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Key Points:

¢ We measured moment-rate growth during laboratory earthquakes under controlled
experimental conditions.

« Early moment-rate growth correlates with the initial rupture velocity, but not with
final size.

 Final rupture-size information emerges only after substantial rupture growth, lim-
iting early predictability.
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Abstract

Final size predictability of an ongoing rupture remains a fundamental question in earth-
quake physics. If small and large earthquakes differ during their earliest stages, infor-
mation contained in the initial growth of moment rate functions (MRFs) could improve
earthquake early warning. Testing this hypothesis with natural earthquakes is challeng-
ing because variations in tectonic setting, data coverage, and analysis methods can bias
inferred MRFs. To overcome these limitations, we built a laboratory earthquake cata-
log and computed MRF's using two independent approaches: digital image correlation
and quasi-static slip inversion. In our laboratory earthquake catalog, we find no system-
atic relationship between the initial MRF slope and final rupture length or seismic mo-
ment. Instead, the initial MRF slope scales with the initial rupture velocity. This result
indicates that the early MRF growth reflects initial rupture dynamics rather than final
rupture size, limiting its usefulness for earthquake-magnitude predictability.

Plain Language Summary

Whether the initiation of an earthquake reveals its final size remains an open ques-
tion. If small and large earthquakes can be distinguished during their earliest stages, ob-
servable differences in their initial growth could improve earthquake early warning sys-
tems. Testing this hypothesis using natural earthquake catalogs is challenging because
variations in data coverage, tectonic setting, and analysis methods can all affect obser-
vations. To minimize these sources of variability, we created a laboratory earthquake cat-
alog using an experimental apparatus that produced a wide range of rupture lengths. We
estimate moment rate functions (MRFs), which describe how seismic moment is released
during rupture, using two independent approaches: digital image correlation using a high-
speed camera and quasi-static slip inversion of near-field accelerometer data. Our results
show that the initial MRF slope is not related to the final rupture size but is strongly
correlated with the initial rupture velocity. This suggests that the final size of an earth-
quake is not controlled primarily by how rupture starts, but more by how rupture evolves
as it propagates along the fault.

1 Introduction

Earthquakes are one of the most destructive natural hazards. While we cannot pre-
dict where and when the next earthquake will occur, earthquake early warning (EEW)
systems can rapidly detect ongoing ruptures and provide alerts before strong ground shak-
ing reaches populated areas (Allen & Kanamori, 2003). A fundamental question relevant
for the speed and reliability of EEW is whether the initiation stage of an earthquake rup-
ture contains information useful to quickly estimate its final size. This issue has been
debated for decades. If rupture initiation does not carry information about the stress
distribution and structural heterogeneity along the entire fault plane, which affects rup-
ture propagation and arrest (i.e., Husseini et al. (1975); Okubo & Dieterich (1984); Ba-
yart et al. (2016, 2018); Ke et al. (2018); Fryer et al. (2024); Paglialunga et al. (2026)),
it is inherently difficult to determine the final size of the earthquake before rupture com-
pletion. Several studies suggest weak to moderate predictability of final rupture size from
early earthquake characteristics (weak and moderate as defined in Meier et al. (2020)),
including reports that small and large earthquakes can be distinguished by analyzing mo-
ment rate functions (MRFs) (Melgar & Hayes, 2019; Danré et al., 2019; Zeng et al., 2025),
early ground motion parameters (Colombelli et al., 2014, 2020; Longobardi et al., 2025),
and waveform onset characteristics (Ellsworth & Beroza, 1995; Zollo et al., 2006; Wang
et al., 2022; Morad et al., 2025). In contrast, other studies argue against such predictabil-
ity, emphasizing the apparent similarity of rupture initiation across a wide range of earth-

quake magnitudes (Meier et al., 2016, 2017, 2020; Trugman et al., 2019; Ide, 2019; Miinchmeyer

