8) is the strength evolution with slip 8 (Fig. 5C). Assuming that G =
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G,, our analysis here provides a direct estimate of the local fracture
energy G, of a natural fault. The energy release rate is of the same
order of magnitude as our elastodynamic estimate of the breakdown
work Wy, = 7.7 MJ m~2. Although related, the two quantities are not
equivalent: G. is expected to be smaller than W}, for ruptures that have
undergone complete frictional weakening (32-34). Our value of G. is
consistent with expectations for an earthquake of the size and geom-
etry of the Mandalay event (35-38), but it is substantially larger than
values typically reported for experimental faults, both in analog ma-
terials (39, 40) and in crustal rock samples (41, 42). This difference is
primarily attributed to the larger slip-weakening distance D, inferred
here, compared with the much smaller values typically observed dur-
ing laboratory earthquakes (40, 41). Nevertheless, such large values of
D, remain compatible with those measured during high-velocity fric-
tion experiments under upper-surface stress conditions (43-45) and
are expected from seismic kinematics inversion of large earthquakes
(46). Beyond the specific case of the Mandalay earthquake, these direct
measurements offer a rare, empirical benchmark for earthquake
source modeling. Unlike traditional kinematic and dynamic inversions,
which are limited by data coverage and modeling assumptions, the
video-derived slip and slip-rate functions provide ground-truth con-
straints on the physical processes behind large earthquakes, such as
fault weakening, energy dissipation, and rupture dynamics.

Discussion

Our study highlights the potential for a new observational approach
in earthquake science: strategically deploying CCTV or high-frame
rate cameras near active, shallow-fault zones. Such installations could
capture not only rapid, coseismic fault slip, as demonstrated here, but
also slower aseismic deformation or postseismic creep. Compared with
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traditional instrumentation such as broadband seismological stations
or continuous GPS networks, video monitoring systems are relatively
low cost, widely available, and easy to deploy, making them an attrac-
tive complementary tool for expanding fault-monitoring capabilities.
With appropriate placement and calibration, these instruments could
provide direct, high-resolution constraints on fault behavior across the
full spectrum of slip modes, opening new avenues for studying earth-
quake physics.
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Spatiotemporal scaling of the video of the seismic rupture

The time scale is accurately given by the video frame rate of 30 frames per second which we verified
using the timestamps embedded in the footage, and which is a standard frame rate for a commercial
camera.

The use of three landmarks allows us to check for the global shape of the slip function. RO is
the best measure, because its motion is clearly tracked from before the slip onset to after its end. In
contrast, the end of the motion of R1, and the beginning of the motion of R2 are missing, because
the poles are hidden at these times. However, measurements of R1 and R2 are interesting because
they move just a few meter behind the equally spaced bars of the fence. Moreover, the fence and the
road along which the poles are installed are almost parallel to the fault (see Figure S3A). Hence,
the fence provides a graduated line in the direction parallel to the fault. We could verify that there
is negligible distortion in the span of each pole motion. Moreover, we could use the bar spacing
to put the motions of R1 and R2 at the same scale. Finally, to adjust for the missing motion of R2
at the beginning, we shifted its displacement value so that the first value, measured at ¢t = 0.34 s,
equals the value measured at the same time for R1.

We then scaled the displacement of RO with the final slip value, estimated in the following way.

Thanks to satellite imagery, the distance between two plant boxes (P1 and P2) can be estimated
at approximately 4.67 m (see Figures S1A and S1B). These boxes are located on the west side of the
fault and are almost perfectly aligned in a direction parallel to the fault. We first traced a line, in the
video frames, that intersects the two boxes (Figure S1C), and corresponds roughly to a horizontal
line parallel to the fault. We then identified the positions of the boxes along this line just before the
onset of slip and again 1.65 s later, when the final slip recorded during the video is reached. The
distance along this line between the two boxes serves as a reference scale.

The total displacement is estimated by measuring the difference in position of the southern
box, P1, along the line before and after the slip event (see Figure S1C). The final position of this
box lies between the initial positions of the two boxes, which helps to ensure the accuracy of the
scaling in this region of the image. This approach yields a total slip of approximately 3.0 m, with
an estimated uncertainty of about 20 %, due to uncorrected perspective effects, camera distortion,

and the limited resolution and clarity of both the satellite imagery and the original video footage.
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This estimate is consistent with a tentative slip measurement based on the offset of a linear feature
observed in post-rupture satellite imagery (see Figures S1E and S1F).

