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Continental tectonics?
Continental deformation?

Active tectonics?

Continental tectonics:Continental tectonics: a term used to include the largea term used to include the large--
scale motions, interactions and deformation of the continental scale motions, interactions and deformation of the continental 
lithosphere. It is often used in contrast to lithosphere. It is often used in contrast to ““Plate tectonicsPlate tectonics””. . 

Continental deformation:Continental deformation: a term often used to emphasize a term often used to emphasize 
the contrast between deforming zones in the oceans and on the the contrast between deforming zones in the oceans and on the 
continents.continents.

Active tectonics:Active tectonics: presentpresent--day tectonic movements or day tectonic movements or 
tectonic movements expected to occur within a future time tectonic movements expected to occur within a future time 
span of concern to society.span of concern to society.



The seimic cycle

Strain rates

D
ur

at
io

n 
of

 s
ei

sm
ic

 c
yc

le

DATA

Geological

Paleoseismic

Historical

Instrumental



How to view Continental Tectonics?

Continental tectonics is not plate tectonicsContinental tectonics is not plate tectonics……
Whereas deforming zones in the oceans are usually narrow Whereas deforming zones in the oceans are usually narrow 
and confined, on continents they are often spread over wide and confined, on continents they are often spread over wide 
areas, requiring a different approach to their description and areas, requiring a different approach to their description and 
analysis.analysis.

In oceans plate boundaries are effectively single faults on whicIn oceans plate boundaries are effectively single faults on which the longh the long--term rate and term rate and 
direction of slip are entirely determined by the relative motiondirection of slip are entirely determined by the relative motion of the bounding of the bounding 
plates.plates.

On the continents, earthquakes are usually distributed over zoneOn the continents, earthquakes are usually distributed over zones hundreds or s hundreds or 
thousands of kilometers wide.thousands of kilometers wide.

As we shall see, what is happening in the Eastern As we shall see, what is happening in the Eastern 
Mediterranean and in Italy is not predictable knowing just the Mediterranean and in Italy is not predictable knowing just the 
relative motion between Africa and Eurasia.relative motion between Africa and Eurasia.









Accommodation of SW movement of the southern Aegean relative 
to Europe by faulting in central Greece (After Jackson, 2001)



Continental deformation framework

Velocity field for Continuous deformation: Velocity field for Continuous deformation: 
GPS GPS –– SLR SLR -- VLBIVLBI
Faulting for Discontinuous deformation:Faulting for Discontinuous deformation:

Seismology, GPS, Seismology, GPS, DinSARDinSAR, , 
direct observationsdirect observations

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



Scaling and organisation of the strain field
Two length scales against which geological, geodetic and Two length scales against which geological, geodetic and 

seismological data should be compared:seismological data should be compared:
thickness of the crust; thickness of the crust; 
thickness of the lithospherethickness of the lithosphere



Tools and Techniques: The future..

Quality and abundance of Quality and abundance of SeismologicalSeismological, , GPSGPS and and SARSAR datadata
Abilities of the Abilities of the analytical techniquesanalytical techniques that use such data to constrain the that use such data to constrain the 
geometrygeometry, , segmentationsegmentation and and slip distributionslip distribution on active faultson active faults

RESULTS:RESULTS: details of the details of the faultingfaulting and and rupturerupture processprocess that would have been that would have been 
impossible to see 10 years ago..impossible to see 10 years ago..

CONCERN CONCERN is nowis now focusing on focusing on differencesdifferences between results obtained by between results obtained by 
seismology, GPS surveying and SAR seismology, GPS surveying and SAR interferometryinterferometry for the same for the same 
earthquakeearthquake..

The three techniques are looking at The three techniques are looking at different spatial and temporal different spatial and temporal 
resolutionsresolutions. But whether they actually do so, or whether the currently . But whether they actually do so, or whether the currently 
observed differences are within the observed differences are within the noise and resolution errorsnoise and resolution errors of the of the 
various techniques, various techniques, is still not certainis still not certain..

IMPLICATION: IMPLICATION: enormous power of modern methods, particularly when used enormous power of modern methods, particularly when used 
in in combinationcombination, to reveal details of the faulting in earthquakes., to reveal details of the faulting in earthquakes.



