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with the contribution of the Laboratory of Experimental Tectonics, the EURYI crew and

colleagues who have shared info about the Tohoku-Oki earthquake ,
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WHAT
IS an
earthquake
and

%?
HOW

does it occur?




DEFINITION

“A sudden movement of the earth's lithosphere
caused by the release of stress
accumulated along a fault”

scarp

ipocenter




ELASTIC REBOUND THEORY

«How energy is spread during an earthquake»

AU, = change in elastic strain energy
U, = surface energy (to create new crack surface area)
U = frictional energy (heat)
U, = kinetic energy (seismic)



ELASTIC REBOUND & STICK- SLIP BEHAVIOR

Stress

Friction

i

i

EQ EQ

EQ

i

EQ

http://www.iris.edu/



Strain

SEISMIC CYCLE

years

= Inter-seismic

Elastic deformation Earthquake

on rocks

Time ——>

days/year

= Post-seismic

Towards a new phase of
equilibrium by means of
aftershocks



No. of Earthquakes / Day

OMORI’'S LAW
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MOMENT MAGNITUDE

used by seismologist to measure the size of earthquakes in terms of the energy released
M,, oc M, =u Au (urigidity, A rupture area, u slip)

l

INGV, Outreach Lab




Are
v, earthquakes
RARE

events?




Frequency. of;
earthquakes
(i.e., M>4) In the

last 30 days?

http://earthquake.usgs.gov/

http://www.iris.edu

http://www.ingv.it/
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WHERE

N do
% earthquakes
occur?




distribution earthquakes ...

1988 - 2008, Mw=5.5

...not by chance!

INGV, Outreach Lab



placca
Juan de Fuca

Oceano
Pacifico

placca
del Pacifico

Along plate margins!

Oceano
Atlantic&
S “
- plam
placca ‘( caraibica i
0COS% g
T
d
"
N
placca
di Nazca
-
R =<
N
placca
antartica

ﬁw placca

del/e Filipping 5,

Oceano ,,i'_.

Indiano
(}' >4
placca
A indoaustraliana
— >
&
’
S
A
L4 placca
antartica

INGV, Outreach Lab



Mantle  Inner
Peach

Outer
Core

Inner Pit
Core




JIGSAW PUZZLE LITHOSPHERIC STRUCTURE




THE «DANCING>» PLATES
today




THE «DANCING>» PLATES
GPS - Global Positioning System

30 satellites orbiting at Receivers and GPS Precision:
~20,000 km, period ~24h, antennas decode the 1-10 m => 100 euro
. 6-12 satellites satellite-antenna signals 1 mm => 10,000 euro
simultaneously visible (with data post-processing)
APPLICATIONS

Military, positioning (aircrafts, boats, cars),
geophyiscs (measuring deformations)



THE «DANCING>» PLATES

0’ 40° 120° 160° 200° 240° 280° 320°

0’ 40° 80° 120° 160° 200° 240° 280° 320°



DIVERGENT CONVERGENT TRANSFORM
MARGINS MARGINS MARGINS

(constructive) (destructive) (conservative)



SUBDUCTION
"the process of consumption of lithosphere

at convergent plate margins”
(Oxford Dictionary)

|
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NOT TO SCALE SCHEMATIC CROSS SECTION OF PLATE TECTONICS J

USGS
- earthquakes ﬂ - thermal effects

- volcanism - mantle circulation

- phase transformations - plate motion



CUMULATED SEISMIC MOMENT (1900-1989)
4.0 x 1023 Nm

£ Subduction
B Collision

O Continental
@ Diffuse

B Transform

O Fracture Zone
@ Other

Pacheco and Skyes, 1989
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INTERPLATE SUBDUCTION EARTHQUAKES

* (M>8) earthquakes

Global Significant Earthquake Database — NGDC
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Tonoku=0%ki earinguaiks, M,, 9.0
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Are
mega-earthquakes

'\ RARE
% events?




TIME LINE OF MEGA-EARTHQUAKES

ﬂ NWTWWH”WTWGTAWW .

1900 1910 1920 1930 1940 1950\/1960 1970 1980 1990 2000 2010
ear

magnitude 8.0-8.9 - yearly avarage 1
magnitude > 9.0 2> yearly avarage 0.1

Ammon et al., 2010



106 years of moment release (1906 — 2011; 1.13 x 10** N—m)

Chile (2010;88)
Kamchatka (1952; 9.0) w<6 (est)

Japan (2011; 9.1) 7 >M>=6 (est)

Only 6
(interplate)
earthquakes
over the last

106 years
account for
over half of
the energy

released
during that
time!!l

ﬂ Chile (1960; 9.5)

8 >M>=7

Alaska (1964; 9.4)

M“>= 8 (undifferentiated)

New Mexico Institute of Mining and Technology



HOW
can be studied
_the subduction

% thrust fault?