et al., 2022).
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Assessing whether rupture initiation of natural earthquakes contains information
about their final size is challenging because each earthquake is recorded under different
conditions. Differences in tectonic setting, focal depth, fault geometry, and data cover-
age can strongly influence the inferred rupture properties. To reduce these sources of vari-
ability, several studies have applied strict event-selection criteria. For example, Ide (2019)
excluded earthquakes deeper than 70 km and offshore events from their subduction-zone
catalog. Likewise, Meier et al. (2017) focused exclusively on subduction-zone earthquakes,
whereas Longobardi et al. (2025) retained only events with sufficient station coverage
within a 25 km distance from the nearest receiver. Methodological differences in the es-
timation of MRFs may introduce additional biases. To account for this, Melgar & Hayes
(2019); Meier et al. (2016); Miinchmeyer et al. (2022) compared independent MRF cat-
alogs derived using different methodologies (Vallée & Douet, 2016; Ye et al., 2016; Hayes,
2017). Although such selection criteria and methodological choices are necessary, each
carries their own limitations and may introduce observational biases.

Laboratory experiments can address the aforementioned limitations by providing
controlled and repeatable conditions, including identical receiver distributions and well-
constrained fault geometry. They eliminate many of the biases when comparing differ-
ent natural earthquakes, enabling a more direct investigation of the relationship between
rupture initiation and final earthquake size. Although laboratory experiments and nu-
merical models have been widely used to study rupture initiation, particularly the nu-
cleation phase and the transition to dynamic propagation (Ohnaka, 2004; McLaskey &
Lockner, 2014; Latour et al., 2013; Kaneko et al., 2016; McLaskey, 2019; Gori et al., 2021;
Fryer et al., 2026), relatively few studies have examined whether the initiation process
contains information about the eventual size of the rupture (Morad et al., 2025; Kiss et
al., 2026; Pardo et al., 2026).

In this study, we construct an earthquake dataset of strike-slip-like laboratory earth-
quakes using a biaxial apparatus, and derive MRFs using two independent approaches:
Digital Image Correlation and quasi-static slip inversion of near-field accelerometer data
(Arzu et al., 2025). We use these two independent MRF catalogs to investigate whether
the initial growth of MRFs contains information about final rupture size.

2 Experimental protocol
2.1 Experimental fault

Experiments were conducted using the biaxial apparatus Crackdyn at the Géoazur
laboratory (Valbonne, France). The experimental fault is the interface between two poly-
methyl methacrylate (PMMA) blocks (40 x 10 x 1 cm?® and 45 x 10 x 1.8 cm?), defin-
ing a planar fault surface of 40 x 1 cm? (Figure Sla). Normal loading was applied us-
ing three independently controlled vertical pistons, while shear loading was imposed by
a horizontal piston. All pistons were instrumented with load cells sampled at 500 Hz.
Normal load was manually adjusted using Enerpac hydraulic pumps, with target pres-
sures ranging from 100 to 250 bar, depending on the experiment. Once the target nor-
mal load was reached, shear loading was applied using a PMHP 35-1000 hydraulic pump.
The injection flow rate was fixed at 0.5 cm®-min~!. The reported normal pressure cor-
responds to the hydraulic gauge reading and does not directly represent the normal stress
on the fault.

Dynamic rupture propagation was imaged using a Phantom TMX 6410 high-speed
camera operating at 100 kHz, with a spatial resolution of 32 x 1280 pixels (pixel size
~ 0.3 mm). The camera was triggered via an oscilloscope connected to a piezoelectric
(acoustic) sensor glued on the sample close to the fault interface (Figure Sla). In ad-
dition, both plates were coated on the camera side with a speckle pattern to enable Dig-
ital Image Correlation (DIC) during the nucleation and propagation stages of the fric-
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tional ruptures. This setup provides direct spatiotemporal measurements of fault slip dur-
ing the entire propagation of the rupture front. The characteristic speckle size was ~ 0.6—

1 mm (~ 2-3 pixels), ensuring sufficient contrast for robust image correlation. The fault
was illuminated by four high-intensity light sources: three positioned in front of the sam-
ple to illuminate the speckle pattern, and one polarized-light source located behind the
apparatus. This configuration enabled simultaneous DIC and photoelastic imaging of

stress changes in the birefringent PMMA, allowing us to track rupture propagation (Rosakis
et al., 1999; Nielsen et al., 2010).