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

Phase biasesPhase biases
Imperfect clocksImperfect clocks
Indices of refractionIndices of refraction
SatelliteSatellite--EarthEarth--GPS geometryGPS geometry
Other effectsOther effects
–– Loading (tidal, hydrological, ...)Loading (tidal, hydrological, ...)
–– Electrical environment (satellite antennas, receiving Electrical environment (satellite antennas, receiving 

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

More of this during the next IAGMore of this during the next IAG--IASPEI Joint Capacity IASPEI Joint Capacity 
Building Workshop on Deformation Measurements and Building Workshop on Deformation Measurements and 
Understanding Natural Hazards in Developing Countries, Understanding Natural Hazards in Developing Countries, 
ICTP ICTP -- Trieste Jan. 17Trieste Jan. 17--23, 2005.23, 2005.



Motivation: Kinematic mattersMotivation: Kinematic matters

what is the velocity field that describes the average, what is the velocity field that describes the average, 
or longor long--wavelength deformation in the active wavelength deformation in the active 
diffuse belts?diffuse belts?

how is it achieved by faulting?how is it achieved by faulting?

what is the relation between the two?what is the relation between the two?



Motivation: Rheology mattersMotivation: Rheology matters

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

stress strainrheology



1.1. distributeddistributed deformation: creeping below middeformation: creeping below mid--crust.crust.
2.2. localizedlocalized shear zones: shear zones: ““rigidrigid”” down to mantle. down to mantle. 

two models of deformation:two models of deformation:

Q1:Q1: what is the appropriate model of deformation what is the appropriate model of deformation 
below the below the seismogenicseismogenic zone?zone?

Q2:Q2: what is the what is the rheologyrheology of the crustof the crust--upper mantle upper mantle 
rocks and constitutive properties of fault zones?rocks and constitutive properties of fault zones?

Top QuestionsTop Questions



TemperatureTemperature
15 15 -- 4545°°C/kmC/km

OverburdenOverburden
26 26 –– 30 30 MPaMPa/km/km

LithologyLithology
Quartz to Quartz to Plag/PxPlag/Px
to Olivine to Olivine dominateddominated

Changes in Changes in CrustalCrustal Conditions with Depth Conditions with Depth 



transition from brittle to transition from brittle to 
““ductileductile”” deformation at middeformation at mid--
crustalcrustal depthdepth

the earthquake cycle is the earthquake cycle is 
modeled as a system of modeled as a system of 
interacting elastic and interacting elastic and 
viscoelasticviscoelastic layerslayers

laboratory experiments suggest laboratory experiments suggest 
nonnon--linear environment and linear environment and 
lithologylithology dependent dependent rheologyrheology

Distributed deformationDistributed deformation
Mechanics of the earthquake cycle Mechanics of the earthquake cycle 

Jackson, 2002Jackson, 2002

Q1Q1



Conditions for flow in the continental crust Conditions for flow in the continental crust 

Heating by Heating by magmatismmagmatism imposes a timing imposes a timing 
constraint that will govern the time and constraint that will govern the time and 
length scale of the flow length scale of the flow 

MckenzieMckenzie & Jackson, 2002& Jackson, 2002

1.1. Igneous Igneous 
underplatingunderplating
and intrusionand intrusion

2.2. Addition of Addition of 
waterwater--rich rich 
fluidsfluids

Q1Q1



transition from brittle to transition from brittle to 
““ductileductile”” deformation at middeformation at mid--
crustalcrustal depthdepth

the earthquake cycle is the earthquake cycle is 
modeled as a system of modeled as a system of 
interacting elastic and interacting elastic and 
viscoelasticviscoelastic layerslayers

laboratory experiments suggest laboratory experiments suggest 
nonnon--linear environmentlinear environment--andand--
lithologylithology dependent dependent rheologyrheology

