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Welcome to Teachable Moments! Our goal is to provide timely and accurate information to
develop knowledge about a newsworthy earthquake for audiences from middle school through
college. Please use the slides to get a concise, but thorough overview of this historical
earthquake and then use them as is or customize it for your students and curriculum.

New for the 2024-25 school year:

1. Color-coding for grade levels. v middle school + v high school +
v college

1. Check out the new Slide Guide: Slides or pdf that will guide your students through the slide
deck: middle school pdf high school pdf college pdf

2. New Geography slide(s): An additional slide about the city or area that gives you cross-

curricular connections: geography, physics, chemistry, biology, environmental science or even
history.

3. NGSS Connections for questions in the Slide Guide are located in the notes sections below
each slide guide.

4. Fillin the blank sub-plans: The first two pages can be completed and used all year (hint: sheet
protector) The rest are for you to modify or fill-in to customize your sub-plans to fit what you'’re
doing.


https://docs.google.com/document/d/1PcTLPrp1Dr1nc0jUGFi03Ni44FUhzdpY32YcFDXiM5s/edit?usp=sharing
https://docs.google.com/document/d/1A9qCrAtOxL1sJrCkDwNCMBwBhRm9pw3lFP3C60hpqBE/edit?usp=sharing
https://docs.google.com/document/d/1YgDZjuXrINA-kcZ6mnDMXJgy3rp7xn-yuyl4Ef-_xw8/edit?usp=sharing
https://docs.google.com/document/u/0/d/1iURX9H_4q2hAIZ5dB4i4jKiyrjQ3g4YZzzMcd6Ki_uE/edit
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Magnitude 9.1 SUMATRA Latitude 3.295°N

Sunday, December 26, 2004 at 00:58:53 UTC Longitude 95.982°E
Depth 30.0 km

Twenty years ago, on December 26, 2004, a magnitude 9.1 earthquake struck off the west
coast of northern Sumatra, Indonesia. It was one of the largest earthquakes ever recorded,
caused by the sudden rupture of a 1,300 km section of the Sunda megathrust, where the
Indian Plate is subducting beneath the Burma Plate. The rupture triggered a massive
tsunaml with waves reachmg helghts of 30 meters (98 feet) in some areas. These waves

spread across the Indian
Ocean, impacting 14
countries. The tsunami
caused widespread
devastation, displacing
millions of people and
claiming over 230,000
lives, making it one of the
deadliest natural disasters
in history.

MALDIVES The Dec. 26, 2004, earthquake ruptured

S 250 kilometers offshore of Sumatra,

i B Indonesia; tsunami waves traveled
Sy thousands of kilometers with enough

i power to kill hundreds of people and
destroy villages as far away as the east
coast of Africa.

Epicenter ] Worst-affected areas

Credit: Kathleen Cantner, AGI


Presenter Notes
Presentation Notes
Additional Information:  https://earthquake.usgs.gov/earthquakes/eventpage/official20041226005853450_30/executive
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Bulldozers clear the rubble at the market area in the center of Banda Aceh, Sumatra island, Indonesia, Wednesday
Jan. 5, 2005. Cleanup and relief operations are gathering pace after the Dec.26, 2004 devastating quake-triggered
tsunami claimed the lives of at least 94,000 people in Indonesia alone. (AP Photo/Peter Dejong)



Presenter Notes
Presentation Notes
Interview with tsunami survivor: Thomas Alvarez Belon (The 2012 film The Impossible was based on his experience): https://www.youtube.com/watch?v=25SQnW4ok-Y (Trigger warnings- please watch before showing students to determine if content is appropriate for age range)
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Video overview of the Sumatra earthquake
and the impact on indigenous populations

possible trigger warning — please watch first to assess if this is a good fit for your classroom)
T .. -—



Presenter Notes
Presentation Notes
Video overview of the Sumatra earthquake and the impact on indigenous populations (possible trigger warning – please watch first to assess if this is a good fit for your classroom)
The video is almost 6 minutes long. 
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The Modified-Mercalli Intensity (MMI) scale
is a ten-stage scale, from | to X, that —
indicates the severity of ground shaking.

Intensity is based on observed effects and
is variable over the area affected by the
earthquake and is dependent on
earthquake size, depth, distance, and local
conditions.

10°N

The black star indicates the epicenter of the *"
earthquake, and the outline defines the full
rupture zone of the earthquake. -
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Presenter Notes
Presentation Notes
Shaking intensity scales were developed to standardize the measurements and ease comparison of different earthquakes. The Modified-Mercalli Intensity scale is a ten-stage scale, from I to X.  Lower numbers represent imperceptible shaking while X represents extreme shaking.
Relevant animation: 
Earthquake Intensity https://www.iris.edu/hq/inclass/animation/earthquake_intensity 

HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural resources, occurrence of natural hazards, and changes in climate have influenced human activity. ESS3.B: Natural Hazards Natural hazards and other geologic events have shaped the course of human history; [they] have significantly altered the sizes of human populations and have driven human migrations.(HS-ESS3-1)
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Sumatra is the largest island in the
Indonesian territory and is the closest to
the Asian continent. The Bukit Barisan
Selatan National Park is a UNESCO
World Heritage site. It is also home to
the largest volcanic lake in the world
called Lake Toba.

