
• Aseismic slip
• Creep events
• Strain transients
• Slow earthquakes
• Episodic tremor 
• Silent earthquakes
• Afterslip and transient 

postseismic deformation
• Slow precursors to “normal” 

earthquakes
• Earthquakes with a distinct 

nucleation phase
• Normal (fast) earthquakes
• Earthquakes with supersonic 

rupture velocity 

Length and time scales of the active  deformation

Seismic slip and aseismic faulting 
are end members of a continuous 
spectrum of behaviors

Distributed and localized deformation are
two end member models of deformation



Hypothetical stress evolution on the fault

... without transient deformation

... with transient deformation



Continental deformation framework

• Velocity field for Continuous 
deformation: GPS – SLR - VLBI

• Faulting for Discontinuous deformation:
Seismology, GPS, DinSAR, 
direct observations

Crucial to this framework is the knowledge of the 
structure of the earth at the required length scale, 
and an appreciation of the nature and scale of the 
mechanical properties of the continental lithosphere.



Earth Rheology

Improved understanding of the rheology of the Earth‘s 
crust and upper mantle and faults is fundamental 
to studies of:

- mantle flow & plate tectonics
- earthquake cycle, fault interaction & 

earthquake hazard



By necessity, rock and fault 
mechanics lab experiments have 
to be run on spatial and temporal 
scales and under conditions far 
from natural environment

From the laboratory ....



an earthquake initiates a lithosphere-scale rock 
mechanics experiment:
–establish geometry, initial and boundary conditions:
(e.g. surface geology and geomorphology, kinematic parameters of 
faulting, Earth structure through surface wave tomography and 
non-linear inversion)
–take relevant deformation measurments:
(e.g. seismicity, continuous and campaign GPS, plaeoseismology)
–use models to resolve fault/rock constitutive properties:
(e.g. visco-elastic modeling, rate and state friction laws)

A physical model for strain accumulation that carries predictive 
power for future stress patterns 

From the laboratory ....

.... to the Natural Laboratory



Need to monitor crustal 
deformation at a wide range 
of spatio-temporal scales

GAIN CGPS data will very 
likely revolutionize our 
understanding of the Alpine
crustal deformation, including 
fault friction and the 
rheology of deformation 



Alpine Integrated 
GPS Network: 

Real-Time 
Monitoring and 

Master Model for 
Continental 

Deformation and 
Earthquake Hazard

Una rete
di stazioni GPS 

per il controllo 
geodinamico 

dell'area alpina

TRIESTE
FEBRUARY 26° and 27th

System Architecture



Alpine Integrated 
GPS Network: 

Real-Time 
Monitoring and 

Master Model for 
Continental 

Deformation and 
Earthquake Hazard

Una rete
di stazioni GPS 

per il controllo 
geodinamico 

dell'area alpina

TRIESTE
FEBRUARY 26° and 27th



Deformation across the 
Eastern Alps

Deformation
Zone:

Φ=46.5-48.3° N
Λ=12.0-14.0° E



Profile across the Alps



Active faults and 
earthquakes

Aoudia et al., 
GRL, 2000

Bajc, Aoudia, 
GRL, 2001

Fitzko, Aoudia, 
Tectonics, 2005



Visco-elastic modeling and stress evolution since 1511 up to 2004 accounting for 
coseismic and postseismic deformation of each past major event.

�3-D Finite Elements Method 
approach (Riva & Aoudia, 2008)

�domain boundaries extending 100 
km away from the most external point 
of each fault 

�an earth model comprised by a 16-
km-thick elastic upper curst, a 
viscoelastic lower crust with 
viscosity 1019 Pa s between a depth 
of 16 km and the Moho at 37 km and a 
viscoelastic lithospheric mantle with 
viscosity 1021 Pa s.





The July 2004 earthquake related deformation
Borghi & Aoudia, Tectonophysics, 2009





Strain-rate before (a) and after (b) the Krn Mountain 2004 earthquake. Red arrows =
strain-rate computed on the whole data set (2002-2008), blue= 6 months before and
after.



the Mw 6.3April 6, 2009 L’Aquila earthquake

• GPS, InSAR and strong motion data agree on a ~ 16 km SW-dipping 
shallow normal fault with the city of L’Aquila lying right above the fault 
hanging-wall.

• A noticeable seismic activity started intensifying 3 months prior to the 
earthquake and 433 foreshocks with ML <4.1 were recorded and located 
within a radius of ~20km around the city of L’Aquila: largest foreshocks were 
recorded on March 30th 2009 with Mw 4.1 and on the 5th of April 2009, ~ 5 
hours before the main shock, with Mw 3.9.

• rapid radon changes were reported in the period January – April 2009.
• Extensively discussed in the mass-media (prior the main shock) and 

led to major concerns both among the local communities as well as 
within the regional and national authorities.



5-a

Mean strain averaged over the six months time interval 
providing the strain changes with respect to the steady state 
corresponding to August 2006, June 2008.



4-h

Mean strain averaged over the six months time interval providing the strain 
changes with respect to the steady state corresponding to January 2009, 
February 2009, March 2009 (4-h).



Monthly seismic moment release (blue line) and
normalized mean geodetic strain (red line)





DInSAR vertical velocity 

SAR images covering the period 1995–2000.

green arrows = mean strain-rate computed with all the CGPS stations; 

red arrows =  mean strain rate computed with only the UNAVCO stations (red points) 
except for the KROT station; 

violet arrows =  mean strain-rate of the campaign GPS station across the Pollino-
Castrovillari faults

GPS Strain-rate The present-day behaviour of 
the Castrovillari Fault



Locked central patch (white)
surrounded by fast creeping.



Wavelet transform  � discontinuities in the signal

Chasing transients in Southern Italy: methodology and 
preliminary applications

Bayesian approach � discontinuities in the signal

Blake and Zissermann variational model (BZ) � discontinuities in the signal 
and its derivative

► Methodology 

► Testing the methodology in Cascadia

East coordinate residuals of SC02 analysed by BZ method. According to the choice of the BZ parameters,
we can focus our analysis on the research of signal discontinuities (blue lines on the left) or signal
derivative jumps, i.e. velocity changes (yellow line on the right).



Risultati I fase Progetto S1 - RU 5.01 - Aoudia Abdelkrim

Esempio di 
individuazione dei salti 

con I tre metodi utilizzati 
ALBH (coordinata Est) 

Cascadia 



Risultati I fase Progetto S1 - RU 5.01 - Aoudia Abdelkrim

Arco Calabro

UNAVCO (CatScan)
RING
ASI
10 vertici non permanenti
sulla faglia del Pollino-Castrovillari



GPS can help with...
Earthquake response information

� identify fault source, extent and amount of slip

� model finite fault source

� measure and model deformation field

� provide all above to emergency responders

Damage estimation
� provide data for use in shake maps

� support of remote sensing and positioning for accurate and timely     
collection, reporting and control of other data that require accurate 
position and/or timing 

� monitor large engineered structure and lifeline systemsg g

Early warning system
GPS fault slip sensors in real-time to detect fault slip at the surface



GPS is cool... 
but there are many layers to the onion...

• Phase biases
• Imperfect clocks
• Indices of refraction
• Satellite-Earth-GPS geometry
• Other effects

– Loading (tidal, hydrological, ...)
– Electrical environment (satellite antennas, receiving 

antennas)
– Use of different antennas for the same monument
– Dome...


