





T1av—y Magnitude 8.9 NEAR THE EAST COAST OF HONSHU, JAPAN
]R] Friday, March 11, 2011 at 05:46:23 UTC

Teachable Moments

Japan was struck by a magnitude 8.9 earthquake off its
northeastern coast Friday. This is one of the largest
earthquakes that Japan has ever experienced.

hSAHBRL N FEFALME- 2 _
In downtown Tokyo, large buildings shook violently and there is USGS
severe flooding due to a tsunami generated by the earthquake.

Part of houses
swallowed by
tsunami burn in
Sendai, Miyagi
Prefecture (state)
after Japan was
struck by a strong
earthquake off its
northeastern coast
Friday, March 11,
2011.

New York Times
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] Friday, March 11, 2011 at 05:46:23 UTC

Teachable Moments

This earthquake was preceded by a series of large foreshocks over the previous two
days, beginning on March 9th with an M 7.2 event approximately 40 km from the
March 11 earthquake, and continuing with 3 earthquakes greater than M 6 on the
same day.

The M8.9
earthquake has
been followed by
frequent large
aftershocks, which
can do damage on
their own especially
to buildings that
were compromised
in the main shock.”

The M8.9 main shock
(red star) is plotted with
14 aftershocks larger
than magnitude 6.0. This
includes a magnitude 7.1.




Trorcy Magnitude 8.9 NEAR THE EAST COAST OF HONSHU, JAPAN
]R] Friday, March 11, 2011 at 05:46:23 UTC

Teachable Moments

This earthquake was the
result of thrust faulting
along or near the
convergent plate boundary
where the Pacific Plate
subducts beneath Japan.

This map also shows the
rate and direction of motion
of the Pacific Plate with
respect to the Eurasian
Plate near the Japan

Trench. The rate of e SRS Jaan Trench
convergence at this plate ey A i% ¢ , ¢
boundary is about 83 mm/yr L= ST, N e e S,

(8 cm/year). This is a fairly | " Pacific Plate <«
high convergence rate and '
this subduction zone is very

seismically active.
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]R]S Monday, February 21, 2011 at 23:51:43 UTC

Teachable Moments

At least >200 people are reported dead or missing, and there are
reports of collapsed buildings, cracked streets and flooding due
to ruptured water mains and ground damage.

In this image made from

video run by New =

Zealand's TV3, a
rescuer makes a rescue
operation for a woman
trapped on roof of
damaged building in
Christchurch, New
Zealand after a
magnitude 6.3
earthquake rocked the
City.

AP Photo/TVNZ

Chch Airport Closed, Terminal Evacuated <3 I}
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T2~ Magnitude 6.3 SOUTH ISLAND OF NEW ZEALAND
]IQ IS Monday, February 21, 2011 at 23:51:43 UTC

Teachable Moments

Liquefaction n’§ it (where the solid ground takes on liquid qualities due to

increased pressures) causes distortion of buildings and damage to buried cables,
water and sewage pipes. Sand blows are characteristic evidence that liquefaction
has occurred.

Imagine a cube full of sand and water. If you press it in from both sides
(compressing and releasing it, then compressing it again), you build up what's
called pore-water pressure,” said Martitia Tuttle, geologist and consultant for the
U.S. Geological Survey. “It's like shaking a coke can — when the pressure builds
up and you release it, the fluid comes shooting to the surface.”

@ % Liquefaction occurs

& (and sand blows

2. are formed) when

the soft, sandy soil

shakes forcing

liquified sand to the

surface causing Sand blow created during

heavy roads or the M7.0 New Zealand
whatever is on the Earthquake
surface to sink

- New Zealand Herald-
Earthquake Waves
e SIRRINETEE] USGS Photo / Georgia Galloway




b d WE oA Wi

BShein

EUHASIAN FLATE

KRR

(Australian Plate)

£
s

._..-'-l.-
i

m%mmwmww




2008 M7.9 Wenchuan,







Dead or Missing: > 1OF'JJ




2001 Kulun Earthquake, 1997 Manyi Earthquake, 2008 Wenchaun Earthquake
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2004 Sumatra Earthquake Tsunami HJFJfB'%’Q@@ M9.5

(c) 2005 issuespotter.com




22005 USC Tsunami Research Group
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1999 Chi-Chi, Taiwan, Earthquake
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1| Chile 1960/05/22 9.5