The rich volcanic soil supports a highly
biodiverse rainforest ecosystem. This
fertile soil has also helped Sumatra’s
agricultural industry: coffee, rice,
coconuts, rubber and tea. Other
industries include: cement, mining -
mostly of coal, banking, fishing, and
tourism. Tourists go to Sumatra for
snorkeling, surfing, and the beautiful
scenery.




The map shows the major
islands of Sumatra, Java, and
Borneo on the Sunda Plate.

On the south side, the
Australia Plate moves under
the Sunda Plate at 59 mml/yr,
creating the Sunda Trench.

On the northwest side, the
India Plate moves under the
Burma microplate at 45 mm/yr.

A compression zone separates
the Australia and India plates.

Red triangles show volcanoes
in the Sunda subduction zone,
including Krakatoa and Toba.
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Presenter Notes
Presentation Notes
Plate boundaries and faults modified from Bird (2003) and Shearer and Burgmann (2010).

The map on the right shows Sumatra, Java, and Borneo, major islands of the Sunda Plate.  On the south side of the Sunda Plate, the Australia Plate subducts into the Sunda Trench at 59 mm/yr.  On the northwest margin of the Sunda Plate, the India Plate subducts at 45 mm/yr beneath the Burma microplate, a portion of the Sunda Plate between the Sunda Trench and Andaman Sea.   A zone of diffuse compression separates the Australia and India plates.  Volcanoes of the Sunda subduction zone, including Krakatoa and Toba, are indicated by red triangles.
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Before the Earthquake:

The India and Australia Plates subduct under the
Burma and Sunda Plates but sometimes get
stuck.

* Pressure builds causing ground to lift and
push northeast. How does land jump with an earthquake?

Evidence from GPS stations above subduction zone

During the Earthquake:

Plates suddenly slipped, causing an earthquake
and releasing the pressure.

* Burma Microplate shifted west-

GPS at

time =0
Contact at I
time =0

southwest.
* Parts of the ocean floor rose while others arvil
sank, triggering a massive tsunami. [RIS

After the Earthquake:
The earthquake shifted landmasses.

* Islands near Sumatra moved southwest
about 20 centimeters because of
something called rebound.

« Some coastal areas sank, submerging
parts of the land and changing the
region's geography.

ATED RESEARCH [NSTITUTIONS FOR SEISMOLOGY



Presenter Notes
Presentation Notes
Refer to the activities in this ShakeAlert lesson (ShakeAlert: Pacific Northwest and the Big Squeeze) to help explain the concept of rebound. https://www.iris.edu/hq/inclass/activities/pacific_northwest_and_the_big_squeeze
There are multiple resources available within this lesson to help you.

Before the Earthquake:
The India and Australia Plates were slowly sliding northeast underneath the Burma Microplate and Sunda Plate (a process called subduction).
As the plates pushed together, they occasionally got stuck, halting their forward movement.
This buildup of pressure caused parts of the ground above to gradually lift and be pushed northeast.
During the Earthquake:
The plates under the Burma Microplate and Sunda Plate suddenly slipped past each other along a fault line, releasing the built-up pressure.
The land on top of the Burma Microplate shifted west-southwest by about 10 meters (approximately 30 feet) in an instant.
Some areas of the ocean floor were pushed upward by several meters, while others sank downward, causing massive displacement of water and triggering the tsunami.
After the Earthquake:
The immense forces caused by the earthquake permanently shifted some landmasses:
Certain islands southwest of Sumatra moved southwestward by about 20 centimeters.
Some coastal regions sank, with parts of the land becoming submerged below sea level.
These changes left the land and seabed in new positions, marking a lasting impact on the region's geography.



The red star marks the epicenter of the
2004 Magnitude 9.1 Sumatra-Andaman
earthquake, and the rupture zone is
shown in orange.

The earthquake moved at 2.5 km/second
along the boundary where the India Plate
subducts beneath the Burma microplate.

A remarkable feature of this earthquake
was the length of the rupture zone,
stretching almost 1300 km—about the
length of California.

Dashed lines on the map show how the
rupture front moved: it passed the Nicobar
Islands in 3—6 minutes and the Andaman
Islands in 6-9 minutes after the initial
rupture near Sumatra.
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Presenter Notes
Presentation Notes
The rupture zone is from Rhie et al. 2007.  Time lines modified from NEIC Finite Fault Model https://earthquake.usgs.gov/earthquakes/eventpage/official20041226005853450_30/finite-fault 

The red star on this map shows the epicenter of the 2004 magnitude 9.1 Sumatra – Andaman earthquake while the rupture zone is shown in orange.  This earthquake ruptured at a velocity of 2.5 km/sec along the megathrust plate boundary where the India Plate subducts beneath the Burma microplate.  Near the epicenter, that boundary dips toward the east at a shallow angle of about 10°.  The angle of dip steepens to 18°in the central and northern portions of the rupture zone.  An extraordinary feature of this great earthquake was the length of the rupture zone at almost 1300 km or about the length of the State of California.  Dashed contours show the locations of the rupture front at one-minute intervals.  The rupture front passed the Nicobar Islands between three and six minutes and the Andaman Islands between six and nine minutes after initial rupture off the northwest coast of Sumatra. 



While commonly plotted as points on
maps, earthquakes of this size are
more appropriately described as slip
over a large fault area.

