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Strain and sliP Partitioning
L inear sgstem

Can look at each “componcnt” indepencjentlg

Sum effects
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Oblique subduction in
Sumatra

Strain Partitioning
Postc—:r child.

From McCagrcH, httP:/ / www.rPi.cdu/ ~mccafr/sumatra04/ b



Ob!icife slip model - geometry of shortening controlled 59

trench orientation, not convergence direction.
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Oblique Mercator Projection N
in which coast lies alonga s {0
meridian.
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Deformation of tectonic plates

60" 70" E0* g0* 1ao0® 110° 120° 130°

« Strain rates inferred from
summation of Quaternary
fault slip rates (white axes),
and spatial averages of 50 .
predicted strain rates (black il
axes) given by fitted
velocities

- Fitted strain rate field is a 21T
self-consistent estimate in =~ = | A
which both strain rates and
GPS velocities are matched .

by model strain rates and |
velocity fields. i
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Start with velocities with respect to stable Plates
(deformations)

Middle East
(Anatolia

7

Africa Arabia

Pacific
Ocean

Sierras
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- 30mm/a < 3 ’9 f
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-80° 75 LS

A”mendinger Ct al, 2007



Calculate strains and rotations
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A”men&inger etal, 2007
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Interseismic GPS rotation &
Paleomagnetic rotations

Rotation rate tensor from TP T 6o o

GPS in central Andes —
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GPS Plus focal
mechanism data

Downclil:) comPression
at bottom 01(: sz

Downclil:) extension at
intermediate clel:)ths

Thrust mechanisms
along interplate

bounclarg

Normal Faultir;g on outer
rise »orem)?

cap_nc/rtveld_9303_13bv19/_.5v2///




cap_south/rtveld4_9303_13bv19/_.5v2///
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Earthc]uake activitg —_ W -~
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Silent sliP in subduction zones
Non-secular GPS clisplacements

Coupled with seismic tremor
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Dragert et al, 20013



Silent s|i|:> in subduction zones
Non-secular GPS clisPIacements

Couplecl with seismic tremor
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Also observed (with different Periocls) in Mexico and
Japan

(seem to be ubic]uitous — it have dense continuous GPS
network and broadband seismic network in subduction
$iifiil] zone you will find them)



GLACIAL ISOSTATIC ADJUSTMENT (GIA)

OLD - POST GLACIAL REBOUND (PGR)

An interplag between
oJce load historg

-Geomechanical structure o1C region
— Mantle Viscositg Proﬁle
AL Lithosp here thickness

Ice load history reflects climate (ancl
topogra Ph 4 /tectonics?).

Geomechanical structure reﬂects
tectonic settingl

ial

*The
caus
cont
glac
ice ¢
the
Eart

“W ith the decay and retreat of the great i

which were at their peak about 20,000 yvear
depressed areas beqan to rise toward their



Raised beaches on Kon s2Ya, central-northern Barents Sea,
where the highest marine /1'15;71'1' on Svalbard occurs (MO m a.s.l). The
age offhc marine limit is ca. 10,000 years. Photo: Olafur

Ingo’/t%son, 1991. 27



This simplified illustrations shows
Slncer | the crustal subsidence and
ERETENhEEEE supsgquent rebo_und produced by
3 3 - variations of glaciers loads
‘ variations.

A:In Northern Canada and
—4q Scandinavia ice accumulated and
~ hentthe crust layer.
Ei - St e ’ ) - B:When ice started to melt down,
Crustreboun the surface relocated hack to its
* _ previous position.



Profile of Ice

Extent oqunwion

Former levelof beyond ice margn
150- 180km
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Oceanic Geomechanical structure

varies sim Ig with a% e of Seatloor
Young — thln llthos here ancl @} low V15c051t9 mantle

Old — thick llthosi:)here and cold %er vxscosnti? mantle
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CONTINENTAL GEOMECHANICAL
STRUCTURE

Varies between two gjobal extremes:
Fennoscandian (Stable Craton)
Lithospl’lerc thickness > 75 km
U Mantle Viscosit9 >45x10%° Pas
| Mantle Viscosity ~ 10% Pas
Basin and Range /1celand/Other
Lithospheric thickness ~ 10 km
U Mantle viscosity <1x10Y Pas



PGR North
America

Sellaetal., 2007
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PGR in Iceland (3oung oceanic structure)

°Deg|aciation Fo”owing maximum at ~ 12000 grSBP

« PGR in Iceland was comple‘ced in 1000 yrs
~ U Mantle viscositg <1x10Y Pas

. ComPare to Fennoscandia — PGR still occurring.