Prince William Sound,
2 Alaska 1964/03/28 9.2
3 | Andreanof |dands, Alaska 1957/03/09 9.1
4 | Kamchatka 1952/11/04 9.0

Off the West Coast of
0 Northern Sumatra 2004/12/126 9.0
6 | Off the Coast of Ecuador 1906/01/31 8.8
USGS Metional Earthquake Information Cente 7 Rat Igar]ds’ A|a§<a 1965/02/04 87
8 | Assam - Tibet 1950/08/15 8.6

==
1999 & & fjj’f\ Mw7-3 9 | Kamchatka 1923/02/03 | 8.5
2008 [I*V[| 275 My 7.9 10 | Banda Sea, Indonesi 1938/02/01 | 8.5
anda ndonesia .
1976 ’3” [F95EM,, 7.6

11 | Kuril Islands 1963/10/13 8.5
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China
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Official casualty
figure is 255,000
deaths. Estimated
death toll as high as
655,000.

Extreme destruction
in the Tokyo -
Yokohama area
firestorms burned
about 381,000

A tsunami heights as
high as 12 m (39 ft)
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Sumatra - Andaman Islands Earthquake (M,,=9.0)
Sumatra - Andaman Islands Earthquake
Global Seismographic Network Stations Global Displacement Wavefield from the Global Seismographic Network
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Talwarr’Strong Motion and Broadband Seismic Arra
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Finite-Fault modeling: Fault Length, Width and Slip

Waveform Inversion

& ChiChi 19990921 (M7.7)
Along Strike (km)
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Earthquake Physics and Seismotectonics Laboratory
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1999/09/21 01:47:16.0 After Initial Time : 000.0sec

(Lee, Chen, and Ma, JGR, 2007)



Wave Propagation of September 21, 1999 Chi-Chi earthquake

(Lee, Chen, and Ma, JGR, 2007)
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Not the First, Not the Last
East Aleutian Islands, April 1, 1946
Maximum wave height: 35 meters

BRI Fatalities: 165
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B A HE g
Old Japanese Documents Confirm Warnings of
Future North American Earthquakes

 From the tsunami’'s arrival time in Japan, the Japanese
researchers assigned the earthquake to the evening of
Tuesday, January 26, 1700. In addition, from preliminary
estimates of the tsunami’s height in Japan, they guessed
that the tsunami was too large to explain by a Cascadia
earthquake less than magnitude 9.

* The researchers begin by showing that the 1700 tsunami
crested as much as 15 feet high in Japan. They then use
recent findings about the Cascadia subduction zone to
relate earthquake size to plausible areas of fault rupture
and seafloor displacement.
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Figure 4. Description of effects of the 1700 tsunami on the village of Kugawasaki. (a) Sketch map of
Kugawasaki. (b) First columns of entry about the 1700 tsunami, as recorded in “Morioka-han Zassho,”
official records from northern Japan. (c) Pages of “Morioka-han Zassho,” of the volume for the twelfth
year of Genroku era, which includes January 1700. Government officials in Morioka based the
description on correspondence from magistrates stationed in Miyako, 1 km from Kuwagasaki. The map
and the book are courtesy of Morioka City Central Community Center, where they are archived.
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Magnitude 8.9 NEAR THE EAST COAST OF HONSHU, JAPAN
]RI Friday, March 11, 2011 at 05:46:23 UTC

Teachable Moments

Projected travel times
for the arrival of the
tsunami waves across
the Pacific.

Nearby the earthquake
there are only minutes
to evacuate. However,
In many other regions
there is advance
warning.

A tsunami map shows
projected travel times for the
Pacific Ocean. This map
indicates forecasted times
only, not that a wave
traveling those distances
has actually been observed..
NOAA
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Magnitude 8.9 NEAR THE EAST COAST OF HONSHU, JAPAN

IR]S Friday, March 11, 2011 at 05:46:23 UTC

Teachable Moments

This tsunami
propagation
forecast model
shows the forecast
maximum tsunami
wave height (in
cm). Ocean floor
bathymetry affects
the wave height
because a tsunami
moves the
seawater all the
way to the floor of
the ocean.

Thisled to a
Pacific wide
tsunami warning
being issued.
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Tsunami Propagation Forecast

S -

Contours of run.-faﬂnl maximum mwintnpliludn [cm), detailing tsunaml energy propagation.