Finally, we scaled the RO and the R1-R2 slip curves so that their final slip values reached 3 m.

Estimation of the medium properties

To estimate the values of C;, and Cy, we used waveforms from three seismological stations of the
Myanmar National Seismic Network and the GEOFON Seismic Network (48, 49), which are less
than 300 km from the epicenter (see Figure S2). We manually pick the first arrivals of the P and S
waves at stations NGU and TGI. For station NPW, only the first arrival of the P wave is manually
picked due to the possibility of supershear rupture in this part of the fault.

Given the epicenter-receiver distances and the measured first arrival times shown in Figure S2,
we calculate the P-wave velocity of the medium ranges between 6000 m/s and 6800 m/s. For the
S-wave velocities, we obtained values ranging from 3000 m/s to 3600 m/s. In the following we use

Cs; = 3600 m/s and C), = 6235 m/s.

Local rupture speed

We need a rupture velocity as an input for the slip-pulse model. We build two simple rupture history
models (Figure S3) that are consistent with the observed wave arrivals before the slip onset at the
camera location and the rupture time measured at station NPW.

The rupture is propagating southward along this segment of the fault. Although we did not
directly observe the rupture front in the video, there appear to be two consecutive frames between
which the rupture front advances southward. However, due to the high rupture velocity, the low frame
rate, and the limited resolution of the footage, it is not possible to make a definitive observation,
particularly given the emergent nature of the slip function. Moreover, the camera’s internal clock is
not synchronised with official timing: the timestamps embedded in the footage are approximately
four minutes earlier than the event origin time reported by the USGS (9). This discrepancy prevents
any direct estimation of the local or average rupture velocity from the video recording.

Kinematic models have proposed supershear rupture propagation along this segment of the
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fault (9, 11).The seismic station NPW, located 2 km off-fault, 124 km south of the site location
(see figure S2) and 248 km south of the epicenter, registered the passage of the rupture front and
constrains an average rupture velocity of 4.8 km.s~! for the first 248 km of rupture propagation to
the south, which is supershear.

However, it is clear from the footage that the second observed arrival, occurring approximately
1.8 s before the onset of slip, corresponds to a strong horizontal ground motion to the East, in
a fault-normal direction. This strong fault normal motion is expected for sub-shear pulses on the
fault plane, just ahead of the rupture front, in mode II steady state slip-pulse models (50, 51).
It corresponds to near-field deformation ahead of the rupture tip. Therefore this suggests that, at
this location, the rupture front propagated at subshear velocity. Yet, dueto the high average rupture
velocity between the epicenter and NPW (= 4.8 km/s), we cannot assume subshear velocity from
the epicenter to the camera location. This would imply velocities larger than the P-wave speed
between the camera and NPW, which is not physically possible.

We thus propose a model in which there is a transition from supershear to subshear velocity
before the rupture reaches the camera location. In this model (Figure S3), the first arrival, at
t = —4.5 s, is interpreted as the P-wave radiated from the hypocenter. The second arrival is
interpreted as the S-wave radiated from the supershear-subshear transition. With C; = 3600 m/s
and C, = 6235 m/s, several models are possible. This interpretation suggests a wide range of
possible local rupture velocities at the camera location. To span the largest range, we assumed a
very high rupture velocity of 0.975 C), during the first phase, which implies a sudden deceleration at
approximately 19.6 km north of the video location. Then, we propose two end-member scenarios. In
the first one, the rupture velocity is constant after its deceleration, and can be as low as V, = 0.75 C;
(Figure S3A). In the second one, a very strong deceleration of the rupture imposes a delay at the
deceleration location, and then the rupture starts again with a new velocity. In this case, depending
on the delay duration, the local velocity can be as high as the Rayleigh wave speed, but we chose a
maximum value of V, = 0.90 C; (Figure S3B).

In all cases, the rupture must transition again to supershear velocity after its passage to the camera
location, to remain coherent with the observed arrival time at NPW. More complex scenarios,
involving two-dimensional rupture front geometries or more velocity changes, may also account

for the observed arrival times, though such considerations are beyond the scope of this study.
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Elastodynamic pulse models

Steady state sub-Rayleigh slip pulse with imposed slip-rate function

In this approach, the observed slip-rate function is imposed as a boundary condition, and the

resulting stress evolution is computed.