Distributed vs. Localized deformation:Distributed vs. Localized deformation:
Mechanics of the earthquake cycleMechanics of the earthquake cycle

transition from stick slip (velocity transition from stick slip (velocity 
weakening) to stable (velocity weakening) to stable (velocity 
strengthening) sliding at midstrengthening) sliding at mid--crustalcrustal
depthdepth

the earthquake cycle is modeled as a the earthquake cycle is modeled as a 
system of slipping fault patches system of slipping fault patches 
(dislocations)(dislocations)

laboratory experiments suggest laboratory experiments suggest 
complex depth, complex depth, --environmentenvironment--, , 
scalescale-- and material dependent rateand material dependent rate--
andand--state dependent state dependent rheologyrheology with with 
changes in strength and slip stabilitychanges in strength and slip stability

distributeddistributed localizedlocalized

Q1Q1



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

From the laboratory ....From the laboratory ....
Q2Q2



a large earthquake initiates a a large earthquake initiates a 
lithospherelithosphere--scale rock scale rock 
mechanics experimentmechanics experiment
–– establish geometry, initial and establish geometry, initial and 

boundary conditionsboundary conditions
–– take relevant deformation take relevant deformation 

measurmentsmeasurments
–– use models to resolve fault/rock use models to resolve fault/rock 

constitutive propertiesconstitutive properties

.... to the Natural Laboratory.... to the Natural Laboratory
Elastic reboundElastic rebound

PostseismicPostseismic
relaxationrelaxation Thatcher, 1983Thatcher, 1983

Q2Q2



ChallengesChallenges
limited precision and spacelimited precision and space--time time 
density of measurementsdensity of measurements

limited limited modellingmodelling and and 
computational computational ressourcesressources

limited resolution and uniqueness limited resolution and uniqueness 
in determining source of in determining source of 
deformationdeformation

limited ability to resolve multiple limited ability to resolve multiple 
processesprocesses

.... to the Natural Laboratory.... to the Natural Laboratory

PeltzerPeltzer et al, 1998et al, 1998

After slip or After slip or 
viscoelasticviscoelastic
relaxationrelaxation

poroelasticporoelastic
reboundrebound

aftershockaftershock

faultfault
creepcreep

Q2Q2



take geological reality into accounttake geological reality into account

require models to be consistent with require models to be consistent with 
deformation at all time scales, not just deformation at all time scales, not just 
single snapshot of the velocity fieldsingle snapshot of the velocity field

nonnon--unique models unique models 
some solutionssome solutions

Q2Q2



GPS Geodesy: GPS Geodesy: 
ASIASI--GeodafGeodaf GPSGPS--VLBIVLBI--SLR solutionSLR solution

Src: Devoti



General frameworkGeneral framework

Src: Doglioni Src: Du et al., 1998



Structure of the lithosphereStructure of the lithosphere--asthenosphereasthenosphere systemsystem

PanzaPanza et al. 2003, Episodeset al. 2003, Episodes



Structure of the lithosphereStructure of the lithosphere--asthenosphereasthenosphere systemsystem

PanzaPanza et al. 2003, Episodeset al. 2003, Episodes



Recent Recent MagmatismMagmatism

Src: Peccerillo



LithosphericLithospheric delaminationdelamination and and 
buoyancy driven deformations buoyancy driven deformations 
beneath Central Italybeneath Central Italy

Aoudia, Ismail-Zadeh & Panza

International Centre for Theoretical Physics, Italy
DST, University of Trieste, Italy

MITPAN, Russian Academy of Sciences, Russia



Central ItalyCentral Italy
coexisting extension coexisting extension -- contractioncontraction
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Interactions along plate margins or at Interactions along plate margins or at 
the base of the lithospherethe base of the lithosphere
SubductionSubduction processes: processes: 

slab rollslab roll--back, back, 
slab pull, slab pull, 
slab breakslab break--offoff

Models invoking external forcesModels invoking external forces



What next?
image the continental deformation over the widest possible 
range of spatial and temporal scales

appreciation of the nature and scale of the appreciation of the nature and scale of the 
mechanical properties of the continental lithospheremechanical properties of the continental lithosphere

knowledge of the structure of the earth knowledge of the structure of the earth 
at the required length scale,at the required length scale,
particular emphasis on detection of  
transient deformation signals

Scale of the
FAULT zone

Scale of the PLATE boundary: lithosphere-asthenosphere

stress strainrheology



GPS monitoringGPS monitoring
- monumentation on rock

- antenna forced centering with 
sub-millimetre repeatabiliy
(ad hoc designed antenna mount,
thoroidal level for vertical positioning)

- spirit levelling on each site to 
check for local vertical stability



Surface wave tomography, Surface wave tomography, 
NonNon--linear inversion for the earth structure retrieval with CROP linear inversion for the earth structure retrieval with CROP 
as aas a--priori data (priori data (resolution and lateral variationsresolution and lateral variations), ), 
Surface wave and complete waveform inversion for the source Surface wave and complete waveform inversion for the source 
moment tensorsmoment tensors

how did we proceed?