Earthquake Magnitude: 8.9 Date: 3112011
Earthquake Location: [38.349,142.409], "near the east coast of Honshu, Japan"

] ] 1 I i ] ]
100 120 140 160 180 200 220 240 260
g Event 1D: Ihvpd®.4 Origin Time: 05:46:28 (UTC)

120 [cm]
110 [cm)
100 [em]
90 [em]
80 [cm)
70 [em)
60 (cm)
50 [cm)
40 [em)
30 fem)
20 [em)

10 [em]

iy 0 fem)



Simulation of the 1771 Ishigaki Tsunami

(Nakamura, 2006

Source
parameter

Mw
® (strike)
O (dip)
A (rake)
Dip-slip
Strike-slip

Fault depth

L (fault length)

W (fault width)

The top edge
of the fault

South East
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70 °
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: ' Magnitude 8.9 NEAR THE EAST COAST OF HONSHU, JAPAN
]R] Friday, March 11, 2011 at 05:46:23 UTC

Teachable Moments

Shallow great earthquakes
in subduction zones often
cause tsunamis when they
offset the ocean floor. This
offset generates tsunami
waves. This earthquake
did produce a tsunami,
which was measured on a
nearby buoy and triggered
the warning system.

Nater. Column. Height) &b Statlon D141 2
Image Credit: NORA/MNWS/NDEC 2 £ E
J264.50 = 5. T 53020 48, B = _," - .L
[ . | e D.A.R.T. II
9264.00 | - The water column height : D onte
% 5263.50 -/V\/\/\ V\/\q | change that triggered Repet
g - / . the system. S
5263.00 | T
5262 .90 : - - 1 o . . L .
Q3707 03/09 03711 . . |
00 GHT 00 GHT 00 GHT Flash animation of how
= A R s the DART system
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Magnitude 8.9 NEAR THE EAST COAST OF HONSHU, JAPAN
Friday, March 11, 2011 at 05:46:23 UTC

The DART IlI® 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.

NOAA
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The 1906 Meishan Earthquake

06:43 AM on March 17, 1906
1,258 persons were killed
2,385 personswere injured
6,769 houses collapsed

23.550°N, 120.450°E, Dep=15 km,
M, =6.7, Mw=6.9 (Cheng et ., 2010)
Ms=6.8(Abe,1981,1983)
MH=7.1(Hsu, 1980, 1989)
Ms=7.0(Lee et ., 1976)

M=7.1(Bath & Duda,1979)

The Meishan Fault (25 km)
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The Meisnan Fault (25 km)
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The 1935 Hsinchu-Taichung Earthquake

06:02 AM on April, 21, 1935
3,279 personswere killed
12,119 personswere injured
17,927 houses collapsed

23.350°N, 120.817°E, Dep=5 km,

M, =6.9, Mw=7.2 (Cheng et a., 2010)
Ms=7.1(Abe,1981,1983)
MH=7.1(Hsu, 1980, 1989)
Ms=7.1(Leec et al., 1976)

M=7.1(Bath & Duda,1979)

M=7.1 (Gutenberg and Richter , 1954)
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Toiiwan Real-lirne Systerm (R1C] and Chi-Chi Carthouoks
(Wi =t al, 2000
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Numerical Simulation of Semi-Active Control

Response (Mo control], cm

Response (Active-controled), cm

Acceleration, cmisec®
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Seismic Waves ' el /
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As of 1 October 2007, the Japan Meteorological Agency (JMA)
will start the Earthquake Early Warning,
a new service that advises of strong tremors before they arrive.

Earthquake Early Wam'nl;

Watch ou for strong tremor
/R ()
2 -
o

®The Earthquake Early Warning system automatically calculates the focus and
magnitude of the earthquake and estimates the seismic intensity for each location
by detecting the quake (i.e. the P-wave, or the preliminary tremor) near its focus.
An Earthquake Early Warning is then given a matter of seconds (i.€. a few seconds
to a few tens of seconds) before the arrival of strong tremors (i.e. the S-wave, or
principal motion).

W Earthquake Early Warnings will be provided through various media outlets such as
TV and radio.

% Please note that strong tremors may arrive at the same time as the Earthquake
Early Warning in areas that are close to the focus of the earthquake.



How the Earthquake Early Warning Works

After a tremor (P-wave) is detected the earthquake
early warning will be transmitted immediately. This is
ntially a race against the seismic wave.