One week of aftershocks are plotted,
sized by magnitude and colored by
depth.

The slip wasn’t uniform across the
fault. After an earthquake, the stress
on the fault changes. Aftershocks
occur due to these stress changes.

Since aftershocks occur on or near
the main fault, their distribution
allows visualization of the size of the
rupture from this earthquake.
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Presenter Notes
Presentation Notes
Explore the Seismicity:�https://ds.iris.edu/ieb/index.html?format=text&nodata=404&starttime=2004-12-23&endtime=2004-12-30&orderby=mag-desc&src=usgs&limit=1000&maxlat=18.855&minlat=-4.345&maxlon=103.099&minlon=87.279&sbl=1&pbl=1&zm=5&mt=ter


Back Projections are movies 2004/12/26 00:58 M3.0 Z=26km 0.25t01.0Hz NA
created from an automated data B —— s
processing sequence that stacks r Time integrated over &0 sec
up P wave energy recorded on ! " ‘ T
many seismometers on a flat grid E
around the source region. This
grid is meant to be a fault surface
and creates a time and space
history of the earthquake.
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One of the ways we measure ground
motion is with GPS instruments. GPS
stations receive signals from satellites
and use the time offset between when
the signal leaves the satellite and when it
arrives at the station to determine
distance. If a station receives signals
from 4 or more stations, it can determine
its location (6 or more satellites is much
better).

This is the same way GPS works in
phones and other devices, but the high-
precision stations can determine location
within millimeters (<% inch) rather than
5-10 meters (15-30 feet).

The purple arrows on the map show
horizontal GPS displacements.

The 2004 magnitude 9.1 Sumatra-
Andaman earthquake was the first
magnitude 9 event recorded by modern
broadband seismometers and GPS
networks.

Magnitude 9.1 SUMATRA
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Presenter Notes
Presentation Notes
Observed GPS vectors are from Rhie et al 2007 Figure 5 c and 5d.

The 2004 magnitude 9.1 Sumatra – Andaman earthquake was the first magnitude 9 event recorded by modern broadband seismometers and GPS geodetic networks.  These instruments recorded earthquake ground motions over an unprecedented range of frequencies, including static offsets of GPS stations.  In principle, those observations can be analyzed to obtain a detailed fault-displacement model.  Although observed displacements of permanent GNSS stations on Malay Peninsula were immediately available, even the stations nearest the rupture zone measured displacements less than 30 cm.  A different style of GPS observations is provided by ”campaign mode” surveys wherein monuments that had been surveyed prior to the earthquake were reoccupied following the earthquake.  Purple arrows on this map show horizontal GPS displacements observed in northern Sumatra and the Nicobar and Andaman islands, near to and above the 2004 rupture zone.  These displacements ranging to over 6 meters provided critical data for fault-displacement modeling. 

Photo: GPS station TRTK (Earth Observatory of Singapore) was installed on Sumatra after the 2004 earthquake.
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During the Magnitude 9.1 Sumatra-Andaman,
the closest permanent GPS stations were on
the Malay Peninsula and only moved 30 cm
(=1 ft).

But after the earthquake, scientists
remeasured benchmarks on in northern
Sumatra, the Nicobar Islands, and the
Andaman Islands and learned that the land
had moved up to 6 meters to the southwest.

GPS
Displacement

. o s

5m

Campaign GPS
on a tripod

Permanent GPS | Rupture '
station drilled into
the ground.

95°E 86°E



Presenter Notes
Presentation Notes
Observed GPS vectors are from Rhie et al 2007 Figure 5 c and 5d.

The 2004 magnitude 9.1 Sumatra – Andaman earthquake was the first magnitude 9 event recorded by modern broadband seismometers and GPS geodetic networks.  These instruments recorded earthquake ground motions over an unprecedented range of frequencies, including static offsets of GPS stations.  In principle, those observations can be analyzed to obtain a detailed fault-displacement model.  Although observed displacements of permanent GNSS stations on Malay Peninsula were immediately available, even the stations nearest the rupture zone measured displacements less than 30 cm.  A different style of GPS observations is provided by ”campaign mode” surveys wherein monuments that had been surveyed prior to the earthquake were reoccupied following the earthquake.  Purple arrows on this map show horizontal GPS displacements observed in northern Sumatra and the Nicobar and Andaman islands, near to and above the 2004 rupture zone.  These displacements ranging to over 6 meters provided critical data for fault-displacement modeling. 
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The map shows a fault-displacement model for
the 2004 magnitude 9.1 Sumatra-Andaman
earthquake.

The red star marks the epicenter, and the
rupture zone is shown in salmon. Ind|a

Plate

| ..h. .
C «oo_
Seismic data from 10 stations around the o
earthquake and GPS data from 38 stations
near the rupture zone were analyzed.

The megathrust rupture zone between the India
and Burma plates was divided into six
segments, with red dashed lines showing the
boundaries.

Colored circles represent the displacement of i s
each 30 km by 30 km patch of the rupture zone, | }3#’ |
while white arrows show the direction of the gt
Burma microplate's movement relative to the
India Plate.
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Presenter Notes
Presentation Notes
Adapted and modified from Rhie et al 2007 Figure 9. 