Elevation (meters)

Sigmunclsson (1991)



Geomechanical structure in
Patagonia

“Tartao Triple Junction
£ Riclge subduction

BT [ [T T .

00 50 109 201 331 401 479 559 677 835 1204 1267 1319 1396 1477 1543 1800

Seafloorage
90w W 30w

I | . |-
000 6000  S000 3700 2500 0 400 900 3400 7400
Topography

20w 80 W FOW

405

505 e

8 FOW

PGR in Patagonia”?
Continental, but not

Fennoscandia.
More like Pasin and
Range’?



Formation of a slab window

FROM THORKELSON (1996)
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Crustal response to Ioacls 7
—Ice ?
GPS Results

changes in ice mass in the
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Patagonian ice felds

2 components —

52

Post %Iacial rebound

amPli ied !:)9 upper mantle
moditied bg subduction .
of riclge.

Elastic compression of 5
crust.

Ant O
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Postglacial rebound in Patagonia
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Ragleigh
Wave )
Velocitg i )

Geomechanical Structure of Antarctica: Part |

Rayleigﬂ wave velocitg

*Proxy for lit 105P|ncric thickness

- thin is “weak”

Determines wavelengtlﬁ and amplitucle ot isostatic

Danesi & Morelli, 2001 rCSPOHSC



Ragleigh
Wave
velocitg

180°

Geomechanical Structure of Antarctica: Part |
Ragleig'x wave velocitg

*proxy for lit 1osl:>lﬂeric thickness

- thin is “weak”

Determines wavelength and ampli‘cude of isostatic

J , FCSPOHSC
Danesi & More”x, 2001

Result - West Antarctica thin



Geomechanical

Structure of
Antarctica: Part ||

Sv velocitg
*proxy for

tem Peratu re

- hot is lower
viscosity (runng) .

Determines speecl of
isostatic response.

Danesi & Morelli, 2001



Geomechanical

Structure of
Antarctica: Part ||

.0/¢

Sv Velocitg

‘PrOXH FOF

tem Peratu re

~ hotis lower
viscositg (runng} .

.0/¢

Determines sPeccl of
isostatic response.

RﬁSUIt -~ West Danesi & Morelli, 2001
Antarctica hot
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Model of Present-clag
surface elevation
chanege due to PGR
anfreloacﬂing of
ocean basins with
seawater. Red areas
rising due to removal
of ice sheets. Blue
areas Fa”ing due to re-
Fi”ing of ocean basins
when ice sheets melted
and because of
co”apse Forebulges
around the ice sheets.

Paulson, A., http://grace.jpl.nasa.gov/clata/Pgr
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Crustal response to loads — Amazon River

AMAZON STAGE HEIGHT AND CRUSTAL DIEPLACEMENT AT MANALS

30

STAGE HT (M)
3

UP MM)
32
<
el
) o

gy
PV aanl
-

-ﬂ_.ﬂ.

-“.’?‘

" oh
N o
prad

' . \_/ nJ \‘ﬁ
w : q. L 3
I.y .

m A - A A A

NORTH (MM)
)
-t- o

|
|
|
1
|
|
||
\
| A
-
|
|
l
'l
|
L

— T T. L T Tas
§.. t0-d i Thedi s dlp ' o
e ol —— B — it —— 3 .
o -0 1 . Okt L ki,

1966 1997 1988 1993 2000 2001 2002

Bevis et al, 2005 YEAR



Response of crust to |oacling from
Brahmaputra and Gandes

AR Y ST Y Y Y S SR Y A A Ay ey Ay Ay ey

Recluires continuous GPS to observe non-
secular (n this case annual) signals.

Hfr—

A < A = ‘ : 4 i

o) )" ':"\ ".; " "k ‘ rr \ == Bahadurabad Ghat
£ 20 | < f \ 4 (Brahmaputra)

S 40 | s !