P-waves (initial tremors ) s

0 second 5 seconds 10 seconds 15 seconds

Window of time from nouncement
until the arrival of the main tremor

St

observation |seconds later
Information cannot be B

provided in time '

(those further from the seismic focus will have more time to
prepare for the quake)




Cantralling trains

Controlling factory lines
--2 To mitigate damage

Controlling elevators

being trapped

--> To prevent people fram

P
N

Workers parforming
hazardous tasks
-=2 To secure safety

Suspending work in progress
=== To avoid mistakes

To pravent
traffic accidents

At home
--= Tao enable personal protection

Alerting schools and assembly halls
-=» To guide evacuation
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Taiwan Earthquake Rapid Information Release System (RTD)
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Figure 4. The RTD and VSN system-hardware
configuration.



Early Warning Time of the Earthquake
of Sep. 20, 1999 (Mw?7.6)
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Education Saves Lives
Okushiri, Japan, July 12, 1993
Maximum wave height: 31 meters

Fatalities: 239
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Fires and denuded peninsula in wake of he sunami Camaged fire tuck amid the debris

Fires and denuded peninsulain Damaged firetruck amid
wake of the tsunami thedebris



Strike-slip Fault Example
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1906 San Francisco Earthquake
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Tokachi-Oki, M, =8.0
Chi-Chi, M_=7.6
Miyagi-Oki, M, =7.0
Miyagi, M, =6.0

M. Hollywood, M, =42
Complon, M,=4.0

San Marino, M, =2.8
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Dixie Valley-Fairview Peaks, Nevada earthquake

December 16, 1954




Thrust Fault Example
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8 m vertical ground displacement,
Chi-Chi Taiwan earthquake (Mw7.6)
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PYRAPBL vs. PYE R FS Bl‘éjtﬁi

Magnitude Ground Motion Change Energy
Change (Displacement) Change
1.0 10.0times about 32 times
0.5 3.2times about 5.5 times
0.3 2.0times about 3 times
0.1 1.3 times about 1.4 times

LogMo=1.5M,+16.3
Mo~101°~32
Mw=(LogMo-16.3)/1.5 ( FYEiffEL)

Mo: seismic moment (dyne-cm) ( (& @ﬁa@japﬁpufuii)
ML: Richter Magnltude ﬁ'J%fﬁﬁ

(F9prsst B



#[% (Rayleigh wave)
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Loma Prieta, CA 1989

KGO-TV News ABC-7




Tsunamis (J5i[F} )

1957 Aleutian Tsunami

-
éUSGS Photograph Credit: Henry Helbush. Source: National Geophysical Data Center




Worldwide Earthquakes: 1990 - 1999 *

Magnitude 6 to 6.9
Yearly Average: 134

Magnitude 7 to 7.9
Yearly Average: 17

* Locuted by the USGH Nutional Earthyguuke Information Cenler



Worldwide Eartjmguakes: 2000 - 2008 *

Magnitude 6 to 6.9
Yearly Average: 134

Magnitude 7 to 7.9
Yearly Average: 17

Magnitude 8 to 9.9
Yearly Average: 1

008 05 12 * Locaied by the USGS National Esrthguube Information Center
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(Reference M) (Simulated M)
AHEe % (KL |7.0[1] 6.9*
1867/12/18 7 O%%
o % (HC) [8.0[2] 8.0*
1604/12/29 7Gx
U iea R 6.0[2] 7.4%
(TN) 1661/1/8 7Gx
o= % (TT) |7.0[3] 6.8*
1978/7/23 6.6**
wiEe % (HL) |7.8[3] 7.8*
1966/3/12 [.9%*
: : * BRI HIZ % - f#
[1] Yi-Ben Tsai, 1985
oo RIRBHIZ % - fF

[2] Ye-Lin,1993

[3] Pezzopane and Wesnousky,1989
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Hr | BIREE (AEEF | THEE R | TEE | T
B (km) | B (min)| (m/sec) | #F (min) | & (km)

£EE % | TWY |37 19 32.3 24 46.56

17k % |HSN | 130 65 33 85 168.3

v 3 |[KAU (134 6 37.1 20 44.6

%

o d % | TAW [45.6 6 126.67 |8 60.8

=i+ % |ILA 105 9 194.45 13 151.67




Tsunami Wave Propagation Effect:
Critical Points

-T000 -G000 -3000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000

Bathymetry (mefer 5)



