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Use the Global Positioni System (GPS) to
determine accurate ele Z{ hs Gorder mm) of “high
stabilitg" gcodetic,be ch a\r|<s\ ver time to determine
changes in relativep sitio '(drcr' mm/gear).
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F’rincipal tenet/ Central assumption of

Plate tectonics:

Plates (interiors) are rigid



~Observation —

Plates move with respect to one another

~Seconclar3 tenet/ assumption —

Interaction limited to (narrow) Plate bounclarg zones

where deformation is allowed



Plate motions --- NUVEL vs GPS

NUVEL ~ geologjc

Spreading rate and orientation (Ma ave)

Trans‘r%rm fault orientation (no rate info, Ma ave)
Earthquake Focal mechanism (Problem with 5|i|:>

Partitioning 50 yr ave - actual)

GPS — non~geo|ogic

Measures relative movement (20 yrave — actual)
Can ttest (36‘:} Plate stabilitg assumption



Strain rates in
stable Plate interiors ~
!:)ouncled between

102 10" and 10-1° year™.

THE PLATE TECTONIC APPROXIMATION: Plate Nonrigidity, Diffuse Plate Boundaries, and Global Plate Reconstructions
Richard G. Gordon

Annual Review of Earth and Planetary Sciences

Vol. 26: 615-642 (Volume Publication d'jatc May 1998)

(doi:10.1146/annurev.earth.26.1.615)
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Seafloor Age (millions of years)
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This map builds on the Tectonic Plates map by adding seafloor age data. Note that the youngest seafloor ages are found at the
mid-ocean spreading ridges, where new rock is constantly coming up from under the crust to heal the rifts formed as tectonic plates
move away from one another. Most new crust forms at these mid-ocean spreading ridges.

The crust ages as it moves away from the spreading ridges, and eventually gets pushed back into the Earth in a subduction zone.
Because oceanic crust subducts more easily than continental crust, all of the seafloor eventually is recycled by subduction while
very litle crustis din The result is that the oldest oceanic crust is still much younger than the
oldest continental crust.

The oldest seafloor in the world is found in the Mediterranean Sea. The next oldest seafloor ages are found in the northeastern
Atlantic and the northeastern Pacific, far from any spreading ridges. The northeastern Pacific also has a long convergent boundary,
where some of the oldest seafloor is now being subducted back into the interior of the Earth. In areas where spreading rates are
slow, seafloor age changes quickly as you move away from the spreading ridge. Conversely, in areas where spreading rates are
fast, seafloor age changes more slowly as you move away from the spreading ridge.

SEAFLOOR AGE
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NUVEL Picture

EARTH'S UTHOSPHERE IS MADE OF MOVING PLATES
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Relative velocities across boundaries
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NUVEL Picture

EARTH'S LITHOSPHERE IS MADE OF MOVING PLATES
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NUVEL picture

Global plate circuit
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First big contribution of space based geoclesg

Motion of Plates
(note —
Plates
- have to be “Pre—-cleﬁned"
— are not part of how velocities of sites are comPutecL

_selected based on rigiclitg" at level of GPS Precision

Also VLB, SLR, DORIS — space based, not limited to
GPS - results)
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Heflin et al., 2004.2
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GPS PlCtUT’C — now motion with respect to some
“absolute reference frame (JITRF), does not know about

3 plates 1 i



two distinct reference sgstems:

1. SPaC€~ﬁX€Cl (quasi) inertial system
(Conventional Inertial Sgstem ClS)

(Astronomy, VLB in this system)
I'TRF

2. Earth-fixed terrestrial sgstem
(Conventional Terrestrial Sgstem CTS)

Ay Ay Ay Ay Ay Ay oy oy oy oy oy = =~ =~ = = o~

Both sgstems use center of earth and earth rotation in
definition and realization
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Velocities of 1IGS global tracking GPS sites in ITRF, =
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Small “circles” for European and N. American polcs. 7
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Gridded view of Plate velocities in ITRF

(approximates NUVEL, but does not “look like” NUVEL because NUVEL shows relative motions)
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Plate translation on a sphere

* Transcurrent and transform tectonic
boundaries allow direct calculation of
finite rotations by a combination of

geological data and kinematic
methods

* The strike-slip fault 1s modelled as
a small circle arc about axis o ({

* The corresponding Euler pole e is
calculated by fitting the modelled arc to,
plate boundary data \’;3. _A

* The rotation angle € is determined
geologically, through the
identification of displaced markers
(red lines)

Sketch map illustrating the method of
computation of finite rotations associated to
strike-slip boundaries /‘«

» Finally. the timing of displacement is
estimated stratigraphically or by other
indirect methods

GNH7/C475 EARTHQUAKE SEISMOLOGY AND EARTHQUAKE HAZARD UC]L
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Solving for Euler Poles

Forward Problem

Given rotation Pole, R, for movement of spherical shell
on surface of sphere

We can find the Veloci’ty of a Point, X, on that shell from
V=RxX

(review)



We can write this in matrix form

(in Cartesian coordinates)

as
V=RxX
V = QX

Where Q is the rotation matrix

[0 st ! \
Q=\r, 0 -r
el O)

(hote — this is for infinitesimal, not finite rotations)



SO — now we solve this

Hopfncuug with more clata than IS absolutelg necessary
using | east Squares

(this is the remark you find in most papers —

Now we solve this bg | east Sc]uares)
AN
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And

we want to find

4
V = QX

This is how we would set the Problem up
if we know V and Q and wanted to find X



Sowe l’tave to recast th@ expression to Put the knowms
and unknowns into the correct functional relationship.