; arc

trench accretionary prism —<A X/

subducting Jjtp, sPhere

/

100 -150°C
2-10 km 350°C
30-60 km
- stable sliding - /O<_:l;<edl_zone
- velocity strengthening - stick slip

clay-mineral transition

- velocity weakening

interplate earthquakes

-
~--
-~
~-

forearc serpentinized mantle

-
~-.

350°C —~

- stable sliding
- velocity strengthening

\

- plastic deformation

after Byrne et al., 1988, Scholz, 1998, Saffer & Marone, 2003



CHI AI{KEN “ IODP

INTEQGRATED DCEAN
DRILLING PROGRAM

http://www.jamstec.go.jp/chikyu/eng/


http://www.jamstec.go.jp/chikyu/eng/index.html

exhumed faults

analysis of interplate

modeling ' events

stress indicators along the

geodetic data
plate boundary

geophysical
and seismic
geothermal sections

data






«r,

v @ Earthquake cycle is a common process.
.’ & Study of multiple subduction zones, that are presently at
different phases of the earthquake cycle, help to

understand the full cycle.

Cascadia 1700
(M 8.7-9.2)_

Chile 1960
(M, 9.5)




THE GEODETIC REVOLUTION

piecing together geodetic ‘snapshots’ from different subduction zones
leads to a unifying picture of strain accumulation

\4

a new tool for evaluating seismic potential




few catastrophic seconds ...

Latitude north

42°

the coseismic phase
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due to the
2011 Tohoku-OKki
earthquake
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monitored event)

all sites move
seaward




few catastrophic seconds ...
the coseismic phase

sudden uplift and subsidence

coseismic vertical displacement off the coast of Sumatra

............ dip of the overriding plate

seismogenic zone

o
A
(<)

7 coastine [~

= S€iSMoOgenic zone
smm aseismic zone

few km from the trench inland site

SUMATRA 2004

from CalTech Obs Sumatra




1-3 years later...

the early post-seismic phase
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Pollitz et al., 2008

mmmm S€iSMOgenic zone
smm aseismic zone
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........ S dip of the overriding plate

seismogenic zone

seaward motion is the result
of afterslip and viscoelastic
mantle relaxation

seaward motion
decreasing
with time!




Wang et al., 2012

the late post-seismic phase

50 years later...
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~300 (or more) years later...

courtesy K. Wang

interseismic phase SO
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A SINGLE MECHANISM ...

10-200 yrs

r While plate convergence is occurring, the
INTERSEISMIC two plates are locked over some width of the
PHASE subduction thrust fault, resulting in both

uplift and horizontal shortening of the plate

margin.

A few minutes

9|2AD DIWSISS
\

Once the accumulating stress exceeds the

strenght of the fault, the locked zone fails abd a
COSEISMIC great earthquake occurrs. During the rupture,

PHASE stored elastic strain is released, resulting in
subsidence and horizontal extention in those
L regions where slow uplift and horizontal

shortening had accumulated.
Underwater displacement can cause tsunami.

Once stress s releived, the cycle begins again.

Uplift

?gsﬁ‘aﬂen ing
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e

rmm.

Subsidence

Extension
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y
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A SINGLE MECHANISM ...
.. DIFFERENT BEHAVIOURS!

Some subduction zones produce ... other relatively smaller
great earthquakes with magnitude events (Marianas,
over M9 (Japan, Chile) Caribbean)

55 6.0 6.5 7.0 75 8.0 8.5 9.0 9.5 10.0
Mmax Heuret et al, 2011






THE ANCESTRAL IDEA
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STILL TRYING TO FIND A GOVERNING PARAMETER

(7)) T
Which parameter E Mmax
is governing the VU  |Mure
subduction g X
interplate = I
seismicity? Q | U —
© ™ Dz (@)
= Ux N\
%0 Dx ®
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% Wz g
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http://images3.wikia.nocookie.net/nonciclopedia/images/9/93/Munch_scream_detail.jpg

FROM THE ASPERITY MODEL ...

Chile

—
Rupture Extent

Aleutians ;%f %} @’( %i

Asperity Model

I

|
Morianas § { k %

Lay and Kanamori, 1981

heterogeneity
of strength and frictional
properties
of the subduction
thrust fault
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FROM THE ASPERITY MODEL TO
THE MULTI-SEGMENTS EVENT CONCEPT

Seismogenic
zone

slip seismically
slip aseismically
conditionally stable regions that slip aseismically (creep) unless adjacent slips drive them to slide seismically

slow- rupturing regions that experience large slip at shallow depths generating tsunami earthquakes



WHAT IS STILL MISSING?