To control the nucleation location during the experiments, a Teflon patch was placed
on one side of the fault. Patch dimensions were either 5 x 1 or 10 x 1 cm?, depending
on the experiment. Due to their low friction, these patches promote creep and concen-
trate stress at their edge, leading to systematic rupture initiation at this location. The
Teflon region appears as a darker area on the left side of the fault in Figure Sla due to
reduced light transmission.

Finally, the fault was instrumented with 20 Briiel & Kjaer type 8309 accelerome-
ters (corner frequency 56 kHz), continuously sampled at 2 MHz. Sensors are individu-
ally calibrated, allowing direct conversion from voltage to particle acceleration. They were
oriented parallel to the fault and positioned at distances of 2 and 4 cm to record near-
field fault-parallel acceleration (Figure S2).

2.2 Methods

We construct MRF catalogs using two independent approaches. First, we apply DIC
to high-speed optical images of the fault interface to obtain a direct observation of the
spatio-temporal distributions of fault slip, d(z,t), and slip rate, ) (z,t). Second, we es-
timate &(x,t) and &(x,t) by inverting near-field accelerometer recordings using a quasi-
static slip inversion scheme (Arzu et al., 2025). This second method provides an indi-
rect estimate of the fault-slip evolution and is conceptually closer to the approaches used
to study natural earthquakes. For both datasets, MRF's are obtained by computing the
spatial average of slip-rate along the fault, 6(¢), and then

Mo (t) = nAd(t), (1)

where p is the shear modulus and A is the imaged fault area. Additional processing steps
and methodological details are provided in the Supplementary Information.

The final rupture length is measured from videograms, like the one shown by back-
ground colors in Figure la (from brown to green), that represent variations in transmit-
ted light intensity related to shear stress changes along the fault (Latour et al., 2024).

A horizontal line of pixels located close to the fault was extracted for 1-D spatial anal-
ysis. The average light intensity over the first 20 frames was used as a reference. As the
rupture propagates, evolving stress states modify the pixel intensities, which are com-
pared to the reference image to construct the videogram and visualize the rupture prop-
agation. This measurement of final rupture length is independent of both the DIC and
inversion analyses.

3 Results
3.1 Representative event

Figure 1 shows a representative event performed using a Teflon patch extending
from z = 0 to £ = 10 cm. The rupture nucleates near x = 10 cm, propagates to the
right, and arrests near x = 20 cm after ~ 0.4 ms, corresponding to a rupture velocity
of approximately half the S-wave speed (i.e. dashed line in Figure 1a). Rupture growth
toward the left, within the Teflon patch, is limited and remains minor throughout the
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Figure 1. Verification of slip Inversion and DIC techniques. (a) Photoelasticity, proportional

to shear stress change, is shown in the background. Green indicates an increase in shear stress,

while brown indicates a decrease. A 10 cm Teflon patch is placed z = 0 cm to x = 10 cm along

the fault. The dashed line denotes the manually picked (smoothed) rupture front in (a-e). (b, d)
Red colorscale represents the spatio-temporal slip distribution along the fault obtained from DIC
and inversion, respectively. (c, e) Blue colorscale represents the corresponding spatio-temporal
slip rate distributions from DIC and inversion, respectively. (f) Corresponding MRFs. For the
inversion results, time zero corresponds to the earliest P-wave arrival at the accelerometers;

whereas for the videogram and DIC, it corresponds to the rupture initiation time.

catalog. Therefore, we only consider the rightward rupture front. We estimate the final
rupture length from the maximum extent of the rightward rupture front.

