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Corinth Gulf in the Aegean tectonics
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Opening starts 5My ago



Historical seismicity
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Corinth Gulf is a good place to understand

Large earthquakes occurrence In rifting conditions

Link between large earthquakes and microseismicity

Link between seismicity and geology

Link between seismicity and deformation

So one of the important task was the location of the
seismicity.



Corinth Rift Laboratory:

A permannt dedicated network since 2000
after Aigio 1995 and Galaxidi 1998 events

CNRS: IPGParis, ENS (Paris), Université Cote d’Azur, EOST (Strasbourg)
University of Patras

Charles University in Prague

University of Athens

National Observatory in Athens

Field work

- Network design and implementation
- Maintenance

- Developments

Data collecting and pre-processing

Research

- Methodological developments

- Data analysis

- Interpretation

- Relation with other disciplines : geology, sedimentology, deformation...



Was Is an earthquake?

An earthquake is a fast motion on a fault
which produce seismic waves. The
seismic waves travel from the source
into the Earth and make the surface
moving.



Geological point of view



Lines as reference

Fault

10 km




Fast shear motion
[T — O g =» the 2 blocs move one compare to the other

Epicenter

10 km

}{:Z . hypocenter = point where the rupture starts
epicenter = vertical projection at the surface of the hypocenter



earthquake is between 4 and 5
<-> The magnitude depends of the size of the
ruptured zone and on the duration of the rupture

[_I_ 1 § If the rupture stops, the magnitude of the

10 km

If the rupture continues, the magitude grows...



Slip scale
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Slip scale

10 km




[T ~ 6 § Rupture reachs

the surface

Slip scale

1m|

10 km

Magnitude between 6 and 6.5




Examples of some surface ruptures (M > 6.8)
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Along Corinth Gulf the best example is Heliki Fault



The seismological point of view



10 km

Short distance

station

10km T 1>

}",%' . Hypocenter = rupture initiation point
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J:Z . Hypocenter = rupture initiation point



10 km

}{:Z . Hypocenter = rupture initiation point

Seismogram



Seismogram

10 km
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}";{ . Hypocenter = rupture initiation point



Seismogram
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J;:Z . Hypocenter = rupture initiation point



Seismogram

T~355

Let suppose that the rupture stops (M ~ 5.5)

first
S wave

" Swaves
front

10 km

}";{ . Hypocenter = rupture initiation point



10 km

)",9( . Hypocenter = rupture initiation point

Seismogram




Sismogramme
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Heterogeneities
in the medium



How we localize an earthquake?



We use arrival time of the first P and S waves : First P wave First S wave
the waves coming from the hypocenter and \ l
which have travel along the faster path

The travel time of seismic waves depends of the medium properties and

the relative position of the hypocenter in this medium compare to the
observation point.

Therefore, arrival time (origine time + travel time) give information to locate
the hypocenter position.



Generaly we use a simplify model to represent the medium in which
waves are propagating and in which we know how to calculate the
travel time numerically.

Real
unknow
medium

Simplified model :
homogenous
horizontal layers




Arrival time Picking
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Arrival time at one station is not enougth to locate an hypocenter.

... As different hypocenters can produce P waves which will arrive at
the station at identical arrival time.

Information at a second station help

If arrival time at B is earlier that at A, the hypocenter 2 is better



STA2 STA]

STA3

STA4

Pickings : good examples
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A simple approximation : circles method

« Shallow event at distance less than 200 km
« Homegeneous velocity in the superficial layer

T,-Ty=d. (1V,-1V,)

 Pick arrival times P and S at 3 stations = 3 distances

STATION 1

EPICENTRE O

O

STATION 3 O STATION 2

Approximation: profondeur négligeable



In reality:

Epicenter zone

Easy, but not very usefull in practice.........



Earthquake location

A velocity model is supposed : Vp et Vs for the region and
described with homogeneous layers

Measurement of Tp et Ts on N stations
4 unknowns (TO, X, y, z), 2N informations

Tp=T0 +fp(x, Y, 2)
Ts=TO + fs(x, y, z)
Non linear relation

Inverse problem
Rms =X OLi(Ti’obs _Ti,cal)zl N



Earthquake location

Rms =2 OLi(Ti,obs _Ti,caI)Z/ N
Rms = non linear function of (TO, Xx,y,z)

Solved by :

. Linearisation around a presupposed approximate
location and least mean square minimisation

. MonteCarlo grid search or improved method for faster
convergence (simulated annealing ...).

Statistical evaluation of uncertainties.



Practicaly to calculate with a good precision the position of the hypocenter
we need a dense network around the epicenter.

A precise measurement of the arrival times on seismograms P and S if possible.
An error of 1 s in time corresponds to some kilometers in position.