Our knowledge is based exclusively
on remote measurements.

From an observational point of view the subduction
earthquake cycle is problematic because reliable
records of earthquakes date back only a century in

most places.

Other information (e.g., written accounts,
geological observations) can be used to extend
the observational record. However, these data
may lack in resolution and completeness.




#1: IMPORTANT
TO STUDY
RECENT
@ GREAT
EARTHQUAKES

#2: IMPORTANCE OF
MULTIDISCIPLINARY STUDIES
AND MODELING
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(earthquake of the cean - “Dai Jishin”)
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GEODYNAMICAL FRAMEWORK

50 mmiy) s U

. Eurasian Plate

: \3,-,‘ \ V —8cm/a

| /\mencan,lr
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TOHOKU-OKI SEISMIC SEQUENCE

4 foreshocks ...

(M,, 7.2 9.3.11, z=32 km)



Distance (degrees)

SEISMIC WAVES...IN «WORLD TOUR» !

Japan Earthquake (My=9.0), Global Displacement Wavefield
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MAIN PARAMETERS

Coordinates:
38.322° N, 142.369° E

Depth: 24.4 km

(e
A RO TR

FRONTE
D oNDA

Region: offshore Honshu

Magnitude: m,, 9.0
Energy (USGS): 3.9 % 1022 joules

Stress drop: 15-30 Mpa



RUPTURE SPATIO/TEMPORAL EVOLUTION

140 142 144

140 142 144

squared amplitude of the back-projected
stacks, i.e., proportional to released energy at
high frequencies

cascading failure
of the plate
interface

composite event with
attributes of a

tsunami earthquake

for the shallow portion
of the rupture and
attributes of a typical

megathrust
earthquake in the

deeper portion of it

Kiser and Ishii, 2012



RUPTURE SPATIO/TEMPORAL EVOLUTION
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CASUALTIES

« 15.500 people killed (at least!) and 5344 missing
« 5314 injured

« 332.395 buildings, 2126 roads, 56 bridges and 26 railways destroyed

The total economic loss in Japan was estimated at 309 billion US dollars.

USGS



INTENSITY MAP

USGS Community Internet Intensity Map
NEAR THE EAST COAST OF HONSHU, JAPAN
2011 14:46:23 local 38.322N 142.369E M&.9 Depth: 24 km ID:usc0001x:

IIIIIIIII
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Energy 1000 larger than L'Aquila (2009)!


http://earthquake.usgs.gov/earthquakes/dyfi/events/us/c0001xgp/us/usc0001xgp_ciim.jpg

Tsunami, sei mesi dopo cosi il Gi




WRCARARTE N AYES densely populated areas

—> physical, social, economic and environmental
factors increasing the susceptibility
of a community to the impact of an hazard

EXPOSUIe - economic loss (people and properties)



TSUNAMI HAZARD ZONE

RTHQUAKE, GO
t ND OR INLAND
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wait

Katsushika Hokusai



WAS A
PREDICTABLE

%? EVENT?




If "PREDICTION” means

WHERE [ipocenter],

HOW [magnitude and/or epicentral intensity] and
WHEN [date and time]

will be the next mega-earthquake then ...






But is prediction is intended as
“see before” what could happen in a
specific area...

YES, we can: we have data suggesting
WHERE and HOW

future earthquakes may occur.



JAPAN IDEAL COUNTRY FOR HAZARD MAPS

High convergence velocities Area seismically very active

Seismicity Cross Section
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3B 4
Off Sanriku :’
North /

T EEHERN

HERPIZOVTIMIEDE

TU=rOAARHEILDIE
RS T OMBOFBEORIZ
FilE{Tof=

M,, in 30yr

Off Sanriku-oki North ~M8.0 up t010%

Off Sanriku-oki Central ~M7.7 80-90%

'

ASSUMPTION:
NO M, > 8.2

Off Miyagi~M7.5 <90%

Off Fukushima ~M7.4 7¢

Off Ibaraki ~M6.7 — M7.2 9uvu

Sanriku to Boso M8.2 (plate boundary) 20%
Sanriku to Boso M8.2 (ntraplate) 4-7%

Earthquake Research Committee, 2009, 2010



WHY THE ASSUMPTION NO M, > 8.0?

Any M>8.0
(short historical data)
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WHY THE ASSUMPTION NO M, > 8.0?
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The model assumed that different segments of the trench would not
break simultaneously.
However, the March 2011 earthquake broke five segments.



