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Earthquakes

Earthquakes nucleate at a certain point in the crust, propagate along a fault surface, and eventually come to a stop. These coseismic

rupture phases can be studied through recorded data in the near and far field, with modeling, and by reproducing the ruptures at

laboratory scale.

ARREST



Outlines

üDynamic consistency of kinematic source models 

üModeling high-frequency radiation

üInduced micro-seismicity in underground natural laboratories



Melgar et al 2025

Are there dynamic conditions that explain a kinematic model? 

Is it possible to generate a dynamically consistent rupture that 

reproduces the distribution of parameters (slip, rupture times, 

rise time, source time function) of the kinematic model?

We can fit observations (seismic data, GNSS, InSAR) 

up to low frequencies (< 1 Hz), but the recordings 

extend to ~10ï500 Hz. How can we constrain the 

higher frequencies? 

Dynamic consistency of kinematic source models 

Xu et al 2025

The 2025 M 7.7 Myanmar earthquake

Li et al 2025



Key characteristics indicating possible dynamic incompatibility:

1) Nucleation in an area with almost zero slip (<=20cm)

2) High slip (~3m ) patch few km away from the hypocenter

3) Activation of a misoriented secondary fault

4) Spatial heterogeneity in slip and rake. 

üDynamic consistency of kinematic source models 

Kinematic model of the 2016 Mw 6.5 Central Italy Norcia event: this model suggests that two fault planes may 

have slipped simultaneously

Scognamiglio et al 2018
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Dynamic consistency of kinematic source models: Families of dynamic models

To validate the mechanical viability of the kinematic 

rupture model proposed for the Mw 6.5, 30 October 

2016 Norcia earthquake (Scognamiglio et al 2018).

We introduce ñFamiliesò of dynamic 

models defined by assigning 

heterogeneity to different parameters.

Tinti et al 2021
étoward physics-based ground-motion simulations 
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Snapshots of slip

Families of dynamic models
Heterogeneous Static friction 

coefficient

Tinti et al 2021
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The models from the two different families show a satisfactory fit to the observed waveforms (in the 

frequency range 0.02ï0.5 Hz) at the closest stations, even though we are not inverting any seismic data.

Families of dynamic models: waveforms fit

Tinti et al 2021



Literature: Rupture models and high-frequency radiation scenarios

In Pitarka et al 2022, the Mw 6.5 Norcia 

earthquake was used to generate broadband 

simulations up to 3ï5 Hz, by adding a stochastic 

high-frequency component to the kinematic 

model. The results highlight the important role of 

topography in shaping high-frequency ground 

motion, while no specific phase of the rupture 

was identified as the dominant source of the 

highest frequencies.

Pitarka et al. 2022 



Taufiqurrahman et al. 2022 

Gallovic et al. 2022 

Literature: Dynamic inversion modeling and high-frequency radiation 

scenarios
Dynamic inversion models are recently emerging.

The 2016 Mw 6.1 Amatrice event, Central Italy 
retrieved for frequencies 0.02-0.5 Hz.

Forward dynamic modelling of the 2016 Mw 6.1 

Amatrice event, Central Italy. for frequencies up 
to 5 Hz with fractal fault roughness, frictional 
heterogeneities, viscoelastic attenuation, and 

topography.

topography appears crucial to reproduce the observed coda



Modeling high-frequency radiation: the 2016 Mw 6.1 Amatrice event

What if we extrapolate the 

waveforms up to 5 Hz?

Extending these models to higher 

frequencies remains a major 

challenge.

Tinti et al 2016, Locchi et al 2025

Kinematic model of the 2016 Mw 

6.1 Amatrice earthquake from 

strong-motion data (Ò 0.5 Hz) 

with multi window approach.



Rise Time Acceleration time of STF

Original model 

with subfaults of 2 x 2 km^2.

High-frequency radiation is introduced in 

the model through the spatial variability of 
slip, rupture front, rise time, and 
acceleration time of the source time 

function.
Heterogeneities are added on top of the 

original model, preserving its integrity while 
introducing variability with physical 
meaning from a dynamic perspective.

We omit heterogeneities related to site 
effects, velocity structure, and topography. 

PGV can be either enhanced or smoothed 
by these short wavelengths.

Modeling high-frequency radiation: the 2016 Mw 6.1 Amatrice event

Refined model with subfaults of 0.25 x 0.25 km^2.

Locchi et al 2025



Modelling natural earthquakes: the 2016 Mw 6.1 Amatrice event

Frequency up to 5Hz.

RQT is a station with site classified as A class. 

Data

Interpolated original model

High-frequency model 

Comparison of synthetics from the simply interpolated original model, 

synthetics with added short-wavelength heterogeneities at the source, and 

real recordings (up to 5 Hz) at near-fault stations.

Locchi et al 2025



Modelling natural earthquakes: scenarios at high frequency

Physics-based scenarios at a station 2 km from the fault: varying 

nucleation, rupture-time distribution, slip, positive acceleration duration 

(Yoffe STF) ð all heterogeneously distributed along the fault plane.

Locchi et al 2025



cm/s

Physics-based 

scenarios with 
local topography 
modeled with 

SPECFEM
(Locchi et )

Broadband 
ground-motion 

simulations with 
high-performance 

computing are 
now possible, 
and scenarios 

developed by 
many 

researchers 
worldwide could 
be shared and 

tested on 
different local 

topography, 
structural models, 
and site 

conditions.

Modelling natural earthquakes: scenarios at high frequency



Å Can we further improve our understanding of seismic processes 

by moving closer to the fault? 

ÅWe have seen that long wavelengths can be explained by 

dynamic consistency, whereas short wavelengths can be 
attributed to fault roughness, stress heterogeneity, or 

topographic effects.

Å Thanks to the FEAR ERC project, we have turned our attention 

to smaller, fluid-induced events. In the recently developed near-
fault observatories, we can obtain high-resolution recordings 

close to the fault and better constrain the rupture process. The 

project aims to induce a Mw ~1 earthquake and study its 

characteristics at small scale, taking advantage of this 

unprecedented resolution.

Induced micro-seismicity in underground natural laboratories



Induced micro-seismicity in underground natural laboratories

We are currently building the FEAR experimental testbed: boreholes 

hundreds of meters long were drilled from the tunnel and instrumented 

with arrays of acoustic emission sensors, geophones, strainmeters...