PostPost--seismic deformation following the Umbriaseismic deformation following the Umbria--MarcheMarche 1997 1997 
earthquake sequence;earthquake sequence;
PostseismicPostseismic deformation vs. geodynamicsdeformation vs. geodynamics

image the fault zone and the lithosphere
(Chimera et al., PEPI 2003)

chase the viscosity in the lithosphere
(Aoudia et al., GRL 2003)

finite element modeling of the lithosphere flow,finite element modeling of the lithosphere flow,
solve for a velocity and stress fieldsolve for a velocity and stress field

integrate a number of different geophysical observations 
into one unified model (Aoudia et al., GRL 2004)



DataData

Seismic waveforms: GNDTSeismic waveforms: GNDT--OGS, SSN, VBB Stations;OGS, SSN, VBB Stations;
Existing Velocity Models: Existing Velocity Models: EurIdEurId (Du et al. PEPI(Du et al. PEPI--1998; 1998; 
PontevivoPontevivo & & PanzaPanza, PEPI, PEPI--2002), Deep seismic 2002), Deep seismic 
soundings: CROP and similar (e.g. soundings: CROP and similar (e.g. PialliPialli et al. MSGIet al. MSGI--
1998; Bally et al. MSGI1998; Bally et al. MSGI--1986);1986);
Active Faults (INGVActive Faults (INGV--GNDT)GNDT)
GravimetryGravimetry ((MarsonMarson) and Heat flow data (Della ) and Heat flow data (Della 
VedovaVedova) ) 



Event-Station
paths

Dispersion Curves 
of

Group Velocity

Dispersion Curves 
of

Phase Velocity

1. FTAN

2. TOMOGRAPHY

2D Maps of 
Group Velocity 

and 
Phase Velocity 

at different periods

3. REGIONALIZATION

Individuation of different regions, each with 
a mean dispersion curve of Group Velocity 

and 
a mean dispersion curve of Phase Velocity

4. NON-LINEAR INVERSION

HEDGEHOG

Determination of 
a set of solutions
for every region



Synoptic view of all dispersion profiles considered and 
observed 
dispersion 
measurements 
compared with 
the group and 
phase velocity 
values computed 
for the accepted 
S-wave solution



Resolution and tomography maps



Active faults in      
Umbria-Marche
and Rayleigh waves 
group velocity 
variations, at 
different periods, 
from the average 
reference velocity  
(% deviation)



Shallow Velocity models beneath the Shallow Velocity models beneath the 
UmbriaUmbria--MarcheMarche ApenninesApennines



Section across the fault zoneSection across the fault zone



Fault plane Fault plane 
solutions solutions 
of the 1997 of the 1997 
UmbriaUmbria--
MarcheMarche
earthquake earthquake 
sequencesequence



Residual=0.269      Mo=.39e+18N m
P1: 180 ,45 , -45 ,     P2:305 ,60 , -125

•
° ° ° ° ° °

The best double couple obtained 
by joint inversion of surface wave 

amplitude spectra and 
first arrival polarities

Residual as function of source depth

Umbria earthquake, 1997/09/26 00:33, M =5.5,  b M =5.6s

Depth,km

 ALE

 ANTO

 ARU

  BDFB

 BOSA

  CMB

 DBIC

  HRV

 MSEY

  NNA

  NRIL

  SDV

0.430

0.398

0.366

0.334

0.301

0.269
0 6 12 18 24 30

Stations used for source parameters 
determination from long period surface wave spectra (50s-80s)

Residual=0.340      Mo=.11e+19N m
P1: 150 ,45 , -60 ,     P2:291 ,52 , -117

•
° ° ° ° ° °

The best double couple obtained 
by joint inversion of surface wave 

amplitude spectra and 
first arrival polarities

Stations used for source parameters 
determination from long period surface wave spectra (60s-100s).

