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Subduction Zones in Four Dimensions

S/4D

A community-driven initiative for a long-term, interdisciplinary research

program to define the limits and possibilities of predicting geohazards
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History & Stat rt in Earthquake Science

EARLY OBSERVATION ERA FOU ERA OF OPTIMISM INSIGHT ERA NEW DAWN ERA
®2010s
« UAquila, Italy, earthquake
® 2000s controversy and prosecution
° | © 19605-70s © 1985-89 « First global seismic hazard « Short-term forecasts using
T h e P u rS u I t O f 5 ® 191044 - Plate tectonic theory « Parkfield, California, analysis map by the Global purely statistical space, time,
+ Seismic gap hypothesis prediction experiment Seismic Hazard Analysis Program and magnitude kernels
i © Prescientific ideas  Reid's elastic rebound theory - Dilatancy-diffusion + Ogata: epidemic-type « Discovery of slow earthquakes « Search for magnetic field
+ Mythological: + Wadati distinguishes shallow hypothesis for earthquake aftershock sequence and tectonic tremor anomalies in European
M Namazu the catfish and deep earthquakes precursors model - CyberShake: physics-based Space Agency's Swarm
R e I a e (Japan) « Richter local magnitude scale « Utsu aftershock probability law «Ri berg-Jones ground-motion forecasting satellite data
« Philosophical: « Modified Mercalli intensity scale - Probabilistic seismic hazard model: real-time - First Uniform California Earthquake - Growing use of machine
/ Democritus, Aristotle « Gutenberg-Richter law analysis formalized aftershock forecasting Rupture Forecast released learning
Earthquake

Earthquake

5

-

. 1755 1906 1964 1976 1989
F O r e C a S t I n g Lisbon San Francisco Great Alaska Tangshan Loma Prieta
® 1840s-90s ®1975 ® Failed predictions ® 2020s
« Rossi-Forel intensity scale « Haicheng earthquake «Tokai, Japan: Ishibashi (1981) « Observation of slow precursors
+ Rebeur-Paschwitz: dawn of (magnitude 7.3) + Lima, Peru: Brady and Spence (1981) to subduction zone earthquakes
instrumental seismology - Cited as a successful « Parkfield, California: « Deep catalogs and new Al era
« Omori's law: aftershock decay rate prediction with evacuations Bakun and Lindh (1985) ® 1994-98 « Development of time-
dependent hazard models
HIGHER « Coulomb rate-and-state model
« First national seismic hazard
analysis map by USGS
« Search for earthquake precursors
« Early use of neural networks
Optimism about
earthquake
predictability
LOWER

Moustafa, Cattani & Beroza, Physics Today
2075
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History & State-of the Art in Earthquake Science

EARLY OBSERVATION ERA FOUNDATION ERA

T seismology
Optimism about Omori’s law aftershock decay
predictability
L
» 1890s »1960s

Moustafa, Cattani & Beroza, Physics Today
2075
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History & State of the Art in Earthquake Science

EARLY OBSERVATION ERA FOUNDATION ERA

| T Reid’s elastic rebound theory
L Wadati: deep earthquakes
rechciabiin Richter Magnitude
l Gutenberg Richter Law
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» 1890s >1960s
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History & State of the Art in Earthquake Science

ERA OF OPTIMISM INSIGHT ERA

~  HIGHER

T Plate Tectonic Theory
Optimism about Seismic Gap hypothesis
earthquake : O :
rodictabliny Dilatancy-diffusion hypothesis
l Probabilistic seismic hazard analysis
1960s »1980s »2000s

1975: Successful Prediction of Haicheng
Iﬁagag,l{%lt‘tgm & Beroza, Physics Today
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History & State of the Art in Earthquake Science

ERA OF OPTIMISM INSIGHT ERA

e Parkfield prediction experiment

T Statistical Forecasting (ETAS)
eartquaki Real-time aftershock forecasting
predictability

l Coulomb Rate-and state model

. R USGS National Seismic
- - ~Hazard Map
1960s »1980s »2000s

1980s: several failed
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10 SZ4D FEC Vision Talk, April 2026




History & State-of the Art in Earthquake Science

OPEN DATA ERA NEW DAWN ERA

Global Seismic Hazard Map
T Slow Earthquakes & tremor
carthquake Cybershake: physics-based ground motion

predictability )
l forecasting

~  HIGHER

Optimism about

Uniform CA Earthquake Rupture Forecast

LOWER

2000 g 2010 2020

Moustafa, Cattani & Beroza, Physics Today
2075
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History & State-of the Art in Earthquake Science

OPEN DATA ERA NEW DAWN ERA

_ HIGHER Statistical short-term forecasts
T Observation of slow precursors
Optimism bout Machine Learning
predictability Time-dependent hazard
l models
LOWER Deep catalogs using Al
2000 > 2010 2020

Moustafa, Cattani & Beroza, Physics Today
2075
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Predicting geohazards, where
possible, 1s a multidecadal -
level challenge. <G

Sediment
cascade Lahar 3

Developing the processed-
based understanding of
geohazards must be
accelerated now if we are
ever to reach this goal.
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The SZ4D Co

Shift from empirical forecasts

Build on physics based models

Fundamentally data driven including field observations
and experiments

Bringing together innovations in technology &
methodology from across subdisciplines
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Why do | think this

Global Forecasting Vision is possible?
History and state-of the art in Earthquake Science

Advances in geodynamical models of tectonic
deformation

Advances in earthquake rupture models
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Advances in geodynamical models of tectonic
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Models
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Models

