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lab earthquakes

Fault normal stresses of 
10’s of MPa 
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Learning from Labquakes
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Lab seismometers 
close to the fault 
zone

100's of lab earthquakes in each 
experiment

• Carefully controlled conditions

• Systematic changes in behavior for small 
changes in control parameters 

Repetitive stick-slip events: lab earthquakes as a tool for earthquake physics

Shokouhi et al. GRL 2021Shreedharan et al. JGR 2021

Explainable Machine Learning
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Shokouhi et al. GRL 2021Shreedharan et al. JGR 2021

Repetitive lab earthquakes, Physics of Earthquake Precursors
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Shokouhi et al. GRL 2021

Repetitive lab earthquakes, Physics of Earthquake Precursors



EPSL, 2018
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Rouet-Leduc et al., 2017
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Lab earthquakes are predictable

EPSL, 2017SRL   2019

GRL, 2021

JGR, 2021
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2018

Prediction
• Timing
• Size (stress drop, fault slip velocity)
• Fault Zone Stress
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2023

Lab earthquake prediction           State Of The Art  

Deep Learning Methods to measure the 
evolution of fault zone elastic properties 
during the lab seismic cycle

2024Nature
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Active acoustic studies of the lab 
seismic cycle

Tattersall, 1973

JKR contact theory

Explainable Machine Learning
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Rate/State Friction and Contact Aging

Contact Age = Frictional State

Tattersall, 1973

JKR contact theory

Explainable Machine Learning
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Machine learning: 
Evolution of fault zone elastic properties to predict shear stress and time to failure

Lab seismometers

Training Validation Testing

Shokouhi et al. GRL 2021



14Borate et al. Nat. Comm. 2023

Explainable Machine Learning: Generalizable Models



Application to TECTONIC faults

Laurenti et al., 2024
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4,694 events pre mainshock 
5,135 events post mainshock 

Laurenti et al., 2024

2016 Norcia Earthquake M6.5
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Laurenti et al., 2024

4,694 events pre mainshock 
5,135 events post mainshock 

Machine Learning Model
Binary Classification of Foreshocks and 
Aftershocks

17



Laurenti et al., 2024

• CNN with batch normalization and ReLU activation layer. 
• The network has 7 convolutional layers with an increasing 

number of filters up to a maximum of 256 in the last two 
convolutional blocks 
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Toward a prediction of time to failure



Laurenti et al., 2024

Compare waveforms of co-located events

Explainable Machine Learning
How does it work?
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Magrini, Marrocco et al., in prep, 2025

Spectrograms to create images for a CNN
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SHAP     Shapley Additive Explanations Proxy for fault zone stress state

Explainable Machine Learning
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Summary

We have studied simple conditions
(room temp., limited set of fault rocks, etc.)

ML/DL models can predict lab earthquakes
Explainable ML can teach us earthquake physics



Precursors to Fluid Injection Induced Earthquakes?
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Affinito et al., in prep, 2025

Fluid injection during lab earthquakes

Lab earthquake fault zone



Learning Earthquake Physics from Labquakes, Data Science and 
Machine Learning 

Elisa Tinti, Cristiano Collettini, Fabio Galasso, Laura 
Laurenti, Gabriele Paoletti, Parisa Shokouhi, Michele 
Magrini, Francesco Marrocco, Paul Johnson, Bertrand 
Rouet-Leduc, Claudia Hulbert, Srisharan Shreedharan, 

Grazie
1. Lab earthquakes can be predicted with machine 

learning 
2. Predictions work for both passive and active seismic 

data
3. Explainable ML.  The physics of lab earthquakes are 

consistent with rate and state friction constitutive laws
4. Applications of ML/DL models to seismic data
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• Glass beads
• Granular layers of angular quartz grains
• Granular layers of quartz powder
• Bare granite surfaces
• Granite surfaces dusted with powder
• Fracture of granite blocks
• Mixtures of clay and quartz
• Limited range of fluid pressures

Summary

Machine learning works for the cases we have 
studied, but that’s a small set. 
There are many unanswered questions

Lab faults studied



Magrini, Marrocco et al., in prep, 2025

SHAP     Shapley Additive Explanations

Proxy for fault zone 
stress state

Explainable Machine 
Learning
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• Machine learning (ML) can predict lab earthquakes. 
Explainable ML.

• PINN for predicting the evolution of fault zone 
elastic properties during the lab seismic cycle. 

• Applications of ML/DL to seismic data, 
distinguishing foreshocks from aftershocks

• Foundation models for seismic data processing

Labearthquake Precursors, Labquake Prediction and 
Machine Learning to Build Proxies for Fault Zone Stress State 



Contacts Age and Fractures Form During 
the lab Seismic Cycle

Explainable Machine Learning
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Labquake prediction
• Microearthquake Precursors in the Fault Zone
• Evolution of fault Zone Elastic Properties
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Data

Prediction

Hulbert et al., 2019

Labquake Prediction for the Full Spectrum of Slip Modes from slow to fast
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Labquake Prediction for the Full Spectrum of Slip Modes from slow to fast

Prediction
• Timing
• Size (stress drop, fault slip 

velocity)
• Fault Zone Stress
• Location

Rouet-Leduc et al., 2017
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Loss function based on
• Fault zone elastic parameters (Vp, VpAmplitude) 
• RSF: relating fault zone slip velocity to local stiffness 

and frictional shear strength



Loss function based on
• Fault zone elastic parameters (Vp, VpAmplitude) 
• RSF: relating fault zone slip velocity to local stiffness 

and frictional shear strength
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34Borate et al. Nat. Comm. 2023

Explainable Machine Learning: Generalizable Models



3 
m

m

Explainable Machine Learning
Lab Earthquake Prediction and Rate/State Friction
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