Typical P arrival time picking error is of 0.02 s; the corresponding error in space
Is about 100m.

The limitation : we don’t know the velocity model.



Earthquake location

4 parameters t0, x, y, z
Uncertainty on the parameters
Evaluation of the missfit

A good location is obtained If:
— The number of pickings is larger than 8 (P and S)
— If the azimuthal gap is less than 180°.

— If there is at least one station at an epicentral distance of the
order of the depth of the event.

— If the velocity model is adapted



Modele de vitesse P
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And on Corinth RiIft?



Corinth Rift Laboratory network
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Real time data flows automatically analysed

Station characteristics

2000

12 permanent CP stations
(125 Hz)
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+ 7 broadband stations
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(a)

38.4°N

38.2°N

0 3 6 9 12 15

Most are automatic pickings: the image diffused
due to errors in location.

hypo71
~ 205,000 events

Manual (10%) and
automatic phase picks

Velocity model 1D
[Rigo et al., 1996]

= relocation S-CAPAD
14
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Relative location: double differences of travel time

<

Better estimation of travel differences by cross-correlation of the
signals



9 12 15

Magnitude

(b) ||

38.4°N

38.2°N

« Better image »

hypoDD

double-differences
cross-correlations

v distance < 5 km
v correlation > 0.85

~ 95,000 events

Duverger, 2017
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Seismic interactions Corinth rift Fault structures Seismicity dynamics Dynamic triggering
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38.4°N

38.2°N

Seismic zones

westernmost zone western zone central rift zone

Rupture initiation Conclusions
@GRS E) ic) 6] @)

NEZ : North Eratini Zone

TZ : Transition Zone

IZ : Trizonia Island Zone

AFZ : Aigion-Fassouleika Fault Zone

RPZ : Rion-Psathopyrgos Fault Zone

D 1995 rupture plane

% 1995 earthquake Mw 6.3
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Seismic interactions Corinth rift Fault structures Seismicity dynamics Dynamic triggering Rupture initiation Conclusions
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Cross-sections

e from east to west

38.4°N

38.2°N

21:8°E 22°E 22:2°E
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Seismic interactions Corinth rift Fault structures Seismicity dynamics Dynamic triggering Rupture initiation Conclusions
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Active fault structures - Central and western part

* continuity of the 1995 rupture plane
* seismicity at the root of faults « thick and very thin layers
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Seismic interactions Corinth rift Fault structures Seismicity dynamics Dynamic triggering Rupture initiation Conclusions
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Seismic interactions Corinth rift Fault structures Seismicity dynamics Dynamic triggering Rupture initiation Conclusions
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Active fault structures - Westernmost part

Gulf : Psathopyrgos fault extension :

Angle reminder
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Seismic interactions
©- 0@

Corinth rift

L@

Fault structures
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Conclusions
OROSG

Rupture initiation
© @@

Dynamic triggering
© 00 O

Seismicity dynamics
® OO O OO0

Spatio-temporal evolution of seismic swarms

[Duverger et al., 2015]
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Seismic interactions Corinth rift Fault structures
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Classification in multiplets

Seismicity dynamics Dynamic triggering Rupture initiation Conclusions
C ® O OO0 O @ O O 00 O @ © @ @

A multiplet is a set of earthquakes
- spatially close
- occurring on parallel fault planes
- with identical focal mechanisms
- generating similar waveforms

station

PSA \‘

J\/WMMWV\MMV\WWWWM 2007.03.11
JWMNWWV«M\M/WMM 2007.02.04
J\N«MI\/\NVWM’WWW 2006.04.23
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ey e 2004.11.23 * very accurate
lpattepmt W 2005.12.28 relative location
J\/\NWMM/\«/WMN\N\NMWW 2003.05.07
-'\/V‘MN\FNW\IWM\/\IVWWMI‘WV 2008.03.21 . hlgh resolution
J\/l/-Mwwwww\/v\A/WWw 2002.02.03 image of active
At 2002.01.14 structures

-’\/V*MN\F\’VW\I\"MN"VWNWWW‘ 2001.11.22

m 2001.04.17 « information on
2000.12.06 fault patch

B 15 mechanisms

[Lambotte et al., 2014]
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Similarity %C ijk Wijk ¥ CCjk Wijk i - event
coefficient Zjj= - E j -event
Ywi., +w?. k : station
X ijk ijk

cc : cross-correlation coefficient
w : weight associated to signal-to-noise ratio

Cross-correlation
matrix Hierarchical clustering
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event il o
eventi2 | i r:
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0 Similarity coefficient 1 & -
Event ID 23
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Seismic interactions

Multiplets and repeaters

Multiplet Repeater
P-window S-window P- and S-windows
event 1 J\j\p:m\q/w\»wmwmw\fmmj\,w event 1 JWWVW\MAN\WWWM
X x X
event 2 WWWV\N\NMWWM/MMM\W event 2 JW'WVNV«NWMM\WWW\/\M«
1s 2s 5s
event ... event ...