An example fault-displacement model for the 2004 magnitude 9.1 Sumatra – Andaman earthquake is shown on this map.  The star indicates the epicenter while the rupture zone is shown in salmon color.  Seismic data from 10 stations distributed around the earthquake and GPS data from 38 stations nearest the rupture zone were analyzed.  The megathrust rupture zone between the subducting India and overriding Burma plates was divided into six segments and red dashed lines show boundaries between the those segments.  Dip angles are 11°and 15°for the two southern segments  west and northwest of Sumatra and 18°for the four northern segments.  Colored circles indicate the displacement of each  30 km X 30 km patch of the rupture zone and white block arrows indicate the direction of slip of the Burma microplate with respect to the underlying India Plate.  Fault displacement reached over 30 meters near 4°N, 94°E and over 20 meters near 8°N, 93°E.
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This map summarizes earthquake history from 1797 to
2004.

The red star marks the epicenter, and the salmon color
shows the rupture zone of the 2004 magnitude 9.1
earthquake.

Red areas show rupture zones of six magnitude 7.7-9.0
earthquakes from 1797 to 2000 that occurred south of
the 2004 rupture zone.

In contrast, before the 2004 earthquake, only two strong
earthquakes larger than magnitude 7.7 and no great
megathrust earthquakes had been recorded along the
Sunda subduction zone between the India and Burma
plates (shown in blue).

This history shows that a few centuries of data is not
enough to fully understand the maximum size of
earthquakes that can occur along a megathrust
boundary.

Sunday, December 26, 2004 at 00:58:53 UTC
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Presenter Notes
Presentation Notes
Adapted from Newcomb and McCann (1987), Bilham et al. (2005), Natawidjaja, et al. (2006), Satake and Atwater (2007), McCaffrey (2009), and Shearer and Burgmann (2010).

Earthquake history from 1797 through 2004 is summarized on this map.  The red star indicates the epicenter and the salmon color is the rupture zone of the 2004 M9.1 earthquake.  Rupture zones of M > 7.7 earthquakes from 1797 to 2004 are shown in red.  Rupture zones of three great M > 8 megathrust earthquakes west of Sumatra from 1797 to 1861 were determined from historic records.  In addition, three earthquakes west of Sumatra with magnitudes of 7.7 to 7.9 were recorded by seismometers between 1907 and 2000.  So, the ~200-year earthquake record prior to 2004 provided clear evidence that the Sunda subduction zone between the Australia and Sunda plates west of Sumatra is a region where great megathrust earthquakes are expected.  In contrast, only two M > 7.7 strong earthquakes and no great M > 8 megathrust earthquakes were known along the Sunda subduction zone between the India and Burma plates .... until the 2004 magnitude 9.1 Sumatra – Andaman earthquake.  This earthquake history delivers the humbling message that a few centuries is not a sufficient time span to indicate the maximum earthquake size that can occur along a megathrust plate boundary.
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Since the 2004 earthquake, the Australia-Sunda
megathrust boundary west of Sumatra has experienced
a significant increase in major and great earthquakes.

* From 2005 to 2010, there were:
* Two earthquakes magnitude >8
* Three earthquakes magnitude > 7.8

* The 2004 magnitude 9.1 Sumatra-Andaman
earthquake likely triggered the 2005 magnitude 8.6
Nias-Simeulue earthquake, resulting in:

* Over 1,000 fatalities
« A tsunami with waves up to 3 meters high

* On September 12, 2007:

* A magnitude 8.4 earthquake struck just north
of the June 4, 2000 rupture zone, leading to
25 fatalities.

* A magnitude 7.9 earthquake occurred at the : iy
northern edge of the aftershock zone fromthe | = 9 mmiyr - S \yie/ W
earlier quake. 5 g i

qk"
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Presenter Notes
Presentation Notes
Adapted from Natawidjaja, et al. (2006) and finite fault models from NEIC archive.

Epicenters and rupture zones of M > 7.7 earthquakes from 2004 are shown on this map.  Two M > 8 great earthquakes and three M > 7.8 major earthquakes occurred on the Australia – Sunda megathrust boundary from 2005 through 2010.  Stress changes caused by the 2004 M9.1 Sumatra – Andaman earthquake likely triggered the 2005 M8.6 Nias - Simeulue earthquake immediately south of the 2004 rupture zone.  More than 1,000 fatalities resulted from the 2005 earthquake that produced a tsunami up to 3 meters wave height.  The September 12, 2007 M8.4 earthquake occurred just north of the rupture zone of the June 4, 2000 M7.9 earthquake (see previous slide)  and resulted in 25 fatalities.  The September 12, 2007 M7.9 event occurred at the northern edge of the aftershock zone of the M8.4 earthquake that occurred earlier that day.  Compared to historic seismicity prior to the 2004 M9.1 Sumatra – Andaman earthquake, the Australia – Sunda megathrust boundary west of Sumatra has “lit up” with major and great earthquakes in the two decades since that devastating event on “Boxing Day” 2004.
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In the time since the 2004 M 9.1
Sumatra-Andaman earthquake,
permanent GPS have been installed
around Sumatra.

Diglipur

The stations closest to the plate
boundary are moving to the north-
northwest at ~3 cm/yr (~1.2 inch/yr),
compared to more stable northern Asia.

They are being pushed by the Indian
Plate as it subducts below Sumatra.