— i /] —=— Hardinge Bridge

v 60 : : : (Ganges)

o | —— GPS station DHAK
E 80 Dhaka

9100

Q 1/1/02 7/2/02 1/1/03 7/3/03 1/1/04 1/12/04 1/1/05

Date

www.unavco.org/ Pubs_reports/ Proposals/ 2007/ Facilitg?.OO]/ section3/UNV-GRID-SPREAD-TP_41. Pdf



Elastic deformation in vertical from loading — comPIication or
another interes’cing signa ?

0 30 60 90 120 150 180 210 240 270 300 330 360

0 30 60 90 120 150 180 210 240 270 300 330 360

20 -15-10 -5 0 5 10 15 20 mm
Loading deformation

Weather sgstems:
Aerial extent — thousancls of square km.

Period — weeks.



Kinematic GPS

GPS absolute displacement seismograms — Love wave of
2004 M9.0, Sumatra-Andaman earthquake in
Portagevi”e, AR.

Weighted PTGV stack versus PVMO and residual
151

— PVMO
Stack
Residuals

Amplitude (cm)
o
(6)]

-
(&3] —_
—_—

-2

_25 | | | | | | | |
5000 5500 6000 6500 7000 7500 8000 8500 9000 9500
Seconds

Davis and Sma"ey, 2009



Kinematic GPS

Ditferential — difference in Position between two GPS
aﬂtéﬂﬂasj one assumCCl “HXCCl”. (PPP methods also exist, but are less Precise)

D,

ifferential ~—

kinematic

-D

fixed

Sumatra—Andaman Love Wave in Broadband and HRGPS Data
Differential Displacements FVM~PVMO versus Differential Disglacemems ~(MACC-PTGV)

E—W Differential Displacement, December 26,

E—W Displacement (cm)
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004
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HRGPS with Sidereal Filtering

Davis and Sma“eg, 2009
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How to get absolute clisplacements’?

- —w || Most Popular way to have
N‘W@W one of the two sites outside
P L . ' . the region with
F e | | | | displacements (site is
“fixed”) — discovered GPS

recorded su mcace waves at
Few tlﬂousancl km.

conds
Larson et al, 200%



Does not work for surface waves from rea”g big
earthc]uakes with |ong duration surface wave trains

car’t find “fixed” site.

(Fixed site has to be able to see common set satellites
with kinematic site — since is differential.

The longer the baseline the fewer satellites are in
common and the worse the overall location eometrg.
The signal may be of longer duration than the time it

takes ér the waves to travel from the kinematic to the
fixed site.)



Calculate ditferential displacement seismograms for large
number sites in central North America — using “fixed” site
in central North America.

With Common Mode
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Sidetrack — Multi Path

Multlpath (reflected signals) is lm ortant (and
doesn’t difference out). Looks | ke eartlﬁc]uake‘?

North Component /
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But |oo|< at da{ b@core or aFtcr — loo|<s the same.

Multipat]ﬂ OOKks same 1Crom clay to clay — Aue to
orbits re beating, éenerating same reHections,
ay to clag.
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Day 1
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So the trick is to calculate the GPS displacement
time series from the cﬂag before or after and
subtract from the clag with the earthquake.

Have to shift ]33 the ™4 minutes due to the
“almost” Par’t of the 2x./ clag GPS orbit.

AZRY North

0 50 100 150 200
minutes
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This is called Sidereal F‘iltering and it removes
muclﬁ of the multlpatlﬁ.

But it clcpencﬂs on the reHection environment
remaining, the same (no rain, snow, movement of
nearby objec’cs such as Parkecl vehicles) etc.)

It also depends on getting the time shift right.
Modification is to cross correlate between the
two clags to get a better time shift (each
satellite’s orbitis nomina”g 4 minutes short —
but theg vary incliviclua”gj which effects the

locations, etc.).
This is called “moditied sidereal lciltering”

29



Sometimes done with average of a few days, but
this low pass Hiters the sidereal fHilter time
series.

Ac:lvantage — don’t need si%al — can estimate
multi bath.

Multil:)ath (aPProximatelg) stationar9 for a few
Aags (Wl’len reflection environment stags same).