Global Geodynamic-Tectonic
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~Tectonic Models

v
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Regional Geodynamic-Tectonic Models
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Regional Geodynamic-Tectonic Models

Predicted Juan de Fuca plate
motion

Trade-offs between slab shape
& plate boundary viscosity
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Regional Geodynamic-Tectonic Models
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One-way Coupling of Tectonic & Rupture Models

a free slip
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One-way Coupling of Tectonic & Rupture Models
Rock

Model evolution
after 4 my

b cibiing > - | vanZelst, Wolherr, Gabriel,
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One-way Coupling of Tectonic & Rupture Models
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One-way Coupling of Tectonic & Rupture Models
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Advances in-Geodynamic-Tectonic Models

Framework for calculating and updating state of stress
regionally and globally

Numerical methods to deal with increasingly realistic
geologic structures and material properties

Capturing processes across length-scales and time-scales
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Why do | think this

Global Forecasting Vision is possible?
History and state-of the art in Earthquake Science

Advances in geodynamical models of tectonic
deformation

Advances in earthquake rupture models
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3D Earthquake Rupture Models

Hellenic
Arc

Depth (km)
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'
Wirp, Gabriel, Ulrich, Lorito, JGR
2004
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upture Models
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3D Earthquake Rupture Models

d) HE with off-fault
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3D Earthquake Rupture Models

a) Reference model: b) Model hypocenter c) Model hypocenter d) HE with off-fault e) HE with stress
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How do we put this Vision together?

History and state-of the art in Earthquake Science

Advances in geodynamical models of tectonic
deformation

Advances in earthquake rupture models
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Vision for Physics-based Earthquake Forecasting
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Vision for Physics-based Earthquake Forecasting

Global

Tectonics
Simulatio

lomposmo

@ 2 Terranes
auun & Plate




Vision for Physms -based Earthquake Forecasting

Material Properties
Rheology ToolBox

Rock types
Time-scales
Conditions
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Vision for Physics-based Earthquake Forecasting
Material Properties ;
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Vision for Physics-based Earthquake Forecasting
Material Properties .
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Vision for Physics-based Earthquake Forecasting
Material Properties .

Satellite ;

Al-enh3ftd Global =
Event Geohazard Two-  Tyianu - &
w 5 Q
CoRtARgks O il Rupture 3 &
Geodetic Tectonics . Simulatio ® O
Simulation Coupling P 3
%, Geologic s V [ e
-/ Terranes - 3

ompositio e

N



Proposed workflow for regional

stress-state and earthquake models

® ) Develop regional geodynamic model

Validate and release stress-state models on
_/  Data Hub with tools to extract stress on surface

Develop and validate dynamic earthquake rupture
models for 2010 Maule megathrust event

Develop and validate dynamic earthquake rupture
models for 2015 llapel megathrust event

With MA-1 intergrate information from the
physics-based model results into the forecasting

SZ4D NSF
Geohazards

Nueawma~al
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Vision Extends to Volcanic Hazards

Material Properties

Satellite S\i/rfwltcjant(i)o
Al-enhddéd , n
Event . Two- Dynamic
lo s Geohazard o R{| ture
Con s ﬁ P
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Proposed Workflow for Coupled Volcanic
Eruption & Stress-state model

MiLesTones AND OQuTtcomes: VoLcanic ErupTION CvcLE MOoDELS

Year 1-2 Year 3-4 Year 4-5

Develop Eruption cycle model Validate eruption cycle models Assess current eruption cycle
embedded in non-uniform 3D for Chilean volcanoes state & sensistivity
deformable crust layer Systematic study

Apply static & dynamic stress

of response to
perturbations

model parameters

Model Inp'UtS Establish context Peteroa, Llaima
o P, T, X, eruption, recharge Nevados de Chillan  villarrica

o spatially-resolved materials Lagunas del Maule Carve Asul
o stress, heat transfer g

at target volcanoes

[mﬁ-z Field Observations J Model Outputs MA-T: Data Asembly &
> Eruption volume, frequency Assimilation

o Crustal mechanical properties

o Melt/fluid fraction

(m9~3: Material Proportios)

SZ4D NSF Geohazards Proposal
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Vision Extends to Landslides

Material Properties

Satellite \ Volcano
Al-enh&atad ’ Simulatio
Event Global Two- Dyhamic
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Coupling LandLAB & Aspect

LandLA

Finite plastic strain
0.0 0.1 02 03 04 05

‘ L

Example of a Landlab-based Surface Processes Model

Gan, Tian; Bangerth, Wolfgang; Behn, Mark D.; Heister, Timo; Hutton, Eric; Karlstrom, Leif; et al. (2025).
‘ e . i Coupling Bulk and Surface Processes in Simulating the Solid Earth with ASPECT and Landlab. figshare.
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Vision Extends-toAll Solid Earth GeoHazards

Material Properties Weather
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Why do we need this vision?

Placing events in their full

temporal, spatial and scientific

context is critical, as multiple

hazards share similar physical Material Properties
processes of flow and failure, and  sateuitevata,

Al-enhanced

Volcano

F(t) State,
Sl \Weather Simulation

Simulation

react to the same stressors. Event Catalogs Gloli Dynamic
_ Geohazards Rupture
Continuous & Tectonics Simulation
Geodetic Data Simulation
Continuous Landslide
Chemistry Data Simulation
Fault & Plate Geometry Temperature
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Why do we need this vision?

Placing events in their full
temporal, spatial and scientific
context is critical, as multiple
hazards share similar physical
processes of flow and failure, and
react to the same stressors.
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