Start ¥ multip!ging it out

/Vx\ (0 —r rva\
Vi=lr 0 =-r|Y

y 4

\VZ/ THINT O/\Z/



Now rearrange into the form
b = AX
Where b and A are known

V,=-rY+rZ
V,=rX-rZ
V,=-rX+rY

obtainiﬂg the Fo”owing

vy (0 z -x\r

V.l=1-Z2 0 X |r

Y Y

V. \¥Y -X 0 \rn,




(Va0 Z =T ()
b Al

WL =X O

<
[

e T

<!
Il
S

S0 now we have a Form that EXPresses the relationshil:)
Between the two vectors

V and R
With the “Funng " matrix X.



(Va0 Z =T ()
b Al

W =X

e T

<
[

g
S

—

V = XR
We have

D) equations and
b, unknowns

So we should be able to solve this
(un?ortunatelg not!)



(Va0 Z =T ()
b Al

W =X

e T

<
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V = XR
You can see this two ways

I - The matrix is singular (the determinant is zZero)

2 - Geometrically, the Veloc:itg vector is tangent to a small
Cil”CSfC about the rotation Pole —
There are an infinite number of small circles (defined bﬂ
a rotation Pole) to which a single vector is tangent
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WL =X O
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V = XR

So there are an infinite number of solutions to this
expression.

Can we fix this bg aclclinga second data Point?
(another X , where V is known)



Yes — or we would not have asked!



Fo”owing the lead from before in terms of the
relationship between V and R we can write

VLG 0z Lkl
Vy1 -Z, 0 X, ()
VZl |1 Yl _Xl 0 i
v.7l 0z, -n|"
v.| |-z, o x, [/
Vv, \h, -X, 0,

V = XR

Where V is now the “Funng" thing on the left.



Geometrica”g
Given two Points we now have
Two tangents to the same sma” circle

And

(assuming ’cheg are not incompatiblc —1.e c:ontraclictorg
resulting in no solution.)

we can tind a single (actua”g there is a 180° ambiguitg)
Euler Pole



For n data Points we obtain

v o I it P
Vyl _Zl 0 Xl
Y Y 1=Xl10
sz O ZZ _Y2 /r\
VYz L _Z2 O X2 ry
sz Y2 _X2 0

\rZ/
V 0 z -Y
v.| |-z, 0 X,
v. ) \y, -x, o,

V = XR
Which we can solve bﬂ | east Squares



We actua”g saw this earlier when we clevelol:)ecl the Least
Squares method and wrote gzmgﬂo as

/yl\ /xl 1)
Vo X, |1

| (m
Y3 Ae i ( )

\Iv) \xv 1)

Where
is the data vector (known)
mis the mod%:l vector (unknown Parametcr@ what we
want)
G is known



Pretend leftmost thing s “r
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ecular” vector and solve same
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WB\(j as linear cast SClUBf’CS
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Example: Nazca-South America Euler Pole
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(Points on South America Plate ha\/e Zero — Or near zero
— velocities.)

Kendrick et al, 2003



E:xamlale: Nazca-South America Euler Pole (relative)
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Oblique Mercator Projection
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Kendrick et al, 2003



REcent VELocities — from GPS

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

B o

= 240 3000 0 60 1200 e
Rigid plate site Non-rigid plate site
30 mm/yr &———> 30 mm/yr O

Velocities are with respect to ITRF-97 41

Sellaet al, 2002



ITRF2008 Velocity Field
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Major plate boundaries are
shown in green

I'TRF-2008

Zuheir Altamimi



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

Heflin et al., 2004.2

0’ 40° 80° 120° 160° 200° 240° 280° 320°
GPS picture — Scotia Plate still missing (also missing from
NUVEL-1, “included, but not constrained in NUVEL-1A)




Combine GPS and Geologg to define motion
Scotia Plate.

Scotia Platc “missing" from NUVEL-
(is in NUVEL-IA but estimated from closure)
Get sma” circles From transmcorm Plate boundaries

(so theoretica lg can get location O1C Pole) }:)ut Nno
tie into s oreacling sgstem for Velocitg.

Use GPS to get velocitg.



Results for GF’S—-Geologic combination for Scotia

Arc.