3.2 Method comparison: DIC versus inversion

We illustrate the two independent approaches to estimate the spatio-temporal evo-
lution of slip applied to the representative event in Figure 1. The rupture front in Fig-
ure la, is superimposed on the distributions of slip and slip rate obtained from DIC and
inversion (Figure 1b—e).

The DIC results reveal a close match between rupture propagation and fault slip
evolution. Slip accumulates behind the rupture front (Figure 1b), whereas the slip rate
is strongly localized near the propagating front (Figure 1c). The highest slip-rate am-
plitudes are observed where the rupture front is steepest, indicating the largest rupture
velocity. As the rupture decelerates and eventually arrests near x ~ 20 cm at ~ 0.4 ms,
slip rates progressively decrease and vanish across the fault, while slip reaches its final
distribution. Some slip occurs within the Teflon patch, consistent with the videogram.

The inversion results exhibit the same first-order features (Figure 1d and le). The
rupture initiation point, the rupture propagation, and the arrest location are all consis-
tent with the videogram and the DIC measurements. As with the DIC results, the high-
est slip rates occur during the phase of fastest rupture propagation, and slip rate am-
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Figure 2. Rupture evolution and MRFs for the full catalog. (a) Rupture length evolution for
all events. The blue dashed rectangle (also in other panels) indicates the initial time window,
defined as the first 0.05 ms of rupture. Colors indicate the average rupture velocity within this
window. (b, ¢) Catalog of MRF's obtained from DIC and inversion, respectively. Time is relative
to rupture initiation for DIC and to the earliest signal arrival at the accelerometers for inversion.
(d) Ratio of initial window duration to rupture duration. For most events, the initial window is
less than 10% of the rupture duration. Squares and stars denote events nucleating near x=5 cm
and x=10 cm along the fault, respectively, corresponding to the Teflon patch location. (e, f)

Zoomed-in views of (b) and (c) over the initial time window.

plitudes decrease once the rupture slows down. Differences between the two methods are
mainly expressed in the spatial and temporal smoothness of the inferred slip-rate field,
which reflects the parameterization used for the inversion. The resulting MRFs (Figure 1f)
are broadly consistent between the two approaches, capturing the timing of rupture growth
and arrest. Although the inverted MRF exhibits additional secondary peaks, these do

not affect the overall evolution of moment release and are discussed in more detail in the
following section.

3.3 Catalog-scale rupture behavior and MRFs

We analyse the 37 events in our dataset using both DIC and quasi-static inversion
of off-fault sensors. For 13 of the 37 events, rupture initiates around x = 5 cm, while
for the remaining 24 events, rupture nucleates around = 10 cm, depending on Teflon
patch size. To avoid artificial effects of the sample boundaries, we restrict the analysis
to self-arrested events, that is, events that stop before reaching the fault edge.

Figure 2a shows the temporal evolution of rupture length for all self-arrested events.
Final rupture lengths ranged from 3 to 23 cm, and peak rupture velocities ranged be-
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tween 184 and 1051 m/s, corresponding to 14% and 78% of the S-wave speed (See Fig-
ure S6a). We observe different rupture evolution styles across the catalog: some events
exhibit a single acceleration phase followed by arrest, whereas others show several ac-
celeration and deceleration phases.

Figures 2(b,c) show the MRF's obtained from DIC and inversion, respectively. Both
capture the rupture complexity observed in Figure 2a. However, the MRFs obtained from
the quasi-static inversions exhibit systematic oscillations, likely associated with S-waves
reflected by the sample boundaries and recorded by the accelerometers, but not accounted
for by the static Green’s functions used in our inversions. Because the ruptures are slower
than the S-wave speed in our experiments, S-waves are recorded prior to rupture arrest.
Reflections from the top boundary of the upper block, located 10 cm from the fault, in-
troduce a characteristic timescale of 20cm/1345m/s ~ 0.15 ms, consistent with the ob-
served oscillation period in the inverted MRFs. To avoid this artifact, the initial time
windows for the predictability analysis based on the inverted MRFs (Figure 2(c,f)) must
be shorter than 0.15 ms.

