
Understanding Earth’s past, 
present and future with 
geophysical data.
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GEOPHYSICAL RESPONSES



WAVE PROPAGATION

Gura Gura No Mi



GRAVITY & DEFORMATION

Gravity anomalies

GPS velocities (deformation)

Zushi Zushi No Mi



MAGNETIC

Jiki Jiki No Mi



HEAT

Geothermal energy and CO2 storageHeat loss of the Earth

Netsu Netsu No Mi



EXPLORATION

Reflection & refraction seismology

Electrical resistivity



PLANETARY AND SPACE PHYSICS
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ExoplanetsMagnetosphere & space weather

Structure and dynamics of other planets Building planets



PLANETARY AND SPACE PHYSICS



GEODYNAMICS

How does magma migrate?

Subduction & Slab detachment

Why do we have plate tectonics?

Erosion, rivers & tectonics

Brittle crustal deformation

How do sedimentary basins form?

How do salt domes form?

How do continents collide?

How did the early Earth look like?

How does the mantle convection 

work?



Arrows: GPS measurements
Ball colour: CO2 flux
Pixeled map: Average INSAR Deformation
Small spheres: Earthquakes
Colored lines: Geology and Structural Map

2012-2015

GEOPHYSICAL RESPONSE TO (WHAT?)



2018-2019

GEOPHYSICAL RESPONSE TO (WHAT?)



2005-2020

GEOPHYSICAL RESPONSE TO (WHAT?)



This is a seismogram.

A time series of a few 10s of seconds duration, sampled at ≈100 Hz and representing sources 
of elastic waves produced down to 10-4 Hz.

Seismologists have long used the arrivals of seismic phases to do tomography; however, they 
have now learned how to use the rest to achieve better results.

SEISMOGRAMS



Seismic tomography
in the Apennines.

Chiarabba et al. 2023 Talone et al. 2023

Napolitano et al. 2023 Gabrielli et al. 2023

WHAT WE CAN DO WITH THEM



Seismic tomography in volcanic regions.

Koulakov et al. 2012, Nat. Comm

Vargas et al. 2017, Sci Rep.

De Siena et al. 2017, Sci Rep.

WHAT WE CAN DO WITH THEM



ROCK PHYSICS



This kind of imaging has led to a new understanding of volcanic systems.

Scattering and absorption image fluid- and melt-filled fractures and extended faults with 
resolution far superior to seismic velocities.

SEISMIC ATTENUATION, SCATTERING AD ABSORPTION TOMOGRAPHY

Reiss et al. 2022, GRL Guardo et al. 2022, GRLDe Siena et al. 2017, Sci Rep.

Di Martino et al. 2022, GRL



MuRAT (De Siena, L., https://github.com/LucaDeSiena/MuRAT/tree/master): open-source Matlab package for seismic scattering, absorption and 

attenuation tomography.

THE STEP CHANGE: COLLABORATIVE CODING



The equation of motion for an elastic, linear, homogeneous, isotropic medium:

where u is the displacement,  the density,  ( ) the Lamé constants, and f 
the force.

THE NAVIER-CAUCHY EQUATION

The past 

: elastic modulus

Orthotropic
anisotropy

The present and future



SEISMIC WAVEFILEDS

Nardoni et al. 2023, Surveys in Geophysics



SEISMIC NOISE



Surface-wave tomography 
using ambient noise and 
teleseismic earthquakes.

Joint inversion of Rayleigh and 
Love phase velocities using 
ambient noise, teleseismic 
earthquakes with adaptive 
parametrization.

Transdimensional Bayesian 
inversion for shear-wave 
velocities optimized with a 
reversible-jump Markov chain 
Monte Carlo sampling. 

SeisLib (Magrini et al. 2022, https://pypi.org/project/seislib/): open-source modular, automated Python package for surface-wave tomography.BayHunter (Dreiling and Tilmann, 2019)

BRINGING ALTERNATIVE IMAGING TO THE APENNINES: SEISMIC NOISE AND 
TELESEISMS



Australia Saygin et al. 2012, JGR

Magrini et al. 2023

ALTERNATIVE IMAGING: SEISMIC NOISE AND TELESEISMS



CAMPI FLEGREI: A TYPICAL CASE STUDY

Campi Flegrei
“…located along a NE–SW transfer zone connecting NW–SE 

regional normal faults. Volcanic activity along such NE–SW 

trend would be induced by the subvertical dip of the transfer 

faults.”  - Acocella et al. 1999, JVGR

“… an extended supercritical fluid‐bearing rock formation at 

about 3,000 m and of an about 7,500 m deep, 1,000 m thick, 

low velocity layer, which is associated with a mid‐crust, partial 

melting zone beneath the caldera.” – Zollo et al. 2008, GRL
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CAMPI FLEGREI: A TYPICAL CASE STUDY



CAMPI FLEGREI: A TYPICAL CASE STUDY



“… The modeling of magma properties based on measured 

seismic velocities indicates a relatively high melt percentage 

(in the range 80–90%)….

