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REcent VEL ocities — from GPS

(note holes — Scotia Plate for example)
REVEL-2000

Rigid plate site Non-rigid plate site
30 mm/yr &> 30 mm/yr O

Velocities are with respect to ITRF-97
Sellaet al, 2002



I'TRF-2008

Zuheir Altamimi

Major plate boundaries are
shown In green \2 cmly
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GPS picture — Scotia Plate missing (also missing from

NUVEL-1, “included, but not constrained in NOIVEL1AS



Combine GPS and Geologg to define motion
Scotia Plate.

Scotia Plate “missing” from NUVEL-1

(n NUVEL-1A but estimated from closure)

Get sma” circles From transForm Plate boundaries
(so theoretica |3 can get location of Pole) but no
tie into s oreacling sgstem for Velocitg.

Use GPS to get Velocitg.



Results for GPS—-Geologic combination for Scotia

Sma"ey et al.) 2007

South
America

Arc.

Use Combination of GPS
(veloci’cg and azimutlﬂ, focal
mechanisms (azimuth), Scotia-
South Sandwich sPreacling.
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/—\Pplica’cions Space Based Geodesg
(GPS, VLBI, SLR/InSAR)



Dgnamics:

“Phgsics” of earthquakes
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Earthquake “cgcle”

a b C
Characteristic Time-Predictable Slip-Predictable
T T — S i
3 "1 P L/
— u U U
: A
- /
(D)
S 4‘4
o
g v e -
time time time
Gives time and size of Gives time, but | Gives size of next
next earthcluake. Seismic not size of next earthcluakc for
gap theorg IS al::fhcation carthcluake. any selected time
of this model. in future.



Elastic mocleling of subduction process
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No Permanent deformation (no mountains)
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This occurs in seconds-
minutes

Earthquake
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After Hyndman

Subduction zone

version of Elastic
Rebound:

Cartoons for
upper Plate
deformation
during the
interseismic
(between
cart 1C|ua|<cs)

nd seismic

ana
(ea rtl‘nqua ke)
sta ges of the

earthcluake cgcle.



We will not look at

each o{: the two
Parts incliviclua“g.
Subsidence Tl"lC earthc]uake
Earthquake l Extension ‘FirSt.

After Hyndman \\
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Historical seismicity
Ruegg (2009) - no carthquake since 18535 => “mature
seismic gap”.
Estimated sliP (rate x time) and max 8-8.5 from slip, but
not ruPture |ength.

Montessus de Ballore and Lacassin






How “big” IS a magnitucle 7 earthquake?

(assume a square fault.
The answer will spec@

D) the dimensions of the square and
2) the amount of sliP.)



Ear’thquakes are caused !Dg internal torques, from
interactions of different blocks of the earth on opposite
sides of faults.

After some rather complicatecl mathematics, it can be
shown that the moment of an ear’chquake IS simplg
expresseol bg:

. e e - Y Sur{ﬂcc
5 B

- - e e W oy e e e e o e I B e e . - - - ——

-"  Basecof
SCISIMOgenic zone

Mo=UAD

where uis s}giclitg (units of stress = force/Area), A is
ault areaand D is average sliP
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Moderate
Earthquake

Small
Earthquake

The size of the area that slipsj and the amount of sliP
that occurs cluring an earthquake both increase with
earthcluake size.

The 5%8&6& rzgions on the fault surface are the areas

that ruPture uring different size events. The largest

ear’thquakes genera”y ru{Pture thc entire ClCPtl"l O tl"lC
ault



Notice that seismic moment does not saturate.

Also notice that it has the same units (clgne-cm = force
times cﬂistance) as work and ener Yy BUT itis NOT the
same as work and energy (that’s why we use dgne—-cm or

newton-m and notjou

Now we can (empirical

es Or ergs for seismic moment!) .

y) relate seismic moment, Mg, to

the magnitucle scales. We will do this bg creating Moment
l\/\ag;ni‘cucleJ M-

My = 2/3 log My, ~10.75
log Mg =3/2 My, +16.]

And cloing the same for the energy

E=M,/2x10%) erg in

terms of My, the seismic moment



Seismic moment Is Proportional to the Procluct of the

gCOIO xca”g roasonablo 8!’1(:1 O!DSCFVB]DIC Parameters n

fault area that slilol:)ool and how much it sliPPecl.



Seismic moment Is Proportional to the Procluct of the

gCOIO xca”g roasonablo 8!’1(:1 O!DSCFVB]DIC Parameters n

fault area that slilol:)ool and how much it sliPPecl.

So, how big are the fault areas and amounts of slip?