2011 M 9.1
, 1995
M 7.3, ect mapped

in low hazard “plteg J ' o f

High hazard in

zones!!! 555 IR based on:
L
| & “"Characteristic
3 "
7;?]80:;) ) (24 Fault plane earthquake

- assumes that parts of a fault

- ) 3 el or fault segment will rupture in
7 eartnquake
il

o e a predictable fashion,
C) D MY orising producing c_haracte_rlst/c
H (ﬂ‘)' 6.8 (69) earthquakes with quasi-regular
O T, o recurrence intervals
. J 'seismic gaps”
4% i where the fault has not
« i — ruptured recently relative to
L fault planes other parts of the fault and are
thus most likely
to rupture in the future
0 0.1 3 62_6100-?{;;

Government-designated probability of ground motion of seismic
intensity of level ‘6-lower’ or higher (on a 7-maximum intensity
100 km scale) in the 30-year period starting in January 2010

Geller, 2011



WHY DO HAZARD MAPS
NOT (ALWAYS) WORK?

- wrong physics/assumptions

- wrong data (missing, incomplete,
or underestimated)

- bad luck (low freguency events)

and combinations.



SENDAI: INTERPLATE FREQUENCY OF SIGNIFICANT EVENTS
(in the «characteristic earthquake» view!)

30-40 yrs
(1793, 1835, 1861, 1897, 1936, 1978, 20057?)

SENDAI: FREQUENCY OF TSUNAMI AND
MEGA-EVENTS

3 sequences of tsunamigenic deposits in the Holocenic
Sendai valley in the last 3000 yrs - recurrence time
800- 1100 yrs

Last event : 869 Jogan tsunami M=8.6 (Minoura etal., 2001,
Nanayama et al., 2003)




GPS data recognized a much higher rate of strain accumulation on the plate
interface than would be expected
if a large fraction of the subduction occurred aseismically.

Including these data would have strengthened the case
for considering the possibility of large earthquakes!!!

Loveless and Meade, 2010



#1: IMPORTANT
TO STUDY
RECENT
@ GREAT
EARTHQUAKES

#2: IMPORTANCE OF
MULTIDISCIPLINARY STUDIES
AND MODELING
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The earthquake phenomenon (in a nut-shell)

Geodynamic framework of global seismicity

Mega-Earthquakes

Subduction and Mega-Earthquakes @ Roma TRE



(AMONG) GEOLOGIST'S DREAMS...

... travel to the Earth’s
center!

s39-0d  travel back in time!




A MODEL IS AN ATTEMPT TO REPRODUCE A
NATURAL PROCESS AT DIFFERENT SCALES:

SPATIAL + TEMPORAL
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“"RECIPE” TO BUILD UP
A LABORATORY MODEL

1. identification of the problem to study

2. application of the similarity criteria

3. determining materials that satisfy the similarity criteria

4. running of models

5. ensure repeatability

6. interpretation of obtained results

7. definition of a theory




SIMILARITY CRITERIA

According to the scaling model theory model must be
scaled for its

geometric, kinematic, rheologic

conditions

These similarities are fulfilled if the ratio of any
model - prototype pairs of

lengths and angles, velocities, rheological
parameters

are identical, respectively

Hubbert, 1937, 1951, Horsfield, 1977; Schemenda, 1983; Richard, 1991;
Davy and Cobbold; Cobbold and Jackson, 1992 ...



ANALOGUE MATERIALS




ANALOGUE MATERIALS




Accrotion zone where sediments
1o be folded andior
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Rising magma
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Eﬁﬁpean Young Investig‘fé*t‘or

"Awards*

«CONVERGENT MARGINS AND SEISMOGENESIS»

2 N

global data on modelling
convergent margins and ‘f %
statistical analysis

laboratory modelling numerical modelling

TASK 1: characterize force parameters of worldwide convergent
margins at both shallower and deeper levels (geometry, kinematics,
dynamics)

TASK 2: (try to) define critical condition for the occurrence of great
earthquakes highlighting rupture length, depth, and recurrence
intervals of the events produced by the subduction faults
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Analogue

Natural madels

data

WHICH ARE INGREDIENTS
CONTROLLING
INTERPLATE SEISMICITY?