Over decades and centuries this
compression accumulates until it is
released in earthquakes like the 2004
Sumatra-Andaman earthquake.

GPS motion key
2.5 cm/yr (~1 inch/yr)
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Presenter Notes
Presentation Notes
Background image from Google Maps
GPS velocities from GPS Velocity Viewer - https://www.unavco.org/software/visualization/GPS-Velocity-Viewer/GPS-Velocity-Viewer.html 


Focal Mechanism for a Reverse Fault
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The focal mechanism is how seismologists plot the 3-D
stress orientations of an earthquake. Because an
earthquake occurs as slip on a fault, it generates
primary (P) waves in quadrants where the first pulse is
compressional (shaded) and quadrants where the first
pulse is extensional (white). The orientation of these
quadrants determined from recorded seismic waves
determines the type of fault that produced the
earthquake.

©

Eg;ﬁ?c?rﬁgﬂe www.iris.edu/hg/inclass/animation/204

Reverse/Thrust/Compression

USGS W-phase Moment Tensor Solution

Focal 2D Projection

- - ini - ¢ Block model
The tension axis (T) reflects the minimum compressive stres: Sphere of Focal Sphere

direction. The Pressure axis (P) reflects the maximum
compressive stress direction.


Presenter Notes
Presentation Notes
Focal Mechanisms Explained:
https://www.iris.edu/hq/inclass/animation/focal_mechanisms_explained
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Slip along the megathrust
boundary between the Subduction-zone processes
between the subducting
India Plate and the

overriding Sunda Plate ' The M9.1 earthquake
cgused vertical of 2004 occurred
displacement of t'he at the contact
seafloor, generating a sunda P'af? between the plates

large tsunami that radiated

: L as the diving slab
outward in all directions.

is pulled downward

. & the overlying
The tsunami produced by : plate deforms.

the 2004 Sumatra
earthquake was the largest
and deadliest in recorded

history.

The tsunami waves
traveled as fast as a jet
plane away from the fault
in all directions.

Video excerpt from Sumatra: A Tale of Two Earthquakes



https://www.iris.edu/hq/inclass/animation/sumatra_a_tale_of_two_earthquakes

Within minutes after the earthquake occurred, the tsunami arrived and devastated the
coastal villages of Sumatra Island. Around two hours after the earthquake, the
tsunami arrived at the coasts of Thailand, Sri Lanka, and India, causing mass
fatalities. Seven hours after the earthquake, the tsunami stuck the east coast of
Africa, resulting in fatalities in Somalia.
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The Indian Ocean Tsunami
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The tsunami produced wave
heights above 32 feet (10 m) along
parts of Thailand and Sri Lanka and
wave heights up to 100 feet (30 m)
along parts of Indonesia.

The 167 foot (51 m) waves
recorded in Northern Sumatra
caused flooding 3 miles (5 km)
inland.

The figure on the right highlights
elevations within 33 ft (10 m) of Sea
Level acquired from the Shuttle
Radar Topography Mission (SRTM)
flown aboard the space shuttle
Endeavour in February 2000. The
project acquired radar data which

SR o ’ e i %9 ! i
were used to create the first near- LIt g IR RPN - O B A
. Before Tsunami After Tsunami SRTM Elevations
gIObaI set of land elevations. 15 November 2002 31 December 2004 within 10 m of Sea Level

North of Phuket, Thailand
Tsunami: 26 December 2004
ASTER Images with SRTM Elevation Range Mask

Image courtesy of NASA/JPL
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Satellite images can showcase the path of destruction the tsunami took. This path coincides with areas that were closer to sea level in elevation (and within the height of the tsunami) 


The magnitude of a submarine
earthquake is the most
important factor in determining
the size of a tsunami
produced.

The size of the 2004 Sumatra
tsunami was similar in size to
the tsunami produced by the
magnitude 9.2 1964 Great
Alaska earthquake.

Local Tsunami Intensity

Magnitude 9.1 SUMATRA
Sunday, December 26, 2004 at 00:58:53 UTC
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However, the 2004 Sumatra earthquake (M9.1) and
the 2011 Japan earthquake (M9.1) disproved these
assumptions, showing that even slow-moving or old
subducting plates can produce immense quakes.
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Now, it's clear that many more subduction zones have
the potential to generate extremely large megathrust
earthquakes.

Convergence Rate (mm/yr)

o
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Presentation Notes
Satake, K., and B.F. Atwater, Long-term perspectives on giant earthquakes and tsunamis at subduction zones, Annu. Rev. Earth Planet. Sci., v.35, p.349–74, 2007.
Stein, S., and E.A. Okal, Ultralong Period Seismic Study of the December 2004 Indian Ocean Earthquake and Implications for Regional Tectonics and the Subduction Process, Bull. Seis. Soc. Amer., v. 97, p. S279–S295, 2007. 