Use Combination of GPS
(\/elocitg and azimuth, focal

mechanisms (azimuth), Scotia-

South Sandwich sPreacling.
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NUVEL-IA & GPS differences
Rotation rates of
- India, Arabian and Nubian Plates wrt Eurasia are
50, 15 and 50% slower
- Nazca-South America 17% slower

- Caribbean-North America 76% faster

than NUVEL-1A

eemer, 200%



Question — is Easter Island on “stable” Nazca Plate

We think not.

20 - P—
B
- - NAZCA
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Only 4 points total on Nazca
Plate (no other islands!)

Galapagos and Easter Island
Pag
part of 1GS (continuous)

FLIX and RBSN caml:)aign

Kendrick et al, 2003

EULER POLES AND 50% CONFIDENCE ELLIPSES
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|_atest results - Combine Geologg (3 Mgr average) and
GPS for Places geologg oes not work

MORVEL
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Complications to simple model in Plate interiors

Horizontal deformations associated with Post glacial
rebound

V=£2f(+y\7

p8sr

(I:)roblem for N. America and Eurasia)



Other effects

Other causes horizontal movement/ cléncormation
(tectonics, changes in EOQOP?)

Most vertical movements — tidal, atmospheric) etc., asin
case of PGR - have some “cross talk” to horizontal

‘_/’ | Q )_(’ L E ‘_/’ geologic effects
i
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Predicted horizontal velocities in northern Eurasia from
PGR

(NO VCIOCItg Sca IC! Largcst are order 3 mm/ yr away from center of ice |oacl, Figurc does not seem to agree
with discussion in Paper)

httg:/ /www.ancb‘oma.be/ pa ers/euref02/ Platcrotation.id{: International Association of Gcoclesg / Section | — Positioning; Subcommission for Europe (EUREFR) ,
Publication No. 12, Report on the Symposium of the IAG Subcommission for Europe (EUREF) heldin Ponta Dclgacla 5-8 June 2002.



Results for Eurasia

Site velocities Plot'tecl in obliclue Mercator Projection

(should be horizontal)
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Publication No. 12, Report on the Symposium of the IAG Subcommission for Europe (EUREF) heldin Ponta Dclgacla 5-8 June 2002.
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Stable North America Reference Frame (SNARF)

Over 300 continuous GPS sites available in Central and
Eastern US (and N. America)

(unfortunatelg most are garbage)
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i Qb5 erved

= Interpolated
J mm/yr

Contoured (interl:)olatcd) velocitg field
(reaclg for tectonic interPretationD

Gan and Prescott, GRL, 2001
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PBO Needs

AR

GSN GPS Upgrade
Cluster GPS
Backbone GPS
Volcano GPS
Borehole strainmeter [
Laser strainmeter

';0<>ooo-

- What are PBO reference frame needs?
* How can we meet those needs?



More things to do with GPS

Deformation in Plate bounclarg zones



( other main assuml:)tion of Plate tectonics)

Narrowness O1C late bounclaries
P

contradicted }39 many observations,

in both continents and oceans.

Some diffuse Plate boundaries exceed dimensions of
1000 km on a side.

Ditfuse Plate boundaries cover 15% of Earth's surface.

THE PLATE TECTONIC APPROXIMATION: Plate Nonrigidity, Diffuse Plate Boundaries, and Global Plate Reconstructions
Richard G. Gordon

Annual Review of Earth and Planetary Sciences
Vol. 26: 615-642 (Volume Publication d'jatc May 1998)
(doi:10.1146/annurev.earth.26.1.615)



ac Shoberg and P. Stoddard, after R. Gordon and S. Stein,

1992

< iw “

R
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Submarine Lithosphere Deformation<

Subaerial Lithosphere Deformation

|CL
W

COL>

PA /}_& .

N

B Inferred from plate motion data and seismicity

B Inferred from seismicity

Inferred from seismicity, topography, and faulting



Diffuse Plate boundaries

Maximum speecl (relative) across diffuse Plate
boundaries
2to 15 mm/gear

Strain rates in ditfuse Plate boundaries
as igh as 1078 year

25 times higher than upper bound on strain rates of
stable Plate interiors

600 times lower than lowest strain rates across t}jpical
Narrow Plate boundaries.

THE PLATE TECTONIC APPROXIMATION: Plate Nonrigiclity, Diffuse Plate Boundaries, and Global Plate Reconstructions
Richard G. Gordon
Annual Review of Earth and Planetary Sciences, Vol. 26: 615-642 (Volume Publication date May 1998) (doi:10.1146 /annurev.carth.26.1.615)
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Mechanical work: Work=Force+distance

In an elastic medium it takes work to deform (change the shape of) a body: the force to
create a deformation (change in distances) is a function of the deformation .

Work is therfore a function of the deformation (strain) squared.

l Work related to volume change - first invarient of strain tensor -
trace.Work is a function of the first invarient squared.

In general this deformation and work is not related to failure.

Work related to change in shape - second invarient -
sum of cofactors. (individual terms are strain squared)

In general it is this deformation and work that is directly
related to failure. (Von-Mises yield criterion).