Model

We consider a 2D plane-strain (mode II) shear rupture propagating in a homogeneous, isotropic
linear elastic medium characterized by a shear modulus u = 35 GPa, and Poisson’s ratio v = 0.25.
The rupture propagates at a constant sub-Rayleigh velocity V,, as a pulse of size L. We focus on the
southern rupture front, assuming that the northern front is located at a distance much greater than
L, such that its influence can be neglected. The rupture is assumed to be in steady state, meaning
that all physical quantities are stationary in a frame co-moving with the rupture tip at velocity V.
In this co-moving frame, we define the spatial coordinate x as the distance from the tip of the pulse,
with x > 0 corresponding to points inside the slipping region (i.e., behind the tip), and x < 0
corresponding to points ahead of the rupture front.

In this framework, the shear stress 7(x) along the fault is related to the slip rate distribution

v(x) by the singular integral equation (29, 52):

- L
T(x) = 10 — 2:‘/ P.V./O ;(_g)g d¢, (S1)

where 7y is the background stress, x = V,.(¢ — ;) is the distance to the rupture tip, #; is the exact time
of the slip onset, L = V, At is the length of the slip pulse, which defines the spatial extent of the
actively slipping region, and PV denotes the Cauchy principal value of the integral. j is a scaled
shear modulus:

dasay — (1+a?)?

- 2
= ad) 52

where a; = /1 = (V,/Cs)? and @), = /1 — (V,/C},)?. This expression represents the elastodynamic

balance between dynamic stress and radiated fields generated by a spatially varying slip rate.
The integral is weakly singular and captures the long-range elastic interactions typical of rupture

problems.
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To evaluate this expression numerically, we map the physical domain x € [0, L] to the interval
X =2x/L -1 € [-1, 1], and use a Gauss-Chebyshev quadrature (53, 30), with Chebyshev polyno-
mials of the second kind U,,. Using N nodes S; and weights w ;, the discretized stress at evaluation

points X; becomes:
- N
H wji - v(S))

where w;, §;, and X; are given in Table 1 of (53).

At(X;) =7(X;) —10=— (S3)

The slip rate values v(S;) at the quadrature points s; are obtained by interpolating the slip
rate measurements Vj of Figure 3B, recorded at discrete times 7, € [t;,17], with #; = 0.233 s
and ty = t; + At, where the pulse duration is Ar = 1.4 s. To this end, we define the reduced
positions as Xy = 2V,t;/L — 1, and fit the data using linear least squares on the basis of functions
¢p(X) = Vi-Xx2,U »(X), where p € [0, P]. This particular choice of basis ensures that the
inferred shear stress remains finite at both the leading and trailing edges of the slip pulse. To
mitigate artifacts introduced by signal smoothing, the interpolation is fitted to the cumulative slip
data Dy = 6(t;) (Figure 4B), rather than directly to the slip rate V; = v(#¢). In addition, continuity
of the stress gradient is enforced at the trailing edge of the pulse (x = L), as prescribed by fault
mechanics (52). Moreover, we impose continuity of the stress gradient at the trailing edge of the
pulse x = L (52). The code figure 4 S5 _S6_S7.py developed to perform the elastodynamic

inversion is available online (47).

Sensitivity analysis

The inversion depends primarily on five parameters: (1) the maximum polynomial degree P of
the Chebyshev-based interpolation basis, (2) the arrival time #; of the pulse, (3) the pulse duration
At, (4) the normalized rupture velocity V,/C;, and (5) uncertainties in fault slip estimation from
image analysis. We systematically assess the influence of each parameter on the inferred source
properties, namely the slip-weakening distance D, the pulse length L, the cohesive zone size X,
and the breakdown work W,.

First, we tested maximum polynomial degree P € [3, 12] in Figure S4, and found that their

influence on the inferred shear stress 7(x) was minimal. We selected P = 6 as a balance between
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capturing the slip-rate asymmetry (absent at low P), and avoiding high-frequency oscillations that
emerge at larger P and are not supported by the data.