Tsunami Wave
Propagation Effect: fron

Yonaguni, Gagua Ridge,
Ludao, Lanyu, Ryuku Arc

Tsunami Potential Area
- Ryuku Arc
- Near Coast Events

Average velocity
Shallow Sea : 8.1 km/min
Ryuku Arc : 10.2 km/min
Deep water : 13.9 km/min

Seismicity (M>6.Depth<30km)  Magnitude

CWB (1990~2007) oh.
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Plate Motion and Tectonic Structure
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=5 ( TCDP)
2004~ (NSC)

Drilling

Fault slip
8.3-12m




ASTCDP

Taiwan Chelungpu-fault Drilling Project EXGCU'[ | ve Comm| ttee

Kuo-Fong Ma National Central Univ.
Chien-Yin Wang National Central Univ.

Yi-Ben Tsai National Central Univ.
Jih-Hao Hung National Central Univ.
Sheng-Rong Song National Taiwan Univ.

Hidemi Tanaka  Univ. of Tokyo

James Mori Kyoto Univ., DPRI
Hisao Ito AIST
Wonn Soh JAMSTEC

Mark Zoback Sanford Univ.
Steve Hickman USGS
Bill Ellsworth USGS

T | nternational Continental Drilling Program
(ICDP)

http://www.icdp-online.de/sites/chel ungpu/news/news.html



TCDP: hole-A, and hole-B Drilling Schedule

PSS/
th 1111 23m

Core [

Core Depth 1111.35m

Fault within

Legend

ChinShui Shale:
Hole-A: 1111m
Hole-B: 1137m

Core Depth 1 1104 m

]

]

=

A: coring 500m to 2000m ha
B: coring 900m to 1300m 2

Ltrack: 950m to 1200m

fciavey Hole-Alg=——d{ Hole-B
ouge

1

L]

|€—NE5 W

Core Depth 1135 3m

i9m TCUOS52

Om

121745

PSS/
Core Depth 1136 50m
3 h - : ¥

Core Depth 1137 2m
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Quantification on Earthquake Ener gy
(Ma, Tanaka et al., Nature, 2006)

Observation of the
grainsin MSZ

-TEM, Transmission
Electronic Microscope
-SEM, Scanning
Electronic Microscope
-OM,

Optical Microscope




(b)

NTHU ESS Magnification 120KX

TEM

Ay

M

-Gran Class: 50nm
100 mm

TEM Images.
Smaller grains from
non-fracturing




Toiiwan Real-lirne Systerm (R1C] and Chi-Chi Carthouoks
(Wi =t al, 2000
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Taiwan Redl-Time System (RTD) and Chi-Chi Earthquake

(Wu et al. 2000)
Taiwan Earthquake Rapid Information Release System (RTD)

Intersity Map;

5k 24 | 22N
1230+ B 1 T e T e e | ]
_ 128444444442208 _
_ LR ELE EEEEEEE AT |
| O rALARAAAAAALL S 0 |
| EEEL L R L EEEE LR s |
| SR S TR F TSR0 |
I FETOQAQARAL T FTFR AP EEEEEEITN19499444 |
_ BAMAANARALL 231 A EE T EE 08 10043949098443 I
| B LR EE EE RS SRRy F e e b B E LR E E RS |
121E] AQQQEAALILL SN P 1449444 5335330 & ol
_ LELEEE ENEERN S PR PP PR SRR kKLl kT o]
| | A P A4 P AL BRI RAARIR3E3EEE |
| _ LR N R R Wk ek U GO P BB E R A b e W AR AR b b S
I _ CEAFEE I I EGEASARENNRAAA44400 33333323333337000 |
| _ R LA K R SR AR RV R e
_ _ FI4 118 TeEeaa A 1144444 22037000 e
_ | ARl i i TEEEERRRRER b E Ck) T
_ | S 153555 55RE555 4444540420044 |4
_ I e reuet L LS EREE R J i
e R [-ermmmmmecaeiname e A L el e e

Flarber s anterstty, § o= Ho dota
* . Epicenter

ne

—— 4.8k phoneline

— T1l

r sinan Sub-Centeph)

I

22 -

1
LAg)
o

25 I~

-
L]

(N) spne]

122

121

120

(E)

Longi



Structural Control

Resonance
uncontrolled

.................... controlled
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¥ g4 (What Controls the Earthquake Dynamics ?)

Acceleration Velocity Displacement
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Thrust Fault Example
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