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Earthquakes vary in size over many orders of magnitude, often rupturing in complex
multi-fault and multi-event sequences. However, the scaling of the earthquake energy
budget remains enigmatic. Here, we propose that fundamentally different fracture pro-
cesses govern small and large earthquakes. We combine seismological observations
with physics-based models, finding that both dynamic weakening and restrengthening
effects are non-negligible in the energy budget of small earthquakes.

New analytical descriptions of crack-like circular dynamic ruptures with flash-heating
friction and co-seismic restrengthening, as well as bilaterally expanding kinematic pulse-
like ruptures with co-seismic stress recovery allow us to derive physics-based correc-
tions and estimate the total earthquake fracture energy across scales of global seis-
mological observations of small and large earthquakes. We add newly measured total
fracture energy from thirteen realistic 3D rupture simulations of past small repeating and
large well-recorded earthquakes spanning magnitudes 1.9 — 9.2.

Our analysis reveals a linear scaling relationship between fracture energy and fault
size and a break in scaling with slip. Our proposed minimum fracture energy may reflect
a local fault property, which can be explained by a well-localized near-front process zone
that depends on fault size. We apply this scaling using supercomputing and unveil large
dynamic rupture earthquake cascades involving over 700 multi-scale fractures within a
fault damage zone. Our results provide a simple explanation for seismicity across all
scales with implications for comprehending earthquake genesis and multi-fault rupture
cascades.

Note: Figure is on the next page.
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