3.4 Imitial MRF slope versus rupture properties

To identify the physical parameters controlling the initial MRF growth, we first ex-
amine whether the initial MRF slope is related to the final rupture size. Here, the ini-
tial slope is calculated as the average slope of the MRF's over an initial time window com-
prising the first 0.05 ms of rupture (Figure 2(e,f)). For most events, this time window
represents less than 10 percent of the total rupture duration (Figure 2d), satisfying the
strong predictability criterion proposed by Meier et al. (2020). The initial MRF slope
is then compared with the final rupture length of each event (Figure 3(a,b)).

No systematic relationship is observed between the initial MRF slope and the fi-
nal rupture length, regardless of whether the MRF is estimated from DIC or from quasi-
static inversion (Figure 3(a,b)). We find that events with similar rupture lengths span
nearly the entire range of observed MRF slopes. For example, ruptures reaching approx-
imately 10 cm exhibit initial slopes ranging from less than 0.5x10° Nm/s? to more than
4x10° Nm/s?. Similarly, events with similar initial MRF slopes can reach different rup-
ture lengths. The absence of any clear trend is further supported by the distribution of
final seismic moments obtained from the DIC (colors in Figure 3), which shows no sys-
tematic variation with respect to the initial MRF slope.

To investigate whether information about the final size of the rupture emerges later
during rupture growth, we repeat the analysis using progressively larger time windows
to compute the initial MRF slope. When the initial time window is extended to 0.2 ms
(moderate predictability criterion), corresponding to approximately 20-40 percent of the
rupture duration for most events (Figure S7), the inversion results still show no system-
atic relationship between initial MRF slopes and rupture length (likely because the ac-
celeration records are already influenced by reflected S-waves), whereas the measurements
from the DIC start to display two partially separated populations (Figure S10). Extend-
ing the initial time window further to 0.3 ms (weak predictability criterion), correspond-
ing to approximately 30-60 percent of the rupture duration for most events (Figure S8),
strengthens this apparent trend in the DIC catalog (Figure S11), with larger ruptures
tending to exhibit steeper initial MRF growth. However, at this stage, the rupture has
already propagated over a substantial fraction of its final extent, and the MRF has ap-
proached or exceeded its peak amplitude for many events (Figs. S8 and S9). Consequently,
although information about final rupture size may progressively emerge as the rupture
develops, it is not the case during the earliest stages of rupture propagation and there-
fore has limited relevance for EEW applications.

If the initial MRF slope does not reflect the final rupture size, what is its control-
ling factor? Both the DIC and inversion catalogs show a clear relationship between the
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Figure 3. (a, b) Relationship between final rupture length and the initial slope of the MRF
(initial time window of 0.05 ms), derived from DIC and inversion methods, respectively. (c, d)
Relationship between the initial average rupture velocity and the initial MRF slope, also obtained
from DIC and inversion, respectively. Pink curves represent theoretical scaling relations under
the assumptions of constant stress drop and constant rupture velocity, evaluated for different
stress-drop values. The color scale indicates seismic moment estimated from DIC analysis. Hor-
izontal and vertical bars represent the variability in the initial MRF slope and rupture velocity
over the initial time windows. Here, the variability of both quantities within the selected time
window is estimated as the standard deviation over subsets defined with 10 ps increments of the
initial time window. Lastly, stars and squares denote events initiating at the edge of 5 cm and
10 cm long Teflon patches, respectively. (e) Direct comparison of the initial rupture velocity and

final rupture length, obtained from the videogram.
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initial MRF slope and the initial rupture velocity, both measured over the initial 0.05 ms
(Figures 2(e,f) and 3(c,d)). Events characterized by steeper initial MRF growth system-
atically exhibit faster initial rupture propagation, whereas slowly propagating ruptures

are associated with less steep initial MRF slopes. This robust relationship emerging through
the entire catalog is also predicted by theoretical source models (Deichmann, 1997; Re-

nou et al., 2019). Importantly, it remains observable when the analysis time window is
extended (Figs. S11 and S12), even though the scatter progressively increases as rupture
propagation becomes influenced by fault-scale heterogeneities and rupture arrest pro-

cesses.