Next, we assess the sensitivity of our results to the arrival time #; and pulse duration A¢. In the
image-based measurements, slip onset is first detected from the motion of poles behind the fence
(Figure 2A) at 1; = 0.233 s. No discernible displacement is observed after 7y = 1.666 + 0.067 s,
yielding an estimated pulse duration of At ~ 1.4 s. Theoretical scaling laws suggest that slip evolves
as 6(1) o (1 —1;)3/? at the leading edge and 6(¢) o« (tr— 1)>/? at the trailing edge (52), implying that
the temporal and spatial resolution of the CCTV footage may introduce uncertainty in the precise
determination of #; and At, and ultimately on the source parameters. To quantify this uncertainty,
we tested a range of values #; € [0.1,0.4] s and Ar € [1.2,1.8] s (FigureS5). We find that, except
at the extremal values of these ranges, most (#;, Ar) pairs yield good fits to the observed slip data
(FigureS5G), with minimal impact on the inferred D, (Figures SSA-F), X, (Figure SSH), and W,
(Figure S51). Only the pulse length L = V,. At remains directly dependent on the choice of At. In the
absence of more precise constraints, we adopt the image-derived value #; = 0.233 s, for which the
pulse duration At = 1.4 s provides the best fit to the observed slip, consistent with the image-based
estimate. While our measurement of L is sensitive to the assumed arrival time #; and pulse duration
At, estimates of slip-weakening distance D. and cohesive zone size X, remains robust across a
wide range of (¢;, At) values (Figure S5). This makes D, and X, reliable parameters for calibrating
frictional constitutive laws using dynamic rupture simulations.

Finally, we evaluate how uncertainties in slip rate and rupture velocity affect the estimation
of breakdown work Wj,. As shown in Figure S6, we explore a range of scaled rupture velocities
V,/Cs € [0.75,0.90], and vary the final slip using a scaling factor g8 € [0.7, 1.3], consistent with
the identified rupture scenarios and the uncertainty bounds shown in Figure 3. As expected, the
slip-weakening distance D, scales linearly with S, but remains insensitive to variations in V,. In
contrast, the cohesive zone size X, increases linearly with V., due to the normalization of spatial
dimensions by the pulse length L = V,At, but is unaffected by changes in . The breakdown work
W, is highly sensitive to both V,/C and B, with estimated values ranging from 3.8 MJ/m? to
64.5 MJ/m?.
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Steady state sub-Rayleigh slip pulse with imposed friction law

In this approach, the stress distribution corresponding to a classical friction law is imposed on
the fault as a boundary condition, and the resulting particle velocity field is computed. Key input

parameters are inverted so that this velocity field fit to the observed slip rate function.

Model

We consider a 2D slip pulse of length L propagating at a constant rupture velocity, v,, in a
homogeneous, isotropic linear elastic medium characterized by a shear modulus, u, and a Poisson’s
ratio, v (Figure S3). The slip pulse lies on the y = 0 plane. We assume that the frictional strength
decays linearly from a peak value, 7, to a residual value, 7, over a cohesive zone, X, (Figure S7).
Following the model proposed by Rice and his collaborators (29) we can calculate the particle

velocities induced by this slip pulse, at a location (x, y) as

(Tp —T)Vy )

Vx (x’ )’) = _'U—D {zaslm[M(Zpa Xc’ L)] - a/.S(l + as)lm[M(ZS’ XCa L)]} (S4)
(Tp —T)Vy 2

vy(x,y) = D {2a,apRe[M(zp, Xc, L)] = (1 + @;)Re[M(zs, X, L)]}  (S5)

Here a; and «, are defined earlier, D is the Rayleigh function defined as [4a ey — (1 + a?)?].
Re[M (z)] and Im[M(z)] correspond to the real and the imaginary parts of the analytic function
M(z). zp = x +ia,y and z; = x +ia,)y.

The analytic function M(z) is given by,

M) = -+ D) / " © dé (S6)
4 -L A=E(E+L)(E-2)

Here 7/ (&) is the cohesive zone law prescribed behind the rupture front. When 77 (¢) is linear,
we can obtain the closed-form expression for M (z) and hence the complete solution. The slip rate
on the fault can now easily be estimated as v(x) = 2v,(x, y — 07), from which the slip, §(x), can
be calculated, which can be used to compute an equivalent slip-weakening friction law.