-
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Maontpellier Swiss Federal Institute of Technology Zurich : ot ' UNIVERSITY
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TOOLS
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Transect seasg

http://submap.gm.univ-montp2.fr/



https://dbxprd0411.outlook.com/owa/redir.aspx?C=2Qvg3rkVXkewnpBu_WJTrZZVCbgXBdAIt4__pCyAHD43jIIh_A80udDsWHjJ64eXAapsbwdcego.&URL=http://submap.gm.univ-montp2.fr/
https://dbxprd0411.outlook.com/owa/redir.aspx?C=2Qvg3rkVXkewnpBu_WJTrZZVCbgXBdAIt4__pCyAHD43jIIh_A80udDsWHjJ64eXAapsbwdcego.&URL=http://submap.gm.univ-montp2.fr/
https://dbxprd0411.outlook.com/owa/redir.aspx?C=2Qvg3rkVXkewnpBu_WJTrZZVCbgXBdAIt4__pCyAHD43jIIh_A80udDsWHjJ64eXAapsbwdcego.&URL=http://submap.gm.univ-montp2.fr/

' Global data on convergent margins

s

uses of the database

a) statistical analysis on the
entire set of parameters;

b) input parameters for
laboratory and numerical modelling;

c) test the modelling predictions.

T—




Modelling
Numerical ‘ Analog

Large-scale
subduction
models

= =l

I, 2011
Faccenda et al., 2009

= upto O km

Magni et a

) < Propagation of detachment front

JS.

Gi, Finite-Source Rupture
Model Database website

Rubio and Galeano, 1994

Muller, 2001 Yamaguchi et al., 2011



Modelling

750 800 850 900 950 1000

potentiality to investigate conditions governing rupture mode
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25X; camera 2

PIV MONITORING

IW,., attime t
IW,.., at time t + dt




25X; camera 2
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VELOCITY TIME SERIES
&

Alternate
phases of
quiescence
with phases of
high speed

] | i

0.35

03F

025

horizontal velocity [cm/s]
o
N
O

———O
—®
Corbi et al., 2013




interseismic stage

Wang, 2007

10 mm/yr

—— contlnuous

—=continuous »

——campaign 2

width [cm]
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all sites move landward
like Cascadiall!



coseismic stage

width [cm]

42°

40°- ﬁ .

£}

[olelo]
o~

LLLLEEES
r BhomoORN

Latitude north

142°

Longitude east

Ozawa et al., 2011

‘IO,..............__‘,

top view t=3.0s

Ay o=
v ———>

'}'/'/”/'/'/”/::'::"——
y =>» 0.1 cm/s /

PPPI49HY.

all sites move seaward
like Tohoku!!!

0 horizontal displacement [cm] 0.1



coseismic stage

suclden uplift and
subsidence
like Sumatralll

width [cm]

elevation [cm]

top view t=3.0s

727
\~..

77 77 7 7

y =>» 0.1 cm/s

7 4 Z

PPPIAIHY.

both pictures from TO - Caltech

0 horizontal displacement [cm] 0.1



top view t=3.0s

T A,

T R

coseismic stage

like Tohoku!

width [cm]
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S 02,
(TP omiw. OGP IPEE

elevation [cm]
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S
o
e
% -10 - ; =3 0.1 cm/s 1
+ A A
slip
. 0.08f -
£ 0.06[ h)
& 0.041
2 0.02}
138° 140° 142° 144° 146° () 0 B
Romano et al., 2012 0 10 20 38 40 A s &

distance from the backstop [cm]

0 horizontal displacement [cm] 0.1
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Mega-earthquakes
are (mainly)
generated in

- convergent tectonic
. settings, along the
subduction thrust
faults.

R —

&

The historical seismic
record is too limited to
adequately asses the
| hazard from these
1 devastating events.
' Studies of events in other
regions can help to
overcome this limitation.

|

R

TAKE-HOME MESSAGES f

&

Mega-earthquakes
are unfrequent but
. not rare events.

Mega-earthquakes
are generated by a
. multi-segments
rupture.

E——

&

Multidisciplinary
studies, application of modern
technologies (also offshore),
earthquake and tsunami early
warning and structural
. engineering together with public
‘ preparation and enhanced
| infrastructure are the key toward
effectively reducing the impact
of these potential
devastating events.






ELASTIC REBOUND & STICK- SLIP BEHAVIOR
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B FRICTION ON FAULTS

qguantitative elastic rebound

SITA DI

=]

The stress across the fault is 1y, the frictional
B stress that is operative on the fault at the end
of faulting. A uniform relative velocity u, is
applied at a distance b from the fault, and the
shear strain increases with time according to

}

{3} After a major earthquake the fault sticks

WA

g(t) = u,t/(4b)

Tﬂ“ The shear stress on the fault as a function of time
t since the last displacement on the fault is:

T =Ty + (Gugt)/2b

) Just prior to the next major earthquake
T The locked fault can transmit any shear stress less
o / than the static frictional stress 1. When this
stress is reached, slip occurs. Therefore, the time

{c) After this major earthquake the fault locks t = t* when the next displacement occurs on the
and the cycle repeats fault is:

SA LA AT s

t* = (2b/Gu,) (T — Ty)
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FRICTION ON FAULTS

qguantitative elastic rebound

=TT

- —> The slip on the fault generates an
earthquake. The displacement on the

T"" | fault during the earthquake occurs in a few
seconds so that the edges of the

{a} After a major earthquake the fault sticks plates can be assumed to be Stationary
during this time. The accumulated

shear strain € = u,t*/4b is recovered by the
T"“ plates in a process known as

elastic rebound. The resulting displacement
on the fault w is:

W,

) Just prior to the next major earthquake

bl
The quantity t.—t,, is the stress drop on the
(c) After this maior sarthauske the fault lack fault during the earthquake.
and the cycle repeats After the earthquake, the fault locks and the
cycle repeats.

- upt* 2h .
Aw — 2-(9b) — 41 _ b
. (20) "( b ) G \Tis = Trd)

A
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FRICTION ON FAULTS

stress drop

rurj .

o stress drops during large
i .y static earthquakes

0 N aynamic T e ss Hrop

o . stress drop T, — Ty = 1-100 MPa

EE .....':'.".-rv - d

displacement

N
Aw = 2:(2b) = 4&(”;]3} ) = = (rgs = 774)

W=5mM; G ctal rocks=30 GPa; T, —T;y = 1-100 MPa

4

b=75m-7.5km
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ARLRE FRICTION ON FAULTS

The static frictional stress, T, is the stress on the fault when earthquake rupture initiates on
the fault.

During rupture, slip is occurring on the fault and the shear stress on the fault is the dynamic
frictional stress, t,.

Stick—slip behavior occurs as long as the static frictional stress 1. is greater than the
dynamic frictional stress Ty, T >Ty,.

o

0@
When does slip initiate on a fault?
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FRICTION ON FAULTS

Amonton’s law

(“
=

g, — 90 4 normal stress that the
A block exerts on the surface
- 5 the frictional shear stress
n=mag eos mg sin # on the
Ty —
! A surface required to keep
the block from slipping

Slip will occur when 1 = 1, the static frictional stress. Under a wide variety of conditions
it is found experimentally that:

Tfs = fs0n

where fs is the coefficient of static friction. This relation is known as Amonton’s law.
The coefficient of friction depends weakly on the types of material in contact
but is independent of the normal stress.



FRICTION ON FAULTS

Amonton’s law

Look at:
http://www.youtube.com/watch?v=YTfwJ3EIw5s
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HARLRE FRICTION ON FAULTS

Amonton’s law

100 —
L Symibod Rock Type +
+ Limsstons, gebbro
an = ° Wabar sendstone, faulted
L] Weber sindstane, saw cut
- o Greywacke, sandstone, guarizite, granim * Ulp';:'u’
& Granite, gabbro 5 P
ma b= ® Plister i jaint of qusnz manzonite
L Duartz monzanite jolnts
- & Granite
a Granodigrita @
0 = L] Ginaiss and myylonite - -
-
3
o
E L]
£
z
4
E
2
-]
=
] 1
1] mw o 30 4 1¥] &0 a a0 40 100

Harmal gtress, o (MPal

Maximum shear stress to initiate sliding as a function of normal stress for a variety of rock
types. The linear fit defines a maximum coefficient of static friction max fs equal to 0.85.
Data from Byerlee (1977)
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ARLBE FRICTION ON FAULTS

Amonton’s law

-

Tfs = f.é;'frn

A

The pressure of water on a fault is referred to as the pore pressure pw.
The effective normal stress acting on a wet fault is the actual normal stress less the
pore pressure. Therefore on a wet fault Amonton’s law can be written

|T| — f.f{ﬂn — Fu:::'



EARTHQUAKE ENERGY
U =545

o = mean stress during slip
A =rupture area
0 = average slip displacement

AU, =U +U, +U,

AU, = change in elastic strain energy

U, = surface energy (to create new crack surface area)
U, = kinetic energy (seismic)

U, = frictional energy (heat)

For U,, see Chester et al., 2005, Nature 437, 133-136
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EARTHQUAKE ENERGY

Magnitude Energy Release
(equivalent kilograms of explosive)
Earthquakes Energy Equivalents |
104- —-56,000,000,000,000
Chile (1960

9 L Alaska (1984) —-1,800,000,000,000
ot ol dhatnioton . Krakatoa Eruption

8 | massie ioss of ife New Madrid, MO (1812)0 3 @ worid's Largest Nuclear Test (USSR) —+56.000,000,000
mmmn San Francisco, CA (1906 Mount St Helens Eruption

7 L iageioss ofite by —-1,800,000,000

Kobe, Japan (1




FAITRE
EARTHQUAKE ENERGY

Example: 1960 Chile earthquake

— 21 m slip, 800 km x 200 km rupture

- Mw =95

—~1019 Joules (total global annual energy
consumption ~3 x 1020 J)

— equivalent 2000 megaton nuclear explosion
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Instrumental data

MEASURING EARTHQUAKES
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Instrumental data are

based on properties of
seismic waves
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=A:TRE From the seismogram to...

c

... ipocenter (difference in the S-P arrival times from
several stations)

-

_AInte
\ V v’l 'ﬂ

S-P

Maximum amplitude

... earthquake’s energy or Richter magnitude (maximum amplitude
of the seismic signal).