Seismic moment Is Proportional to the Procluct of the

gCOIO xca”g roasonablo 8!’1(:1 O!DSCFVB]DIC Parameters n

fault area that slilol:)ool and how much it sliPPecl.
So, how big are the fault areas and amounts of slip?

Are the fault area (or dimensions) and the amount of sliP
related?



Enter - Earthquake scaling relationships.



Earthquake scaling relationships.

Can we have 10 m of slil:) onalm?fault?



Earthquake scaling relationships.

Can we have 10 m of slil:) onalm?fault?

Obviouslg not (ridiculous example to make Point}.



Ear’thqluake scaling relationships.

Can we have 10 m of sliP onalm?fault?

Obviouslg not (ricliculous example to make Point}.

We know rocks break when subjected to strains OF
between (small strain, weak rock) 107 and (larger strain,
strong rock) 10-%,

This means you can onlg store up SO much strain energy
N a given volume of rock.

So let’s say a rock will break when it has been strained bg
| part in 20,000, and all the strain is released (bﬂ slip).



This means the ruPture clisplacement N an earthcluake
will tgpica”g be about 1/20,000 of the rupture |engt]1.

For example, alkm Iong ruPture would give a
displacement of about 1km/20,000, or 0.05 meters.

A 100 km lon rul:)ture (more on this for non-symmetric
faults a bit ater) Procluces a displacement of a few
meters.



Using this idea, scaling between fault size and s iP, we
can calculate tgpical rupture dimensions and slips for
diferent moments and moment magnitucﬂes.

Mw (km2) |
(km x km) Slll:)
. 1 1x1 5 om
S 10 3x3 5 cm
0 100 10 x 10 s
7 1000 30 x 30 150
8 10,000 50 x 200 2.5m,10m?

What happens with the last example? Which “size” do we
use? Answer (Probablg) depencls on direction of the

inP.



km2cm

slipratio rigidigq moment | moment mag
1.OOE+O5 | 1.OOE-O4 5.00E+H1 | .LOOE+OO -1.07E+01
perp dirn sliP dirn slip moment | moment mag sli!:) cm
km km km

1.OOE+02 | 2.00E+01 | 2.00E-0% | 1.20E+27 735E+00 2.00E+02

1.00E+0O1 1.00E+O1 1.OOE-0% | 5.00E+25 6.28E+00 1.0O0E+O2
2.00E+00 | 2.00E+00 | 2.00E-04 | 2.40E+2% 4.89E+00 2.00E+01

2.50E+00 | 2.50E+00 | 2.50E-04 | 4.69E+25 | 5.08E+00 | 2.50E+0! |mag5 size is 2.5 km x 2.5 km
3.00E+00 | 5.00E+00 | 5.00E-04 | 8.I0E+23% 5.24E+00 3.00E+01

3 50E+00 | 3.50E+00 | 3.50E-04 | 1.29E+24 | 537E+00 | %.50E+0I

8.00E+02 | 1.50E+01 1.50E-0% | 540E+27 | 7.79E+00 1.50E+02 1906 San Francisco
1.20E+0% | 2.00E+02 | 2.00E-02 | 1.44E+50 | 9.4IE+00 | 2.00E+0% [1960 Chile




km2cm slipratio rigicligg moment moment mag
1.OOE+O5 I.ObE~O+ 3. Q0E+1 1.OOE+O0O ~-1.07E+0]
perp dirn slip dirn slip moment | moment mag slip cm
~ km km km '
1.00E-0% 1.00E-0% 1.00E-0O7 5.00E+1» ~-1.72E+00 1.00E-02
2.00E-0% 2.00E-0% 2.00E-07 2Ol ~-1.1E+O0 2.00E-02
2.50E-0% 2.50E-0% 2.50E-07 3 65E+H4 ~-9.92E-01 2.50E-02 mag ~-115s23mx23m
5.00E-0% 5.00E-0% 3.00E-07 8.10E+14 -7 61E-O1 5.00E-02
4.00E-0% 4.00E-0% 4.00E-07 1.92E+15 -5 11E-O] 4.00E-02
5.00E-0% 5.00E-0% 5.00E-07 3. 75E+15 -3.17E-01 5.00E-02
6.00E-0% 6.00E-0% 6.00E-07 6. 48E+5 ~-1.59E-01 6.00E-02
7.00E-0% 7.00E-0% 7.00E-07 1.O3E+6 -2 51E-02 7.00E-02
8.00E-0% 8.00E-0%» 8.00E-07 1.54E+6 9.09E-02 8.00E-02 magO is8mx8m
9.00E-0% 9.00E-0% 9.00E-07 | 2.19E+6 1.9%E-01 | 9.00E-02
1.00E-02 1.00E-02 1.00E-06 3 QO0E+6 2.85E-01 1.00E-0O1
2. 00F-02 2.00E-02 2.00E-06 | 240E+7 | 8.87FE-01 | 2.00E-OI
2.350E-02 2.350E-02 2 30E-06 3. 65E+H7 1.01E+00 2.50E-0I magl 525 mx235m




km2cm slipratio rigicligg moment moment mag
1.OOE+05 1.OOE-04 %.0Q0E+1 1.00E+O0 ~-1.07E+Q]
perp dirn slip dirn sli!;) moment moment mag slip cm
km km km