… by computing the Hashin-Shtrikman bounds generalized 

for a two-phase medium” – Zollo et al. 2008, GRL

CAMPI FLEGREI: A TYPICAL CASE STUDY

Much of our deep understanding of the present-day caldera depends on this work!  



JOINT INTERPRETATION OF GEOPHYSICAL RESPONSES: DOES THE SILL FIT?
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MAX DEFORMATION

SILL AT 7-8 km IMAGED 
BY SERAPIS



FITTING DATA: INSAR, SEISMICITY

InSAR from Pepe et al. 2019, Remote Sensing of Env.
Geology and structural maps courtesy of Giuseppe Vilardo

Velocity tomography from Vanorio (2005) and De Siena (2018)

GPS from Di Martino et al. 2021, Remote Sensing
CO2 from Chiodini et al. 2021, JVGR
Seismicity from Tramelli et al. 2021, Scientific Reports

Data courtesy of
Giuseppe Solaro



THERMOMECHANICAL SOLUTION

Walter et al. in preparation.



PHYSICALLY-DRIVEN IMAGING AND INTERPRETATION

Unknowns
V=Velocity,
P=Pressure,

T=Temperature

Known
K = Bulk modulus

k = thermal conductivity
 = Thermal expansion coefficient

 = Density
g = Gravity

H = Volumetric heat source

Depleting deep sill

Walter et al. in preparation.



SENSITIVITY ANALYSIS

Walter et al. in preparation.



PHYSICALLY-DRIVEN IMAGING AND INTERPRETATION

Shape and vertical 
displacements (or velocities) 
can be fitted extensively. The 
full numerical model predicted 
the same order of magnitude, 
for both vertical and EW 
deformation, as
recorded during the unrest 
episode of 2012-2014.

Removal of magma from the 
deeper reservoir agreed 
better than if the deeper 
reservoir remained 
unchanged.

DATA- InSAR from Pepe et al. 2019, Remote Sensing of Env

MODEL

Walter et al. in preparation.



Every intrusion leads to an increase of up to 30% 
in deviatoric stress in the eastern caldera!

The decreases in strain rate within the caprock 
layer across the most fractured zones in the 
eastern caldera delineates a volume that 
corresponds to the area of maximum earthquake 
intensity since 2001 (Del Pezzo et al. 2022). This fo
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PHYSICALLY-DRIVEN IMAGING AND INTERPRETATION

Walter et al. in preparation.



GEODYNAMICS FROM GEOPHYSICS

Modelling
(Reuber et al. 2018)

Tomography
(Yellowstone, Huang et 
al. 2015)



LITHOSPHERE AND MANTLE EVOLUTION MODEL



GEOPHYSICS FROM GEODYNAMICS

Modelling
(Reuber et al. 2018)



THE MEDITERRANEAN SEA



PREVIOUS HYPOTHESES

The hypothetical pattern of mantle convection presently active in the Mediterranean 

(Faccenna et al. 2014).



LITHOSPHERE AND MANTLE EVOLUTION MODEL1

3D thermomechanical code including 

elasto-visco-plastic rheologies.
Input

Development of two main 

subduction zones: Gibraltar and 

Ionian



DEVELOPMENT OF CONVECTION CELLS

Three convection cells develop, one in the middle of the slab and 

two along its edges. The temperature of the slab gradually 

increases towards the outside.



CONNECTION TO GEODYNAMICS: WAVE EQUATION

1. Finite difference, velocity-stress formulation includes source description and 
velocity fluctuations;

2. Testing the effective sensitivity to structural boundaries depths, velocity variations 
and source characteristics using recordings of the Amatrice earthquake;

Nardoni et al. 2023, Surveys in Geophysics



CONNECTION TO GEODYNAMICS: WAVE EQUATION

Testing velocities (Moho from 
Manu Marfo et al. 2019, SR)



CONNECTION TO GEODYNAMICS: WAVE EQUATION

Testing source rise times 
(Model 1.3)



CONNECTION TO GEODYNAMICS: WAVE EQUATION1

Testing sediment covers  set:
a) at 2 km (blue) or from Molinari and 

Morelli (2011- red, Model 2);
b) As in Model 2 for lower velocities.



ALL GEOPHYSICAL RESPONSES IN REAL TIME

GMG (Kaus et al. under review, https://github.com/JuliaGeodynamics/GeophysicalModelGenerator.jl
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