IATLRE Looking for the ipocenter
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44°20'N
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National
Seismic
Network

about 250
stations for civil
defence and
research.

) @ Stazione
& Rete Sismica
Nazionale
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INGV Seismic Survey - 24/7

1) to
2) Ipocenter coordinates
3) magnitude

2 min Area (province), Magnitude

30 min Final coordinates, and magnitude



=0
@)
=
>

=
g

=

)nmulll
=
o
Eles)

T
[}
@

MAGNITUDE

Earthquake’s magnitude

Physical measurement (=
sismometers)

It is possible to determine it
everywhere

Expressed as a real number (e.q.
M=5.4)

INTENSITY

Earthquake’s effect of persons and
stuff.

No need for instruments

Difficult/impossible to determine
if in Difficile determinarla in
desert areas or sea

Expressed in degrees of a
reference scale (e.g., MCS I-XII)
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Historical data [ ) (MCS) Intensity
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MCS Intensity

I Not felt.

II Felt by a few people.

I11 Hanging objects sway.

IV Windows and doors rattle.

V Sleepers waken.

VI Windows and glassware broken.

WII Ditheult to stand.
VIII Branches hroken from trees.

X Cracks in ground — general panic.
X Large landslides — most masonry structures destroved.
XI Nearly total destruction.

|. Effects on persons (please mark or choose the appropriate)

1a. Location during the quake:

1b. Which floor?

2. What did you do during the quake:
3a. How strong did you feel the quake?
3b. Inwhich way was the quake felt?
3c. Who else has felt the quake?

4. Reaction?

unknown Vi

no remark v
unknown ¥

notfelt V

| no remark (¥

Iwas alone ¥

[ none

[ surprise

[ awakening

[ frightened

[ problems with the balance
[ running to the outside

6. Small, easy to move objects (single books, vases, etc.):
7. Small objects of normal stability (e.g. books in shelfs):
3. Light furniture:

9. Furniture:

10. Bigger objects (TV, computer, etc ).

11. Fluids in well filled containers:

12. Water in containers, tanks, pools:

13. Tombstones:

14. Visible waves in the soil:

[0 panic
Il. Effects on objects and surroundings
1. Hanging objects {Lamps, pictures, etc.): no swinging v/
2. China, glass: nothing remarked v
3. Windows, doors: nothing remarked v/
4 Windows: [ broken to pieces
5. Wood: O creak, crack

| nothing remarked :]
| nothing remarked v |

| nothing remarked

[ nothing remarked |

[ overturmed

| nothing remarked v |
nathing remarked ¥ |

[ shifted, rotated, overtumed
naothing remarked v

Part of SED-ETH auestionnaire


http://www.seismo.ethz.ch/eq/detected/res/questionnaire.jpg?hires
http://www.seismo.ethz.ch/eq/detected/res/questionnaire.jpg?hires
http://www.seismo.ethz.ch/eq/detected/res/questionnaire.jpg?hires
http://www.seismo.ethz.ch/eq/detected/res/questionnaire.jpg?hires
http://www.seismo.ethz.ch/eq/detected/res/questionnaire.jpg?hires

ﬁROMA
o MCS Intensity
Fucino’s earthquake, 13.12.1915

ONIVERSITA DEGLI STUDI
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Terremoto del 13.1.1915
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MAGNITUDE

Different way to measure magnitudes as a function of kind of waves and seismometers

Duration (Md)

Local (ML)

Surface wave (Ms)

Moment (Mw)

Energy (Me)

Moment (Mi)

Body (Mb)

Surface wave (MLg)

<4

2-6

5-8

>3.5

>3.5

5-8

4-7

5-8

0-400 km

0-400 km

20-180 degrees

all

all

all

16-100 degrees (only deep earthquakes)

all

Based on the duration of shaking as measured
by the time decay of the amplitude of the
seismogram. Often used to compute magnitude
from seismograms with “clipped" waveforms
due to limited dynamic recording range of
analog instrumentation, which makes it
impossible to measure peak amplitudes.