250E-02 | 2350E-02 230E-06 3.65E+H7 1.OIE+00 250E-01 maglis25mx25m
8.00E-02 | 8.00E-02 | 8.00E-06 | I54EH9 | 2.09E+00 | 8.00E-Ol |mag2is80 mx80m
2.50E-01 2.50E-01 2.50E-05 3.65E+20 5.01E+00 2.50E+00 magj 15250 m x 230 m
7.00E-Ol | 7.00E-Ol | 7.00E-O5 | 1.O%E+22 | 3.97E+00 | 7.00E+00 |mag+4 is 700 mx 700 m
2.00E+00 | 2.00E+00 2.00E-04 2.40E+2% 4.89E+00 2.00E+01
5.00E+00 | ».00E+00 5.00E-04 8.10E+25% 5.24E+00 5.00E+0]
7.00E+00 | 7.00E+00 | 7.00E-04 | 1.0%E+25 5.97E+00 7.00E+0]

8.00E+00 | 8.00E+00 8.00E-04 1.54E+25 6.09E+00 8.00E+01
9.00F+00 | 9.00F+00 | 9.00E-04 | 2.19E+25 6.19E+00 9.00F+0]

2.00E+01 2.00E+01 2.00E-0% 2.40E+26 6.89E+00 2.00E+02

5.00E+0] 5.00E+0] 5.00E-0% 8.10E+26 7.24E+00 5.00E+02

7.00E+0] | 7.00E+01 | 7.00E-0% | 1.O3E+28 | 7.97E+00 | 7.00E+O2

8.00E+01 8.00E+01 8.00E-0% 1.54E+28 8.09E+00 8.00E+02

5.00E+02 | 2.00E+02 2.00E-02 3 60E+29 9.00E+00 2.00E+0%

1.50E+0% 2.00E+02 2.00E-02 1.80E+50 9.47E+00 2.00E+0?%




The seismic moment and moment magnitude give us the
tool we need to compare thc size OF the largest quakes.

We find that the "moment release” in shallow earthjuakes

throu%hout the entire 20t century is dominate ]:)3
several arge subduction zone eart quake sequences.

Shallow Earthquake Moment Release
1900-1989

Plate Boundary Type
Subd
] colis
Ml ™et1980Chile | i contirertal
i Earthquake l —
Other . Sequence Diffus
| Subduction Zone : ___
\ Events | Tran
. Frac
[ Oth

energy released in the different Plate settings:



Energg released bg largest four earthquakes (those with
magnitucles greater t%wan 9) and all the other shallow
earthc]uakes

(neecls upclating for Sumatra 2004 and Maule 2010.)

Glant Shallow
Earthquakes 1900-1998&

Earthquake Moment
Release

Bources: Pacheco and Bykes, 1992




Chile
— |

Off the West Coast of Northern Sumatra

(amchatk:

Offshore Maule, Chile

Southern Sumatra, Indonesia
Banda Sea, Indonesia
Kamchatka

o DAl

Kuril 1slands

1964 0% 28

20041226

195211 04

20100227

1906 0131

1965 02 04

2005 05 28

1950 08 15

1957 05 09

2007 0912

19%8 02 O

1923 02 0%

1922111

196310 13

9.2

9.