60



Note ditference between micldle and bottom traces — thc
bottom one has been sicierea”g fltered.

Sumatra—Andaman Love Wave in Broadband and HRGPS Data
Differential Displacements FVM-PVMO versus Differential Displacements -(MACC-PTGV)

z E—W Differential Displacement, December 26, 2004
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DiHerential seismograms Plottecl as surface.

Now is does not c]uxte |oo|< “rlght” AERRREARTAN out?)




Bottom trace is sum of ditferential seismograms
(Hixed-kinematic) . This is an estimate of the
absolute clisplacemeﬂt of the “fixed” site — the
kinematic sites “cancel” out.

(Assume
kinematic
sites random
with resl:)ect
to one
another)

Davis and Sma"eﬂ, 2009

Without Common Mode
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Subtracting the estimate of the absolute displacement

time series of the fixed site (bottom traceg)grom the

kinematic sites differential traces results in absolute
clisplacement time series for the kinematic sites.
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Absolute seismograms Plottecl as surface.

Now looks “right” move-out”

MichOhio Without common mode

.Wi i :' 1 : J L] (1 ? “
‘H o, LUy “i I‘:ﬁ ,] j
i ! . l ar
2t | i L ” H\HI. $1ﬂlg..,uwh
T 0 JUBENY | |
' 11l A }I} L
bh|tﬂth ]Ilu:if

{ll’l

ﬁl’l 1 %qu%'

' ? 19
{ l‘llli ‘: f ﬂ )i J{€|

" Jt l‘li“ | l' “[: | ,“1 i uhn" M‘ [
llHHlJ n|| Ph 1] _"TJ 1
: H!“n 11 (I!‘ 11 ' L ¥
‘ .uM'

"l' Bl LIS
;l' m.nt !l l

|u
Illllll ll. il l( ﬁEl

’Iﬁll M 1 3
1]

(LELRERN

!lfill'
! i ; [ § | liiﬁlﬂ
] HH?'I]IH"; i

Seconds




Can also see b array Processin (beam steering). Peaks
show azimuﬂ‘i and slowness of'g Plane waves crossing
array. Peak in center (lcnct) is infinite aPParent Velocitg
Plane wave (evergone doing same thing at same time —
the “fixed site”) , the other Peak is the surface wave.

After removing fixed site can seejust the surface wave.

0 r 0
s
.2
-5

Sy (sec/km)
=)
o & =

-0.25

66

Davis and Sma"cy, 2009



Now use beam steeri

Peﬁodsand

f

termine clisl:)ersion curve.

to measure slowness at cligerent

HRGPS vs Broadband for Sumatra 12/26/2004
Love wave dispersion for Central North America
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James is working on this for his thesis.

Further iml:)rovements to estimating HRGPS time series.
Additional applications (gracliometrg).



Intro to GPS Processing with GAMIT /GLOBK



WE COULD DESIGN THE OR WE COULD REQUIRETHE | | REAR IN

PRODUCT WITH A SIMPLE |%| USER TO CHOOSE AMONG MIND, WELL Q§ ?:E?
POINT- AND-CLICK z| THOUSANDS OF POORLY .| NEVER MEET  yavE TO
INTERFACE . . 2 DOCUMENTED COMMANDS, |i] A CUSTOMER REROOT

2] EACH OF WHICH MUST BE |:| OURSELVES.  AFTER EVERY

g| TYPED EXACTLY RIGHT ) VPO

ON THE FIRST 3

- TRY

\
i AL % 'if g
= 24 /LM

"People who have trouble with tgl:)ing commands should
not be using a computer.”

(Response of the Unix communitg to criticism that Unix ignored he needs of the unsophisticated user.)

If you thought UNIX was user—-hostile) you have not seen
angthingget!



Homework for Thursclag) Oct 28.

In your account on capgbara, copy the “example” folder
from /Users/ceri—gps/gamit to your directorg, and name
it “scal’

At the same level as the “scal” directory, make a soft link

to /Users/ ceri»-gl:)s/ gg/ta les.

Go into scal and follow the instructions in the README.
(the tables clirectory thcy refer to in the README is the
one in scal, not the one you did the soft link to above)

This should establish that evergtlﬁing IS working.
Come see me, James, Wale, or John when it does not
work!