Similarity cut-off
Z>08

Similarity cut-off
Z>09

Distance along strike [km] ¢ OVeHapplng Of the

Distance along strike [km]

. ~ oo 7 rupture asperities
= © 700m g 5 :
ol % 2| @ €0 * superimposed events
k5 g g showing an unique patch
- LE
% @ % ible w
o 3 * possible witness of
0 aseismic slip
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Seismic interactions Corinth rift Fault structures Seismicity dynamics Dynamic triggering Rupture initiation Conclusions
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Multiplets and duration
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@ 107 & 10° X

Multiplets with more than 10 events

long-term multiplets

@ short-term multiplets
140
38.4°N

w
o
Distance [km]

N
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» Short-term multiplets during
swarms and seismic crises

38.2°N

* Long-term multiplets at the

Depth fkrm] borders of low seismicity zones
$° * Long-term multiplets are
g10f : generally deeper
0 lb 20 3‘0 4;0 5;0 6l0 75 8‘0

Distanceikm] [Duverger et al., in prep] 25
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Seismic interactions Corinth rift Fault structures Seismicity dynamics Dynamic triggering Rupture initiation Conclusions
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Dynamic triggering: swarm reactivation and migrations

=== Mw 5.2, 18 January 2010 - 15:56

— Mw 5.1, 22 January 2010 - 00:46 » Slow westward migration during
previous swarm at typical pore

Efpalio doublet

FenbR2ner pressure migration velocity
Jan 30 2010 |
* Slow-down of the seismic activity just
Jan 27 2010 | i
before the main shock
Jan 24 2010} - *©
second g : :
. 1 shock * Reactivation of the swarm with a faster
. migration velocity
i main
Jan 18 2010 | 1shock
jan 15 2010 | * Back to a normal seismic activity
Jan 12 2010 |
s 3z Few teleseismic and regional
Jan 09 2010 | — . ” =9 5 A -
Magnitude . . v Ji2 gty 5 0 dynamic triggering cases
M=1 ie
Jan 06 2010}| o M=2 for i . ;
o e ® :% .
o M=3 i ® = Non-generalized stress state of the fault system
21.80° 21.§0° 22.60° 22.El0°
Longitude 31

Duverger, 2017



| i T mjsbepth[km] o
N R SRR « Strong background activity
« Superposed with swarm

activity with main event or

not.

(b)

384N | e

« Cannot explain the total
extension: large events are
necessary and observed.

LUV I [ — W e e e S T

21.8°E 22°E 22.2°E

A large number of small events which present some organisation in time and
space.

Location and time occurrence : a possible picture of

- Geometry at depth of the faults

- State of the medium around the major faults : Aigio, Psatopyrgos ...
- Fluides propagation at depth and relation with rupture initiation

- Stresses transfer

Seismic waves : possible study of the medium



Thanks for your attention
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Strain distribution derived from geodetic data

Hollenstein et al 2006, 2008
Normal strain rates Shear strain rates
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Link between Western Corinth Rift and Kefalonia fault?
Link between eastern Corinth and NAF?
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Le rift de Corinthe est généré il y a 5Ma

Il fait partie des structures en extension qui relient 2 structures
décrochantes dextres: faille Nord Anatolienne et faille de Kephalinia

Quelle est la relation
en profondeur avec la
lithosphere
subductante?

b N0 0O PO T
18 20 9 . 24 26 28 30 32
Yellow areas are actively extending (N-S)






Les unités constitutives de la crodte : les
nappes hellenides

Late Cretaceous- Eocene:
Subduction of Pindos ocean
below Pelagonium continent

Eocene- Oligocene: Collision and
Hellenide orogeny, Stacking of
Hellenide nappes

Latest Oligocene-earliest
Miocene: extensional exhumation
of HP rocks

Miocene — extension and

exhumation in Peloponnesos
Miocene-Pliocene : 50° CW
rotation of Hellenides

Pliocene-recent : Corinth rifting

g



Nappe stacking and shortening in the Hellenides

[ ————————]
km 100
20:"E 22."E

@

Nappe stacking occurred above a single subduction zone since Early Cretaceous
At least 2400 km of sub-upper crustal lithosphere has been subducted.
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Hellenide nappes have been
detached from Middle crust.

2400 km of continuous
subduction since Early
Cretaceous

Eocene: Pindos underthrusting
(Cycladic blueschists)
Original Pindos width 300 km

Oligocene : G-T and lonian
underthrusting

Miocene : Pre-Apulian