9.0

8.8

8.8

87

8.6

8.6

8.6

85

85

8.5

85

85

61.02

3.50

52.76

-35.846

51.21

2.08

28.5

51.56

4438

-5.05

54.0

-28.55

+4.9

-147.65

95.78

160.06

-72.7\9

-81.5

178.50

97.01

965

=175.59

101367

131.62

161.0

-70.50

149.6

Kanamori, 1977

Park et al‘, 2005
Kanamori, 1977
PDE

Kanamori, 1977
Kanamori, 1977
PDE

Kanamori, 1977
Johnson et al., 1994
PDE

Okal and Regmond, 200%
Kanamori, 1988
Kanamori, 1977

Kanamori, 1977



5.26E+19

1.00

km2cm | slipratio | rigidigy moment moment mag
1.00E+05 | 1.00E-04 | 3.00E+11 1 -10.7
perp dirn | slip dirn slip moment moment mag | slipcm
km km km nrg #/yr nrg/100 yr |nrg/totnrg
0.075 0.075 7.5E-06 | 1.2656E+19 2.0 0.75 2.35E+08| 1000000| 2.35E+16 0.00 | 1.00
0.23 0.23 0.000023 | 3.6501E+20 3.0 2.3 5.91E+09| 100000| 5.91E+16 0.00 | 1.00
0.75 0.75 0.000075 | 1.2656E+22 4.0 7.5 1.78E+11 10000 | 1.78E+17 0.00 ] 1.00
2.4 2.4 0.00024 | 4.1472E+23 5.0 24 5.07E+12 1500 | 7.61E+17 0.01] 1.00
7 7 0.0007 1.029E+25 6.0 70 1.11E+14 150 1.66E+18 0.03| 0.98
24 24 0.0024 | 4.1472E+26 7.0 240 3.85E+15 18] 6.92E+18 0.13] 0.95

1960 Chile

In last 100 years

1960
carthcluake —
25% energy,

Six |argest —~
50% energy,

15 Iargcst — 61%
energy,

M>8 —>80%
energy.

36
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Magnitucle often has little to do with number deaths.

A

~ The 50 Deadliest Earthquakes since 1900




Ratio sizes 2010 Maule, Chile, earthquake and
Hatian earthc]uake.

Chile 550 times bigger in energy (l:)ig hazard).

Hait eartl’wquake killed 550 times more Peoplc
(bigrisk).



Navassa Island,

os Islands

Cockburn Town

o(Cap-Haitien

Ca’mliﬁ

© 2010 Europa Technologies
Data 510, NOAA, USS. Navy, NGA, GEBCO.

© 2010 Goo
010 LeadDog Consulting
lon -71.797864° _elev -1231 m

Comparison rupture

arcéas

om Maule and

Haiti earthquakes
(Figures at same scale
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Finite Fault Model from seismic data

Prc!iminarg Result of the Feb 27, 2010 Mw 8.8

Maule, Chile Earthquakc
Anthong 5|ac|cn, CALTECH
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Finite Fault Model from seismic and GPS (static) data
Prcliminarg Result of the Feb 27, 2010 Mw 8.8 Maule, Chile Earthqua‘cc
Anthong Sladen and Susan Owen, CALTECH



£

Static displaccmcnts from seismic onlg (lc{:t) and combined seismic and GPS (right)
Prcliminarg Result of the Feb 27, 2010 Mw 8.8 Maule, Chile E:arthquakc
Anthong Sladen and Susan Owen, CALTECH



27 Feb 2010 coseismic displacements

Fred Pollitz: USGS
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Co-seismic static deformation — zoom on far field

(Concepcidn not to scale).
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sismoignzoom//Users/robertsmalley/unixside/geolfigs/Gamit_Coord-GMT .txt
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Aftershocks
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o “Triggered” seismicitg in
= trench and back-arcin
Argentina.
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,» cyan — INPRES)
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Plate bencling
events — normal
Faulting focal
mechanisms - in
subclucting late
on west si&i of
trench.

(not “regular”
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Large deformation Held associated with Maule
earthquake — in accord with elastic rebound.

Start of measurements of Post~seismic deformation.
GPS clisplacement seismograms (later).



How might Plates deform?

Continuum, block, etc.?




Thacher, 2003

Thacher, 200%

Rigici blocks.
Sort of mini-version of Plat

tectonics.
“E:asg” to see with GPS.



2000 4000 6000

Earthquakes, Mw > 5.2
depth < 30 km

Quasi-continuous deformation. Pervasive internal
d CFO rm atio ﬂ (but not fast enough to invalidate Plate tectonics) «

Continuum sea.
“Hard” to see with GPS.

T]’lacher, 200%



Narrow deformation zones.
Concentrated zones of deformation within

inactive regions.
“Cha”enging” to see with GPS.

Thacher, 200%



More faults with evidence of active deformation
than acti\/elg &@Corming ZONes.
Magﬁump AFOUNA o humnor sl sl

“Cha enging” to see with GPS.

