Earth Science Applications of Space Based Gcoclcsg
DES-7555
Tu-Th 9:40-11:05
Seminar Room in 3892 Central Ave. (Long building}

Bob Sma"eg
Office: 5892 Central Ave, Room 10%
678-4929
Office Hours — Wed 14:00-16:00 or if Pm in my office.

hﬁ:P: // www.ccri.memPhis.cdu/ PeoPlc/ sma”cg/ ESCI7355/ ESCI_7§55_APPlications_o1c_5Pace_based_Gcodcsg.html

Class 12



(incomplete)

look at
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Use the Global Positionig o53stem (GPS) to
i

determine accurate Po' rder mm) of “high
stabilitg” geodctic, De chmiarks over time to determine

changes in relative




PrinciPal tenet/ Central assumPtion of

Pla’te tectonics:

Plate (interiors) are rigicl



~Observation —

Plates move with resPcct to one anotlner

~Secondar3 tenet/ assumPtion —

Interaction limited to (narrow) Plate bounclarg zones

where deformation is allowed



Plate motions --- NUVEL vs GPS

NUVEL - geologic

Spreading rate and orientation (Myr ave)
Transij'i)rm fault orientation (no rate ini:?), Muyr ave)
Earthcluake Focal mechanism (Problcm wit sliP

Partitioning, 50 yr ave - actual)

GPS — non~geologic

Measures relative movement (20 yrave — actual)
Can’t test (get) Plate stabilitg assuml:)tion



Strain rates in

stable Platc interiors -
bounc:lccl between

JjO 2 ~10°7 year and 10-© 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 ot May 1998)

(doi:10.1146 /annurev.earth.26.1.615)
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NUVEL Pic:turc

EARTH'S LITHOSPHERE IS MADE OF MOVING PLATES
o 20° 40° 60° 80° 100° 1207 1407 160"  180° 160° 140" 1207 100° 80°
. ’ o
- Earth's surface is a mosaic of 13 major
., rigid plates of lithosphere, as well as :
60’ ! a number of smaller plates, that move Eurasian Plate
slowly over the asthenosphere.
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Relative velocities across boundaries

http: //owlnet.rice.edu/~escito, looks like NUVEL




NUVEL Pic:turc

EARTH'S LITHOSPHERE IS MADE OF MOVING PLATES
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~ Earth’s surface is a mosaic of 13 major

| ¢ rigid plates of lithosphere, as well as :
60 ! a number of smaller plates, that move Eurasian Plate

slowly over the asthenosphere.
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First big contribution of space based geoclesg

Motion of Plates
(note —
Platcs
- have to be “Prc~cle{:ine<:|”
— are not part of how velocities of sites are comPutccl,

_selected based on “rigiclitg” at level of GPS Precision

Also VLBI, SLR, DORIS —~ space based, not limited to
GPS - results)
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Heflin et al., 2004.2
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GPS Plcture — now motion with resPect to some
“absolute reference frame (ITRF), does not know about

“Plates” 2



two distinct reference sgstems:

1. space-tixed (quasi) inertial system
((J_:;nventional Inertial System Cls)
(Astronomg, VLB in this sgstem)
I'TRF

2. Earth-fixed terrestrial sgstem
(Conventional Terrestrial System CT. S)

SN SN SN SN SN SN SN SN SN S SN S SN S S Sww s

Both sgstcms use center of earth and earth rotation in
definition and realization
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Velocities of 1GS global tracking GPS sites in I TRE, ~
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0’ 40° 80° 120° 160° 200° 240° 280° 320°

Small “circles” for E‘.uroPcan and N. American Polcs. i
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Velocities are tangent to small circles ik itevindshidduiper s,
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Gridded view of Plate velocities in ITRF

(aPProximates NUVEL, but does not ook like” NUVEL because NUVEL shows relative motions) 17
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1

Rotation of
N. America
about Euler
pole




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 is modelled as l'z}\
a small circle arc about axis o (;f 1

* The corresponding Euler pole e is
calculated by fitting the modelled arc to',

plate boundary data

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

P 5 : . Sketch map illustrating the method of
Eaay, thodiming oLGISplacREERItE computation of finite rotations associated to

estimated stratigraphically or by other _, . ~ . ;
gy strike-slip boundaries A

e
GNH7/C475 EARTHQUAKE SEISMOLOGY AND EARTHQUAKE HAZARD @,

————



Solving for Euler Poles

Forward Problem

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

We can find the velocity 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 T 7 \
Q=r, 0 -r
LG

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



So — now we solve this

HoPcFung with more data than is absolutclg necessary
using | east Scluares

(this is the remark you find in most papers —

Now we solve this 133 | east Squarcs)

\




But




And

we want to find

— v-»
V = QX

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



Sowe have to recast the exPression to Put the |<nowns
and unknowns into the correct functional rclationship.