Shallow great subduction zone megathrust earthquakes present hazards of damage from strong ground shaking and large tsunami that can cause destruction along shorelines of an entire ocean basin.  A 1980 analysis of M>8.7 megathrust earthquakes from 1952 through 1965 (see upper graph) suggested that immense megathrust earthquakes might only occur where relatively young oceanic plates are subducting at a fast rate.  The reasoning was that a young, and therefore warm and buoyant, subducting oceanic plate would push upward on the base of the overriding plate resulting in a plate boundary with high friction.  These plates would deform to store elastic energy that would be released in infrequent great megathrust earthquakes.  Old subducting plates, being cold and dense, might not be strongly coupled to the overriding plate.  So, subduction zones with an old subducting plate might not store sufficient elastic energy to produce a great megathrust earthquake.  The 1980 analysis also suggested that subduction zones with slow convergence rates might not produce M>8.7 megathrust earthquakes.

As shown on the lower graph, the 2004 M9.1 Sumatra – Andaman earthquake proved that a subduction zone with slow convergence rate can produce an immense megathrust earthquake.  Then the M9.1 2011 Japan earthquake, with its 130-million-year-old subducting plate, proved that immense megathrust earthquakes can also occur where old oceanic lithosphere is subducting.  So, we now understand that many more subduction zones than previously thought can produce extremely large megathrust earthquakes.
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Natural hazards are caused by many
events, including avalanches,
droughts, earthquakes, floods,
volcanoes, wildfires, etc. While most
of these hazards are unavoidable, the
impact they have on people and
societies can be reduced through
preparedness.

One way to prepare for earthquake
hazards is by preparing hazard maps,
like the ones for seismic and tsunami
hazards seen here. These maps use
scientific and historical knowledge to
identify where future hazards are likely
to occur so that people in those areas
can take steps to prevent damages,
injuries, and deaths.

Regional Map of
Tsunami-Affected Areas

28 December 2004

Nuclear Power Plant

®
:] International Border

Image courtesy of UNOSAT
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The deadliest hazard produced by the
M9.1 Sumatra earthquake was the
massive tsunami it generated which ;

spread across the Indian Ocean. \ . T

In some places people vacationing
ventured into the ocean to explore the
exposed seafloor and pick seashells as
the water withdrew ahead of the
approaching tsunami waves. They did
not recognize the ocean withdrawing as
a sign of the tsunami.

Hat Rai Lay Beach, near Krabi in southern Thailand. Waders
Hazard education, like the installation escaping from the first wave of the 26 December 2004 tsunami.
of tsunami evacuation signs below, is
one step that states and governments
have taken to warn people about the
dangers of tsunamis and how to avoid
them.

Tsunami hazard zone
warning sign at Rockaway
Beach, Oregon
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Presentation Notes
What would you do if you visited the beach and suddenly the ocean disappeared? Many tourists choose to pick up the pretty newly exposed shells on the beach!
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At the time of this earthquake, - \
there was no tsunami warning W \
system in place in the Indian
Ocean, and proper education - '
on local tsunami hazards was

lacking.

The 2004 tsunami prompted
the creation of an Indian
Ocean Tsunami Warning
System and lead to the
completion of NOAA'’s Deep-
ocean Assessment and
Reporting of Tsunami (DART)
buoy array, helping to forecast
when a tsunami may hit the
coast.

A NOAA DART buoy can measure tsunami waves as small
as 1 cm in the open ocean.

Image courtesy of NOAA
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The effectiveness of hazard education
was made clear by the story of Tilly
Smith, a 10-year-old girl who was
vacationing in Thailand with her family
when the tsunami struck.

She had recently learned about
tsunamis in her UK geography class,
including the warning signs and how to
respond. She alerted her family and the
hotel staff of the danger, and nearly 100
beachgoers were evacuated as a result.

The evacuees made it to the second
floor of the hotel just as the first waves
arrived, and their beach was one of only

a few in the area that reported no Video via United Nations, _
) https://www.youtube.com/watch?v=V0s2i7Cc7wA
casualties.

Tsunamis are not as likely in the UK,
where Tilly is from, but she still learned
about them in class and was able to
apply her knowledge in an emergency.
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https://www.youtube.com/watch?v=V0s2i7Cc7wA
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showed how the seafloor moved due to the {Displacement
quake. This movement helped cause the

Tsunami and is visible after the event.
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On the Andaman and Nicobar Islands,
satellite images of coral reefs before and
after the earthquake showed areas where
shorelines rose or sank. In Simuelue and
Sumatra, scientists measured changes in
coral heads to estimate these shifts. Red
circles mark areas of uplift (where the land || e
rose), and blue circles mark subsidence | Pivotline
(where it sank). '

Seafloor
| Displacement|
The Nicobar Islands sank nearly 3 meters,
while parts of the Andaman Islands and
Simuelue rose by about 2 meters.

Up Down |
T "Q "_':'r’

| Shoreline motion
| e fe)

Up Down

o
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These changes show that the seafloor sank
on the eastern side of the rupture and rose
on the western side.
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Presentation Notes
Chlieh Et Al, Coseismic Slip and Afterslip of the Great Mw 9.15 Sumatra–Andaman  Earthquake of 2004, Bulletin of the Seismological Society of America. 2007;97(1A):S152-S173. doi:10.1785/0120050631
Islands within the rupture zone provided information about vertical motions of the seafloor caused by the earthquake. For the Andaman and Nicobar islands, before and after satellite images of coral reefs were used to determine where shorelines had uplifted or subsided. On shorelines of Simueulue and Sumatra, uplift and subsidence of coral heads (microatolls) were measured to provide estimates of uplift or subsidence. These shoreline uplift and subsidence data are shown respectively by the red and blue circles. GPS monuments on islands were reoccupied in the weeks after the earthquake to determine both horizontal and vertical displacements. Subsidence approaching 3 meters was observed in the Nicobar Islands while uplift of about 2 meters was observed in the western Andaman Islands and on Simueulue. Taken together, these data show that the seafloor subsided on the eastern side and uplifted on the western side of the rupture zone. The sea surface above the rupture zone experienced equivalent vertical offset with a rise on the west and a trough on the east. Given the 1300-km long and 200-km wide size of the rupture zone, the volume of seawater displaced was immense. The resulting tsunami was the deadliest in human history. 
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Ecosystems are impacted by natural hazards and humans:

® The tsunami’s powerful waves damaged
coastal regions and reefs.