Thac]‘xcr, 200%



JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 100, NO. B3, PAGES 3885-3894, MARCH 10, 1995

Microplate versus continuum descriptions
of active tectonic deformation

YEARg
o&‘

75

Wayne Thatcher
U.S. Geological Survey, Menlo Park, California

"CONTINENTAL
MICROPLATE TECTONICS” (@

?JQKATI No

"
&
S, Jlgqvg'\

1919-1994

(Acud

4,

"CONTINENTAL
CONTINUUM TECTONICS* (b)

MAP VIEW

DISPLACEMENT RATE

STRAIN RATE

DISTANCE

DISTANCE



Geophys. J. R. astr. Soc. (1982) 70, 295321

g * .
Philip England™ and Dan McKenzie pepartment of Earth Sciences
rd i 7

University of Cambridge, Bullard Laboratories, Madingley Rise, Madingley Road

Cambridge CB3 0EZ

A thin viscous sheet model for continental deformation

The TVS ‘test’:
‘tf the orientation of buouancu
stresses 1 I
(calculatecl from maps of crustal
thickness)
and tectonic stresses (from
velocity field
and TVS ?ormui?ation) are the
same,
then the region is essentia“y
behaving as a Huid’ (Englanci
and Molnar, ‘97)
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~60°

Compare seismicity of Himalaga
and Andes
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Around ed ges
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MaP of topographg higher than b, km.

Himalaga and Andes




-82° 807 78 JT6° W74 720 707 687 -66° 647 -62° 607

Andean seismicitg:
_ Plate bounclarg

~- Crustis “aseismic” in high
elevations

- Active crustal seismicit9
between eastern 5 Km
elevation contour and

ePicenters (surface
Pro'ection) of Wadati-
enioff seismicitg.
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MODELING INTERSEISMIC STRAIN:
‘BACKSLIP’

(after Savage, '8%; Bevis & MarteL *on

Savage backsliP
aPProach.

Run an
earthcluake
“backwards” on

the fault.
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From Brooks et al, 200%

GPS velocity field, south central Andes
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Horizontal Velocit9 Prcncile: back slip model (blue) vs data

100% locked

600 800

Distance from Trench (km)

From Brooks et al, 2003



SOUTH CENTRAL ANDES (PRECORDILLERA)
Trench Normal Velocity

Cross section of
horizontal Ve!ocitg
across south

X velocity (m
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Trench Parallel Velocity

20
g B central Andes.
: I j
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0 Model Geometry (Vertical Section) Plate bounclary.
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20} \\ / decollement

locked plate boundary

depth(km)
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distance from trench km From Brooks et al, 2003



Residual (a’ata~lOO% locked model) Velocity Proﬁle

V data-100%locked (mm/ yr)

Distance from Trench (km)

From Brooks et al, 2003
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Andes.
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From Brooks et al, 200%



5-D, A “Pla’te” model

A TS AN\
AS S-fixed
reference frame

NS -

Wk

I Utotal T U ¥ U

elastic Plate

e Inversion for 4 Parameters:
o
.Aslat
*ASly,
*AS,,
. (n.b. Lis afree Parame’ter doesn’t have to be 100%)

From Brooks et al, 2003



Modeled vs measured Velocitg field

] =1
¢« AS velocity ~45mm/ yr
» W, in Canada

70

From Brooks et al, 200%



Horizontal, Plate normal, velocitg Proﬁle

| - S 3-plate corrected
o _ 100% elastic

\/Per]:) (mm/ 9:‘)

Distance from Trench (km)

From Brooks et al, 2003



Comparative Velocitg Proﬁles
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imple visco-elastic modeling ot subduction process
S PI last del g { subduct P

5
Vor
X ‘452 ‘2 ‘; ‘; 1:
t

Permanent deformation (Mountains/Andes)

Mod from Hindle et al



Andean Crustal Deformation — Short Term

‘New Hebrides
‘Banda Soa
‘Northem Poru
Tonga
‘Solomon:
Himalayes
‘Mongolla

Kermadec
Intra Philippines.
Honshu

Central China

Kuriles Colombia-Ecuador
Bhilinninas Contral Chile

entire bounclarg: M= 8 earthquake somewhere every ~10
years
each segment: M= 8 earthc]uake every ~100 years



Bounclarg conditions for Andean orogeny.

Sierras
Pampeanas

Contractional
wedge




locked plate boundary 20° to 50 km depth, with
imposed back slip to represent interseismic
strain buildup, then free slipping at 30° (no
opening/closing), free slipping base to upper
plate lithosphere at 90 km depth (no
opening/closing)

solid - 2 segment subduction,
free slipping back arc

dashed - 2 segment subduction,

no back arc sturctures

dotted - single segment
subduction, no back arc
structures

Ux

390 km from trench
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o
150 km decollement @5

4rust @30°
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Simple visco-elastic modeling of subduction Plus Andes

block

plate boundary upper crust (thin or thick skinned, earthquakes),

F folding, other permanent deformation processes

< ==

Permanent deformation (Ancles + foreland cléncormation)