Start DY multiplging it out

(Vx\ /O —r rVX\

—
I
P
-
|
w3y T
~




Now rearrange into the form
b = A%
Where l_) and A are known
V.=-rY+rZ
Vy =rX-rZ

<

V,=-rX+rY
obtaining the Fo"owing

v (0 z -Y\r)
V -Z 0  X|r

p

V. \Y X 0 Ar)




‘v (0 z -v\r)
Vi=|-Z 0 X || 7
W2 Y X O T

<!
Il
=S

So now we have a form that EXpresses the relationshil:)
between the two vectors

L/ancl R
With the “Funng” matrix X.



'v) (0

Wi

V

yAID A

Vi=sl-Z2 0 X

-X O/

—

= XR

We have

b, ecluations and
b, unknowns

So we should be able to solve this

(umcortunatclg not!)



v (0o 7z —v\r)
Vi=|-Z 0 X || 7
WIS X O

—

V = XR
You can see this two ways

| - The matrix is singular (the determinant is zero)

2 - Geometrically, the vclocitg vector is tangent to a small
ciré?e about the rotation Pole —~
There are an infinite number of small circles (defined bg
a rotation Pole) to which a single vector is tangent



v (0o 7z —v\r)
Vi=|-Z 0 X || 7
WIS X O

—

V = XR

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

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



Yes — orwe WOUIC! not have asked!



Fo"owing the lead from before in terms of the
rcla’cionship between Vand R we can write

VN0 iz R
700 T T AR a
a | Yl _Xl O
v.l5l oz, -n|"
I
v.| |-z o x, |/
\V2) \Y2 —X2 O/

V = XR

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



Geometrica"g
Given two Points we now have
Two tangcnts to tlne same sma" circle

And

(assuming tl‘ncg are not incoml:)atible — e contraclictorg
rcsulting in no solution.)

we can find a single (actua"g there is a 180° ambiguitg)
Euler Pole



For n data Points we obtain

( Vxl\ (0 7S \
v, =710 1t
7z Y, =X o
sz 0 ZZ _Y2 (r\
VYz L _ZZ O X2 ry
sz Yy, -X, O

\I’ Z/
V. 0 A i)
Vy -/ 0 X,
KVZn) \ Yn —Xn O /

V = XR
Which we can solve bg |east Sc]uares



We actua“g saw this earlier when we developed the Least
Scluares method and wrote #zm&ﬂ) as

/yl\ /x1 1
3 x, 1

| (m
Y3 A 1 ( )

Iv) \Xv 1

Where
C‘g is the data vector (known)
mis the model vector (unknown Paramctcrs, what we

want)
Gis the “model” (known)



Pretend leftmost thin

g]IS r %u
wag as linear i
WA

v, -Z, 0 X1

VZI Yl _Xl 0

sz 0 2 _YZ (r\
Vol _|-Z2, 0 X, |
V. Y, -X, 0

52 f . f Krz/
V. o//]]/zl]|| LY

V, -Z 0 X
\Vzn) \ Yn _Xn 0 ),
VxR |R-= (XTX)_lXTV

i}
Yo
Y3

\ YN/

|ar vector and solve same
st squares




E:xamplc: Nazca-South America Euler Polc
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Data Plot'tecl in South America reference frame
(Points on South America Plate have zero — or near zero

Kendrick et al, 2003

— velocities.)




Examplc: Nazca-South America Euler Pole (rclative)
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Also Plotted in
Oblicluc Mercator Projection
about Nazca-South America Euler Polc

Kendrick et al, 2003



Question — is Easter Island on “stable” Nazca Plate

EULER POLES AND 50% CONFIDENCE ELLIPSES

Somoza '98
(10.8-0Ma) +

+

Somoza "98
(4.9 -0 Ma)

We think not.