Residual as function of source depth

Umbria earthquake, 1997/09/26 09:40, M =5.7,  b M =6.0s

Depth,km

  BDFB

 BOSA

  FFC

 FURI

 HIA

  HRV

  KDAK

  LPAZ

 NIL

 PET

 RAYN

  SDV

 SHEL

 WMQ

0.461

0.437

0.413

0.388

0.364

0.340
0 4 8 12 16 20



Velocity Models beneath NorthVelocity Models beneath North--
Central ItalyCentral Italy



CrustCrust--upper mantle upper mantle 
structure beneath structure beneath 
NorthNorth--Central Central 
Italy supports Italy supports 
delaminationdelamination
processesprocesses



The 1998 March 26 The 1998 March 26 
UmbriaUmbria--MarcheMarche

““MANTLEMANTLE”” event?event?

Residual=0.262      Mo=.11e+18 Nm
P1: 124,77, 127,     P2:231,39, 21

•
°°°°°°

The best doub le co up le obtained
by joint inversion of surface wave

amplitude spectra  a nd
first arriva l po larities

Stations used for source parame ters
determina tion from long  period surface  wave spectra (45s-80s)

Residual as func tion of source depth

Umbria earthquake, 1998/03/26 16:24, M=5.4,b M=4.8s

Depth,km

  A AK

  A NTO

  ARU

  BDFB

  B OSA

  DBIC

  FFC

  HKT

  KBS

  LPAZ

  LV Z

  NWA O

  SDV

0.419

0.388

0.356

0.325

0.293

0.262
0 12 24 36 48 60



The March 26, 1998 is a The March 26, 1998 is a crustalcrustal eventevent



CrustCrust--upper mantle structureupper mantle structure



The juxtaposed The juxtaposed contractioncontraction and and extensionextension observed in the crust observed in the crust 
of the Italian Apennines and elsewhere has, for a long time, of the Italian Apennines and elsewhere has, for a long time, 
attracted the attention of geoscientists and is a longattracted the attention of geoscientists and is a long--standing standing 
enigmatic feature. enigmatic feature. 

Several models, invoking mainly Several models, invoking mainly external forcesexternal forces, have been put , have been put 
forward to explain the close association of these two endforward to explain the close association of these two end--
member deformation mechanisms clearly observed by member deformation mechanisms clearly observed by 
geophysicalgeophysical and and geologicalgeological investigations. investigations. 

These models appeal to interactions along plate margins or at These models appeal to interactions along plate margins or at 
the base of the lithosphere such as the base of the lithosphere such as backback--arc extensionarc extension or or 
shear tractionsshear tractions from mantle flow or to from mantle flow or to subductionsubduction processes processes 
such as such as slab pullslab pull, , roll backroll back or or retreatretreat and and detachmentdetachment..



CrustCrust--upper mantle structure upper mantle structure 
beneath beneath 
NorthNorth--Central Central 
Italy supports Italy supports 
delaminationdelamination
processesprocesses



Density modelDensity model



Viscosity modelViscosity model
and predicted flowand predicted flow
fieldfield



Tectonic shear stressTectonic shear stress



The revisited crust and uppermost mantle Earth structure The revisited crust and uppermost mantle Earth structure 
beneath Central Italy supports beneath Central Italy supports delaminationdelamination processes,processes,
The rate and patterns of the The rate and patterns of the modeledmodeled lithosphericlithospheric flow: flow: 
–– is in agreement with GPS datais in agreement with GPS data;;
–– explain the heat flux, the regional geology; explain the heat flux, the regional geology; 
–– provide a new background for the genesis and age of the recent provide a new background for the genesis and age of the recent 

Tuscan Tuscan magmatismmagmatism
The The modeledmodeled stress in the lithospherestress in the lithosphere::
–– is is spatially correlated with gravitational potential energy patternspatially correlated with gravitational potential energy patterns;s;
–– shows that internal buoyancy forces, solely, can explain the shows that internal buoyancy forces, solely, can explain the 

coexisting regional contraction and extension and the unusual coexisting regional contraction and extension and the unusual 
intermediate depth intermediate depth seismicityseismicity

Conclusions



Postseismic deformation

mainly modeled for large and deep earthquakes;mainly modeled for large and deep earthquakes;
after slipafter slip and and viscoelasticviscoelastic relaxationrelaxation in the in the lower lower 
crustcrust and and upper mantleupper mantle are believed to be the are believed to be the 
important processes for explaining the increase of important processes for explaining the increase of 
rates of deformation;rates of deformation;

complexity exhibited by large earthquake faults and complexity exhibited by large earthquake faults and 
the deeper processes they involve during their the deeper processes they involve during their 

postseismicpostseismic deformationdeformation



Postseismic deformation for moderate 
size earthquakes

relatively simple rupture process; relatively simple rupture process; 
free from the influence of lower free from the influence of lower lithosphericlithospheric viscous viscous 
flow; flow; 
excite noticeable excite noticeable postseismicpostseismic signal that could be signal that could be 
detected by detected by accurateaccurate geodetic measurements. geodetic measurements. 