The original magnitude relationship defined by
Richter and Gutenberg for local earthquakes in
1935. It is based on the maximum amplitude of
a seismogram recorded on a Wood-Anderson
torsion seismograph. Although these
instruments are no longer widely in use, ML
values are calculated using modern
instrumentation with appropriate adjustments.

A magnitude for distant earthquakes based on
the amplitude of Rayleigh surface waves
measured at a period near 20 sec.

Based on the moment of the earthquake, which
is equal to the rigidity of the earth times the
average amount of slip on the fault times the
amount of fault area that slipped.

Based on the amount of recorded seismic
energy radiated by the earthquake.

Based on the integral of the first few seconds of
P wave on broadband instruments (Tsuboi
method).

Based on the amplitude of P body-waves. This
scale is most appropriate for deep-focus
earthquakes.

A magnitude for distant earthquakes based on
the amplitude of the Lg surface waves.
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MOMENT
MAGNITUDE

Chile, 1960
San San
Fernando, Francisco, Alaska, 1964
1971 1906
My=12x10% M,=54x10" My = 5.2 x 107 My =
2.4 x10%
M, =66 M,=78 M, =84 M, =83
Slip=14m Sip=4m Slip=7m Sip=2tm
[
O i

100km

Fig. 4.6-3 Comparison of moment, magnitudes, fault area, and fault slip
for four earthquakes listed in Table 4.6-1. M_ saturates for events with
M, =8 and so is no longer a useful measure of earthquake size.
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MOMENT
MAGNITUDE

used by seismologist to measure the size of earthquakese in terms of the energy released
M,, oc M, =u Au (urigidity, A rupture area, u slip)




why so large magnitudes?

the 1960 M9.5 Chile earthquake:
largest natural example of failure surface

% . American

present evidence cannot rule out that any
subduction zone may produce a magnitude 9
or larger earthquake (McCaffrey, 2008)!

- Subsidence
—Leveling line

f <= Shear strain
~— % 30 pstrain
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a complex (variable in space) system

Heuret et al., 2011

I 1976 — 2007 CMT Harvard |
catalog and EHB hypocenter |
catalog + Centennial
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short-period radiation

2011 Large slip, weak
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strong tsunami generation
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Pacific Tsunami Warning Center
National Oceanic and Atmospheric

Administration (NOAA)
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Pacific Tsunami Warning Center
National Oceanic and Atmospheric
Administration (NOAA)

Iridium

DART® Il
System

Iridium
& GPS
antennas

Electronic systems
& batteries.

Surface Buoy

2.6 m diameter
4000 kg displacement

18m

#T Acoustic transducers
(2 each)

25 mm chain (3.5 m)
Swivel

100 m Nilspin®

25 mm nylon

22 mm nylon

Bottom Pressure

Recorder
o
Bi-directional ~4
2000 0000 acoustic "’D
telemetry - Glass ball
N wv) floatation
~4
19 mm nylon ")03
13 mm chain (5 m) VQ

| Acoustic
Acoustic K relesse
transducer tf_" _—+—Batteries
Anchor 3100 kg total -
Anchor 340 kg

S o

JORIAR (TR NCBZ 2008

i

\

75 m

The DART II® system consists of a
seafloor bottom pressure recording (BPR)
system capable of detecting tsunamis as
small as 1 cm, and a moored surface buoy
for real-time communications.

DART Il has two-way communications
between the BPR and the Tsunami Warning
Center (TWC) using the Iridium
commercial satellite communications
system. The two-way communications
allow the TWCs to set stations in event
mode in anticipation of possible tsunamis or
retrieve the high-resolution (15-s intervals)
data in one-hour blocks for detailed
analysis.

DART Il systems transmit standard mode
data, containing twenty-four estimated sea-
level height observations at 15-minute
intervals, once very six hours.



TSUNAMI MODELING

NOAA’s West Coast and Alaskan Tsunami Warning Center
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Tsunami Propagation Forecast
Contours of forecasted maximum wave amplitudes [cm|, detalling tsunami energy propagation.
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'80 1 t 1 1
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Event ID: Ihvpd9.4 Origin Time: 05:46:28 (UTC)
Earthquake Magnitude: 8.9 Date: 3/112011
Earthquake Location: [38.349,142.409], "near the east coast of Honshu, Japan"

West Coast and Alaska Tsunamd Wiarmning Center

NOAA’s West Coast and Alaskan Tsunami Warning Center
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¢ Tide Gage
¢ DART
b ¢ Earthquake

120° 150° 180° 210° 240° 270° 300°

NOAA’s West Coast and Alaskan Tsunami Warning Center



Rk BEFORE THE TSUNAMIL...
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