Our observations demonstrate a higher initial rupture velocity does not necessar-
ily lead to a larger final rupture size (Figure 3e). For example, some of the initially-fastest
ruptures in the catalog reach only moderate rupture lengths, while several larger rup-
tures initiate with comparatively modest rupture velocities and MRF slopes. Similarly,
events exhibiting nearly identical initial rupture velocities can terminate at very differ-
ent rupture lengths.

4 Discussion

Our laboratory observations show that the initial MRF slope is controlled by the
initial rupture velocity and is not systematically related to the final rupture length nor
the final seismic moment (Figure 3). Thus, in our experiments, the final rupture extent
is not primarily determined by initial rupture dynamics, but by factors that emerge dur-
ing later stages of rupture propagation.

Fracture mechanics offers a theoretical framework for understanding which factors
control rupture velocity from initiation to termination. Theoretically, the rupture veloc-
ity, v, is controlled by the ratio of the static energy release rate, Gy, to the fracture en-

ergy, G, as (Freund, 1998),
Ge
(L) ~ 1-— , 2
()~ o (1 o) 2
where vy is the Rayleigh-wave velocity and L is the crack length. The static energy re-

lease rate depends on the effective stress drop Ao, which is a weighted average of stress
drop along the rupture (Freund, 1998; Tada et al., 2000), as

2
G(_)O(AJ L’ 3)
1

where p is the shear modulus. During the initial stage of the rupture, Gy and thus the
initial rupture velocity are controlled by initial stresses around the nucleation region (Fryer
et al., 2026). As the rupture grows, however, the contribution of the nucleation region

to Gy becomes weaker, and rupture velocity is increasingly influenced by the stress and
frictional heterogeneities encountered far from the nucleation region.

The observed strong dependence of early MRF growth on initial rupture velocity
(Figure 3(c,d)) can be explained theoretically, to the first order. For a unilateral rup-
ture of length L, width W and uniform stress drop Aoc, the seismic moment scales as

My o< AcL*W. (4)
Assuming a constant initial rupture velocity, v,., the rupture length evolves initially as
L(t) = v, (5)

which yields
My(t) oc Aovt*W. (6)



282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

The moment acceleration, which is the initial MRF slope, scales with stress drop and
with the square of the rupture velocity as

Mo(t) o< 28002 W. (7)

Moreover, combining Eqgs. 2 and 3 indicates that v, and Ao are theoretically expected
to be positively correlated, as also observed in experimental studies (Passelegue et al.,
2020). Accounting for the combined effects of v, and Ao, Eq. 7 is consistent with the
trends observed in Figure 3(c,d): the data is consistent with the 1—20 MPa stress drop
range considered reasonable for the loading conditions used in our biaxial experiments.
As we extend the initial time window to 0.2 ms and 0.3 ms (Figures S10 and S11), the
data exhibit a clearer trend concentrated within the 1—5 MPa range, in agreement with
the static stress drop estimated from Eq. 4.

Our observation that the final rupture extent is not primarily determined by ini-
tial rupture velocity (Figure 3(e)) can be interpreted in the framework of fracture me-
chanics as due to a lack of spatial correlation in the state of stress and strength along
the fault. Rupture arrests if it reaches an under-stressed region or a fracture energy bar-
rier such that Go < G. (Kammer et al., 2015; Bayart et al., 2016, 2018; Ke et al., 2018).
If heterogeneities of G./Gg are uncorrelated at length scales larger than the nucleation
length, the initial rupture speed and the final rupture size should not be correlated, in
agreement with our experimental observations.

This interpretation raises an important question: why do some studies, both at nat-
ural (Nakatani et al., 2000; Longobardi et al., 2025) and laboratory scales (Morad et al.,
2025), report a correlation between rupture initiation and final earthquake size?