good candidates to investigate the component of good candidates to investigate the component of 
the deformation driven by the deformation driven by viscoelasticviscoelastic
relaxation in the crustrelaxation in the crust



Crustal
layering:
pattern and
scale of the
deformation 



Source depth effects and mantle relaxation

3 km 7 km



Source 
depth 
effects



Horizontal and 
vertical 
coseismic
displacements
and
relaxation 
rates



We combine:
seismic strain mapping computed from early seismic strain mapping computed from early 
aftershocks;aftershocks;
GPS measurements;GPS measurements;
published published leveling profiles (leveling profiles (BasiliBasili and and MeghraouiMeghraoui, , 

GRL 2001);GRL 2001);
forward analytical modeling of forward analytical modeling of viscoelasticviscoelastic
relaxationrelaxation

In order to:
better constrain the faulting geometry and related better constrain the faulting geometry and related 
slip distribution;slip distribution;
get insight into the get insight into the rheologyrheology of the Earthof the Earth’’s crust s crust 
below the Central Apennines;below the Central Apennines;
show the feasibility of GPS monitoring of show the feasibility of GPS monitoring of 
postseismicpostseismic transients, for the first time in Italy, transients, for the first time in Italy, 
generated by shallow and moderate sources. generated by shallow and moderate sources. 



Postseismic deformation following  the 1997 Umbria-
Marche normal faulting earthquakes



Fault models for the 26 September 1997 
earthquakes

ZolloZollo et al. (GRL, 1999): et al. (GRL, 1999): Inversion of strong motion Inversion of strong motion 
datadata
SalviSalvi et al. (JOSE,2001): et al. (JOSE,2001): Forward modeling of Forward modeling of InSARInSAR
and GPS dataand GPS data
BasiliBasili and and MeghraouiMeghraoui (GRL, 2001): (GRL, 2001): ZolloZollo et al. fault et al. fault 
models models readjusted with an upreadjusted with an up--dip extension to fit dip extension to fit 
leveling profiles performed soon after the largest leveling profiles performed soon after the largest 
earthquakesearthquakes



Vertical viscoelastic relaxation over 
1 year for different fault models using 
different viscosity models 

InviscidInviscid34803480CoreCore
1010212128562856MantleMantle

10101818--1010171715 15 LCLC
10101919--101017171212TZTZ
ElasticElastic8 8 UCUC

Viscosity Viscosity 
Pa sPa s

Thickness Thickness 
kmkm

LayerLayer



GPS (baseline length variations) vs. 
model predictions for different
fault models using the preferred rheological
model



GPS time series: baseline length 
variations w.r.t Spello 1999-2003



Displacement w.r.t CGPS Camerino 2000-2003



GPS w.r.t Eurasia 2000-2003



postseismic strain ratespostseismic strain rates::
heterogeneous heterogeneous modelmodel

Riva et al., 2004Riva et al., 2004



Postseismic deformationPostseismic deformation::
Vertical deformationVertical deformation

Riva et al., 2004Riva et al., 2004



Conclusions:

The faulting model requires a The faulting model requires a listriclistric geometry with most of geometry with most of 
the energy released in the lower half part of the elastic crust the energy released in the lower half part of the elastic crust 
;;
The The rheologicalrheological model consists of an elastic thin upper model consists of an elastic thin upper 
crust, a transition zone of about 10crust, a transition zone of about 101818 Pa s underlain by a Pa s underlain by a 
lowlow--viscosity lower crust, ranging from 10viscosity lower crust, ranging from 101717 to 10to 101818 Pa s;Pa s;
The The postseismicpostseismic deformation is, both distributed in the deformation is, both distributed in the 
transition zone transition zone -- lower crust and confined to the fault zonelower crust and confined to the fault zone::

00--1 year: 7% of 1 year: 7% of viscoelasticviscoelastic deformationdeformation
22--3 year: 35 % of 3 year: 35 % of viscoelasticviscoelastic deformationdeformation

The agreement between the results of the The agreement between the results of the BerneseBernese and the and the 
GIPSY analyses is remarkable.GIPSY analyses is remarkable.
The The postseismicpostseismic deformation may have relevant effects on deformation may have relevant effects on 
the ongoing geodynamics.the ongoing geodynamics.