® Ground deformation affected agriculture, coral
reefs and mangroves.

® The tsunami caused saltwater contamination
of wetlands, freshwater sources and
agricultural land.

® Deforestation has caused 50% of the
rainforests to disappear over the last 35
years.

® The Sumatran ground cuckoo, Sumatran
tiger, rhinoceros, and orangutan are among
critically endangered species.
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Station Monitor provides web access to continuous, real-time ground motion from hundreds of locations
around the globe. Above is the recording of this earthquake at Mahe, Seychelles about 4580 km (2850 miles
from the epicenter). https://www.iris.edu/app/station_monitor
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1. Where was the epicenter of this earthquake? (What city/region was it closest to?) When did the
earthquake happen? What was its magnitude?

How many people are estimated to have felt the earthquake?
Which type of boundary is this earthquake related to?

What impact did the earthquake have on the location in which it was felt the strongest?
(buildings, streets, animals, people...)

9. What additional hazards occurred in addition to the ground shaking? (tsunamis, floods,
sinkholes, landslides, fires, volcanoes...)

6. How long did it take the first P-wave to travel to the seismic station in this slide stack?

/. What are 2 more questions you have about earthquakes that can NOT be answered with this
slide stack?

Extension Questions

1. Seismic waves travel through the earth. Why did you or did you not feel the earthquake?

2. If you were going to write a news story on this earthquake, what would the headline be? HINT:
Think about where this earthquake occurred, the impact it had on the people living in the area,
any effects the earthquake had on the area itself.



Presenter Notes
Presentation Notes
#1,2,3: 4-ESS2-2. Analyze and interpret data from maps to describe patterns of Earth’s features. 
ESS2.B: Plate Tectonics and Large-Scale System Interactions  The locations of mountain ranges, deep ocean trenches, ocean floor structures, earthquakes, and volcanoes occur in patterns. Most earthquakes and volcanoes occur in bands that are often along the boundaries between continents and oceans. Major mountain chains form inside continents or near their edges. Maps can help locate the different land and water features areas of Earth. (4-ESS2-2) 
ESS3.B: Natural Hazards  A variety of hazards result from natural processes (e.g., earthquakes, tsunamis, volcanic eruptions). Humans cannot eliminate the hazards but can take steps to reduce their impacts. (4-ESS3-2)


#4: HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural resources, occurrence of natural hazards, and changes in climate have influenced human activity. 
ESS3.B: Natural Hazards Natural hazards and other geologic events have shaped the course of human history; [they] have significantly altered the sizes of human populations and have driven human migrations.(HS-ESS3-1)
#5: MS-ESS2.A: Earth’s Materials and Systems  The planet’s systems interact over scales that range from microscopic to global in size, and they operate over fractions of a second to billions of years. These interactions have shaped Earth’s history and will determine its future.  & HS-ESS2-2. Analyze geoscience data to make the claim that one change to Earth’s surface can create feedbacks that cause changes to other Earth systems.
ESS2.A: Earth Materials and Systems  Earth’s systems, being dynamic and interacting, cause feedback effects that can increase or decrease the original changes. (HS-ESS2-1) (Note: This Disciplinary Core Idea is also addressed by HS-ESS2-2.) 
ESS2.B: Plate Tectonics and Large-Scale System Interactions  Plate tectonics is the unifying theory that explains the past and current movements of the rocks at Earth’s surface and provides a framework for understanding its geologic history. (ESS2.B Grade 8 GBE) (secondary to HS-ESS1-5),(HS-ESS2-1)  
Plate movements are responsible for most continental and ocean-floor features and for the distribution of most rocks and minerals within Earth’s crust. (ESS2.B Grade 8 GBE) (HS-ESS2-1) 

#6 & Ext.1: PS4.A: Wave Properties Geologists use seismic waves and their reflection at interfaces between layers to probe structures deep in the planet. (secondary to HS-ESS2-3) & MS-PS4-2. Develop and use a model to describe that waves are reflected, absorbed, or transmitted through various materials.��Feel free to use EarthScope’s Interactive Earthquake Browser to help your students further explore the data: https://ds.iris.edu/ieb/index.html?format=text&nodata=404&starttime=2004-12-23&endtime=2004-12-30&orderby=mag-desc&src=usgs&limit=1000&maxlat=18.855&minlat=-4.345&maxlon=103.099&minlon=87.279&sbl=1&pbl=1&zm=5&mt=ter
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1. Where was the epicenter of this earthquake? (What city/region was it closest to?) When did the
earthquake happen? What was its magnitude?