A first possibility within the fracture mechanics framework is that the nucleation
size remains independent of the final rupture size, while the initial stress varies from one
event to another simultaneously along the whole fault. In this case, the available energy
is spatially correlated, a larger Gy within the nucleation region is accompanied by a larger
Gy along the rest of the fault, promoting both faster initial rupture and larger final rup-
ture size. A positive correlation between initial rupture velocity and final rupture size
would emerge, as reported in natural earthquake catalogs by Nakatani et al. (2000) and
in a laboratory-scale catalog by Morad et al. (2025).

Indeed, Morad et al. (2025) reported that large ruptures accelerate faster than small
ones for events that have relatively smooth initial stresses controlled only by the prescribed
experimental loading/boundary conditions, but not for ruptures that propagate through
highly heterogeneous (less spatially correlated) stress fields inherited from previous rup-
tures hat arrested within the sample. However, in some of our experiments (experiments
#2, #6, and #8 in Figure S6), we do observe a correlation between initial MRF slope
and final seismic moment (Figure S4), despite each event propagating through the fault
prestressed by preceding ruptures. Our current observations do not allow us to deter-
mine the initial stress at the nucleation location. However, the strain gauges distributed
along the fault (representative example shown in Figure S3c) indicate that both the lo-
cal shear stress and stress drop increase along the fault for each successive event. These
observations highlight the complexity of rupture predictability in heterogeneous stress
environments, demonstrating that stress redistribution by previous arrested ruptures does
not necessarily eliminate the apparent predictability of subsequent ruptures.

Morad et al. (2025) further note that, at the end of the predefined initial time win-
dow (30 ps corresponding to 15— 20% of the rupture duration), the rupture length is
roughly 25 — 30 mm, corresponding to an initial rupture velocity of 800 — 1000 m/s.
Even though we do not have such large initial rupture velocity values in our catalog, re-
stricting our analysis to ruptures in our catalog with relatively fast initial rupture ve-
locities (> 250 m/s in Figure S5) reveals a positive correlation between initial moment
acceleration and the seismic moment across the entire restricted catalog. We propose that
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the differences in rupture predictability observed in initially slow and fast events might
arise from the relative contributions to the fault stress of two factors: the prescribed load-
ing and the residual stresses left by previous ruptures. The former affects the whole fault,
whereas the latter only affects areas beyond the nucleation region where previous rup-
tures stopped. Ruptures that start faster necessarily have a high stress around the nu-
cleation region, thus they are associated with larger loading stresses, thus a weaker con-
tribution from residual stress. The loading stress being spatially correlated, these ini-
tially fast ruptures tend to be more predictable. In contrast, ruptures that start slow have
a relatively weaker contribution from the loading stresses, a more heterogeneous initial
stress controlled by the residual stress, thus are less predictable.

A second possibility is that larger earthquakes are associated with larger nucleation
lengths. In that case, larger ruptures would start slower since Eq. 2 can also be writ-
ten as v, (1) ~ v, (1 — l%"), where [, denotes the limiting nucleation length scale (Ru-
bin & Ampuero, 2005). This would produce a weaker initial impulse for larger earthquakes,
as reported by Beroza & Ellsworth (1996); Colombelli et al. (2020); Longobardi et al.
(2025). However, there is currently no strong theoretical basis for expecting nucleation
length to systematically scale with final rupture size. Nevertheless, such a relationship
cannot be excluded in natural earthquake catalogs.

These two possibilities may help reconcile apparently contradictory observations
in the literature; such as Nakatani et al. (2000) reporting that larger earthquakes tend
to exhibit steeper initial growth, whereas Longobardi et al. (2025) reported the oppo-
site trend. Our observations suggest that whether a correlation between MRF growth
and final earthquake size emerges depends on how nucleation properties and stress con-
ditions are interrelated within a given earthquake catalog. Understanding these relation-
ships may be key to reconciling the contrasting observations reported in both labora-
tory and natural earthquake studies.
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