European Union  -Alpine Space Interreg III-B Project

Alpine Integrated GPS Network: 
Near Real-Time Monitoring and Master Model for 

Continental Deformation and Earthquake Hazard 
(ALPS-GPSQUAKENET)



ALPS-GPSQUAKENET

build-up a high-performance transnational space geodetic 
network of GPS receivers in the Alpine Space

monitor and prevent natural risk, reduce economic losses, 
and save lives

support the use of space based techniques: crustal deformation 
for earthquake potential, meteorology, landslide monitoring, 
agriculture, navigation, transportation, mapping, surveying, 
recreation & sports…)

cross-training and interaction of scientists and environmental 
officers



Project Partnership



Source: Carlo Doglioni



Source: Carlo Doglioni



Scientific 
American

Panza et 
al., 1980



Scientific American         Panza et al., 1980



GAIN - CGPS Network



GAIN - CGPS Data Center



GAIN - CGPS Network

more  than 40 Continuous GPS (CGPS) across the Alps 
plus campaign GPS  in different test sites 

two length scales against which the data should be compared:two length scales against which the data should be compared:
thickness of the crust thickness of the crust 
thickness of the lithospherethickness of the lithosphere

image the distributed continental deformation over the 
widest possible range of spatial and temporal scales

particular emphasis on detection of transient 
deformation signals in test sites



GPS can help with...

Earthquake response informationEarthquake response information

identify fault source, extent and amount of slipidentify fault source, extent and amount of slip

model finite fault sourcemodel finite fault source

measure and model deformation fieldmeasure and model deformation field

provide all above to emergency respondersprovide all above to emergency responders

Damage estimationDamage estimation
provide data for use in shake mapsprovide data for use in shake maps

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

monitor large engineered structure and lifeline systemsmonitor large engineered structure and lifeline systems

Early warning systemEarly warning system
GPS fault slip sensors in realGPS fault slip sensors in real--time to detect fault slip at the surfacetime to detect fault slip at the surface
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Measuring millimetric ground 
displacements from space



Test site Grenoble- Belledonne Fault:
CGPS - Campaign GPS monitoring



Test site Briançonnais:
CGPS - Campaign GPS monitoring



- Independent geodynamic processes may coexist in one area

Four subduction zones contributed to deform the area:

1 - ALPS (retrobelt)
2 - DINARIDES (forebelt)

3 - CARPATHIANS (western backarc)
4 - APENNINES (foreland flexure)
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Source: Carlo Doglioni
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Bouguer anomaly

EASTERN ALPS

Panza et al., 2002
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Digital elevation modeling



Digital elevation modeling



Digital elevation modeling



Digital elevation modeling



Digital elevation 
models and 
GIS-based 

analysis
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Geology of the Leading Edge

U. Miocene (Glauconitic Sandstones, Silty Clay, Marles) 
Pliocene Molasse (Puddingstones, Sandstones, Oyster Conglomerates)

Slope Deposits

Sands and Gravels

Frontal Till

Back-Arc Till

Pleistocene Conglomerates
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Cross-section: Topography & seismicity
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Active deformation: Geometry of the structures



HGLP and GDSN stations
that recorded the 1976 Friuli

sequence
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The 1976 Friuli thrust fault and related 
earthquake sequence
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The 1976 Friuli thrust faulting 
Earthquake: Forward modeling
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Bovec-Krn



The 1998 Bovec earthquake sequence



The 1998 Bovec strike-slip faulting 
Earthquake: Inverse modeling
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Idrija fault



Tolminka fault scarp



Active deformation: Geometry of the structures



Bayesian reconstruction of the stress tensor from P-wave polarity data



A possible Kinematic Model of Deformation



Active deformation: Geometry of the structures
and GPS sites



The recent Slovenia earthquake, July 12 2004The recent Slovenia earthquake, July 12 2004

Alarmed area for MAlarmed area for M≥≥5.45.4
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2004 Western Slovenia earthquake: 
Campaign GPS monitoring before - after the earthquake and modeling