How many people are estimated to have felt the earthquake?
What relationship is shown between the seismic hazard map and population density?

Which plates are involved and what type of boundary are they creating?

AR <

What impact did the earthquake have on the location in which it was felt the strongest?
(buildings, streets, animals, people...)

6. What additional hazards occurred in addition to the ground shaking? (tsunamis, floods,
sinkholes, landslides, fires, volcanoes...)

/. How long did it take the first P-wave to travel to the seismic station in this slide stack?

What are 2 more questions you have about earthquakes that can NOT be answered with this
slide stack?

Extension Questions
1. Seismic waves travel through the earth. Why did you or did you not feel the earthquake?

2. If you were going to write a news story on this earthquake, what would the headline be? HINT:
Think about where this earthquake occurred, the impact it had on the people living in the area,
any effects the earthquake had on the area itself.



Presenter Notes
Presentation Notes
#1,2: 4-ESS2-2. Analyze and interpret data from maps to describe patterns of Earth’s features. 
ESS2.B: Plate Tectonics and Large-Scale System Interactions  The locations of mountain ranges, deep ocean trenches, ocean floor structures, earthquakes, and volcanoes occur in patterns. Most earthquakes and volcanoes occur in bands that are often along the boundaries between continents and oceans. Major mountain chains form inside continents or near their edges. Maps can help locate the different land and water features areas of Earth. (4-ESS2-2) 
ESS3.B: Natural Hazards  A variety of hazards result from natural processes (e.g., earthquakes, tsunamis, volcanic eruptions). Humans cannot eliminate the hazards but can take steps to reduce their impacts. (4-ESS3-2)


#3, 5: HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural resources, occurrence of natural hazards, and changes in climate have influenced human activity. 
ESS3.B: Natural Hazards Natural hazards and other geologic events have shaped the course of human history; [they] have significantly altered the sizes of human populations and have driven human migrations.(HS-ESS3-1)
#4,6: MS-ESS2.A: Earth’s Materials and Systems  The planet’s systems interact over scales that range from microscopic to global in size, and they operate over fractions of a second to billions of years. These interactions have shaped Earth’s history and will determine its future.  & HS-ESS2-2. Analyze geoscience data to make the claim that one change to Earth’s surface can create feedbacks that cause changes to other Earth systems.
ESS2.A: Earth Materials and Systems  Earth’s systems, being dynamic and interacting, cause feedback effects that can increase or decrease the original changes. (HS-ESS2-1) (Note: This Disciplinary Core Idea is also addressed by HS-ESS2-2.) 
ESS2.B: Plate Tectonics and Large-Scale System Interactions  Plate tectonics is the unifying theory that explains the past and current movements of the rocks at Earth’s surface and provides a framework for understanding its geologic history. (ESS2.B Grade 8 GBE) (secondary to HS-ESS1-5),(HS-ESS2-1)  
Plate movements are responsible for most continental and ocean-floor features and for the distribution of most rocks and minerals within Earth’s crust. (ESS2.B Grade 8 GBE) (HS-ESS2-1) 

#7 & Ext.1: PS4.A: Wave Properties Geologists use seismic waves and their reflection at interfaces between layers to probe structures deep in the planet. (secondary to HS-ESS2-3) & MS-PS4-2. Develop and use a model to describe that waves are reflected, absorbed, or transmitted through various materials.

Feel free to use EarthScope’s Interactive Earthquake Browser to help your students further explore the data: https://ds.iris.edu/ieb/index.html?format=text&nodata=404&starttime=2004-12-23&endtime=2004-12-30&orderby=mag-desc&src=usgs&limit=1000&maxlat=18.855&minlat=-4.345&maxlon=103.099&minlon=87.279&sbl=1&pbl=1&zm=5&mt=ter
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Where was the epicenter and hypocenter of this earthquake? (What city/region was it closest to?
Longitude/latitude/depth?) When did the earthquake happen? What was its magnitude?

What impact did the earthquake have on the location in which it was felt the strongest?
(buildings, streets, animals, people...)

Draw the block model of the fault for this earthquake. Overlay a drawing of the focal mechanism
to show how the 2D projection was created. Label it with the type of fault.

How are the related tectonic plates involved in creating the nearby boundary? (Include the type
of boundary, and the velocity and name of the plates.)

What additional hazards occurred in addition to the ground shaking? (tsunamis, floods,
sinkholes, landslides, fires, volcanoes...)

Relate the area’s population density to its seismic hazard level and earthquake history.

Extension Question

What efforts have there been to mitigate impacts from earthquakes? What additional mitigation
efforts should be implemented?


Presenter Notes
Presentation Notes
Explore the data with the Interactive Earthquake Browser:
https://ds.iris.edu/ieb/index.html?format=text&nodata=404&starttime=2004-12-23&endtime=2004-12-30&orderby=mag-desc&src=usgs&limit=1000&maxlat=18.855&minlat=-4.345&maxlon=103.099&minlon=87.279&sbl=1&pbl=1&zm=5&mt=ter


Teachable Moments are a service of
The EarthScope Consortium

and
The University of Portland

Please send feedback to tammy.bravo@earthscope.org
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These resources have been developed as part of the SAGE facility operated by the EarthScope Consortium
via support from the National Science Foundation.
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