From basic energy balance of a slip-pulse, we can obtain the energy release rate, G, as G =

S lep(8) - 1ds .
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Generalization to a supershear case

Because the ground motions recorded by the camera indicates that the rupture likely propagated
at sub-Rayleigh speed at the observation site, we do not include rupture properties for supershear
scenarios in the main text. However, our second model is capable of simulating rupture at supershear
velocities. In the Supplementary Material, for the sake of completeness, we present a simulation
assuming a constant supershear rupture velocity between the epicenter and station NPW, located
248 km away. Assuming a rupture arrival time of 51 seconds at NPW, the corresponding average
rupture velocity is approximately 1.3 C;.

Using this velocity and applying the same cohesive law as in the sub-Rayleigh case, the best fit
to the observed data is achieved with a background normal stress of O'Sy = 60 MPa and a scaled
cohesive zone size of X./L = 0.71 (Figure S7B). The inferred strength drop is 7, — 7, = 30 MPa,

the stress drop is o

vy — Tr = 12.2 MPa, and the resulting slip-weakening distance is D, ~ 2.57 m.

The energy release rate, computed as G = fOD” [77(6) — 7], dd, is found to be G = 37.1 MIJ/m?.
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X camera

Figure S1: Satellite image and scaling process. (A) Post-rupture satellite image (Maxar-
30cm © 2025 Maxar Technologies, original resolution 0.49 m/pixel, captured at UTC 2025-
04-01T03:58:50), showing the approximate locations of key video elements (RO: pillar, RO’: arch
wall, P1 and P2: plant boxes). The blue dashed line indicates the approximate fault trace, derived
from both the satellite image and the video. (B) Zoomed view of P1 and P2. The yellow segment
represents 4.67 m. (C-D) Before-and-after images of P1 and P2, used for scaling. The blue dashed
line is a projection line indicating that the two boxes moved parallel to the fault. Yellow lines mark
the positions of P1 and P2 along this line. The white line corresponds to a foreground element, used
to correct for camera shake. (E) Zoom on a road offset, estimated at 2.8 + 0.4 m (length of yellow
segment) using a reference line method (54). (F) Zoom on an alley offset, estimated at 2.9 + 0.3 m

(length of yellow segment). Includes content sourced via SkyWatch Space Applications Inc.
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Figure S2: (Left) Map showing seismological stations (orange triangles) located within 300 km of
the epicentre (yellow star). The green triangle indicates the location of the CCTV footage site. The
black lines show the surface trace of the finite fault model from the USGS. (Right) Three-component
velocity waveforms for each station. The red lines indicate the manually picked first arrivals of the P
and S waves. The P wave has been enhanced for the three stations to highlight the first arrival, while
the S wave remains at scale. The red lines show the manually picked P and S wave first arrivals. We

hide in gray the irrelevant portion of the waveforms to ensure better visibility of the first arrivals.
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the camera location, built to constrain the dynamic pulse model. (A) Partially supershear model
with a first supershear segment of 104.6 km at 0.975 C,, and a second subshear segment at 0.75C;
fully subshear model at 0.9 C;. (B) Same initial scenario as (A) with a stronger deceleration of the

rupture, allowing a faster rupture velocity at the camera location.
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(red circles, every third point). (C) Inferred shear stress change 7 — 7 as a function of slip ¢.
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Figure S5: Best-fit reconstruction of cumulative slip ¢, interpolated slip rate v, and inferred shear
stress change 7 — 19, for varying (A-C) arrival time #; and (D-F) pulse duration Az. Inversions
are performed assuming V, = 0.90 C;. Discrete measurements from image analysis are shown
as red circles (every third data point), and elastodynamic inversion results are plotted as solid
colored lines. (G) Error on slip measurements, (H) cohesive zone size X, and (I) breakdown work
W, as functions of #; and Azr. The global minimum over (#;, At) is indicated by a white circle;
parameters used in the main text are marked with a white square. Main text reports X, = 3749 m

and W, = 7.7 MJ/m?2.
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Figure S6: Best-fit reconstruction of cumulative slip ¢, interpolated slip rate v, and inferred shear

stress change 7 — 79, for varying (A—C) scaled rupture velocity V,./Cs and (D-F) slip scaling factor

B. Inversions are performed assuming #; = 0.233 s and Ar = 1.4 s. Discrete measurements from

image analysis are shown as red circles (every third data point), and elastodynamic inversion results

are plotted as solid colored lines. (G) Cohesive zone size X., and (H) breakdown work W, as

functions of V,/Cy and 8. Main text reports X. = 3749 m and W, = 7.7 MJ/m>.
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