PC&M'87
(10.8 -0 Ma)

w

(=]

{ ! -
115 W 110 105 E 50}

Only 4 Points total on Nazca
Plate (no other islands!)

45F
Lar'97

Galapagos and Easter Island “or
part of IGS (continuous)

35 1 L A 1 L L
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FLIX and RBSN camPaign HONETTERE

Kendrick et al, 2003



Complications to simplc model in Plate interiors

Horizontal deformations associated with Post glacial
rebound

V=£2)2+y\7

p8sr

(Problem for N. America and Eurasia)



Other effects

Other causes horizontal movement/ deformation
(tectonics, changes in EOP?)

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

e 1] = " 4 geologic effects
V =QX + EVi

l



>

>

DL N N
roa 2 s s a

~

>

>
4
>
y
Yy

Y s 2 + (2 * x
HAA . - r o~ -~ ~ o~ -~ 4'5
~f+.r‘ Uk 2.4 ‘rekc‘.ﬁ’ﬂ 0
0 0«4‘f++‘+ R
- r oo

Predicted horizontal velocities in northern Eurasia from
PGR

(NO VCIOC'tH SCa lCl Largest are order 3 mm/ yr away from center of ice load, {:igure does not seem to agree
with discussion in Paper)

http:///www. ep nch.oma.be/ pa ers/ eurc{:OZ/ laterotation.pdf International Association of Geodcsy / Section | — Positioning; Subcommission for EuroPe (EUREF) ,
Publication No 12 Report on t‘ie ngposmm o{: the IAG Subcommission for EuroPe (EUREF) held’in Ponta Dclgada 5-8 June 2002,



Results for Eurasia

Site velocities Plottec in oblicluc Mercator Projection

(should be horizontal)

httg:/ /s www.cpncb.oma.bc/ pa ers/euref02/ Platerotation.idf International Association of Geodcsy / Section | — Positioning; Subcommission for EuroPc (EUREF) ,
Publication No. 12 Report on t‘ie ngposium of the IAG Subcommission for EuroPe (EUREF) heldin Ponta Delgada 5-8 June 2002,



For North America
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Stable North America Reference Frame (SNARF)

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

(un{:ortunatelg most are garbage)
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Contoured (interl:)olatecl) velocitg field
(reaclg for tectonic intcrpretation!)

Ganand Prescott, GRL, 2001
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PBO Needs

AR

GSN GPS Upgrade
Cluster GPS
Backbone GPS
Volcano GPS

1 >0 00 nm

Laser strainmeter

Borehole strainmeter |

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

47



~

Kreemer, 2005

NUVEL-IA &

GPS differences

Rotation rates of

India, Arabian and Nu

b1an Plates wrt Eurasia are

50, 15 anc

50% slower

- Nazca-South America 17% slower

- Caribbean-North America 76% faster

than N

UVEL-IA
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GPS Pic:turc — Scotia Plate missing (also missing from
NUVEL-1, “included, but not constrained in NUVEL-1A)




More things to do with GPS

Deformation in plate boundary zones
P Y



( other main assumPtion of Platc tectonics)

Narrowness OF PlatC boundaries

contradicted bg many observations,

in both continents and oceans.

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

Ditfuse Platc boundaries cover 19% 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 ot May 1998)

(doi:10.1146 /annurev.earth.26.1.615)



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

1992

Submarine Lithosphere Deformation<

Subaerial Lithosphere Deformation

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 Pla’ce
boundaries
2to 15 mm/ year

Strain rates in diffuse Pla’te boundaries
as lﬂigh as 1078 year

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

600 times Jower than lowest strain rates across tgPical
narrow Plate boundaries.

THE PLATE TECTONIC APPROXIMATION: Plate Nonrigidity, Diffuse Plate Boundaries, and Global Plate Reconstructions
Richard G. Gordon
Annual Review of Earth and Planetarg Sciences, Vol. 28: 615-642 (Volume Publication date May 1998) (doi:10.1146/annurev.earth.26.1.615)
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Mechanical work: Work=Forcesdistance

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).




Determining

Strain or strain rate from

Displacement or velocitg field

u =t +——X
0xX. '’

t + Dl.J.XJ.

l

=1+ (E, + W, )X,

A

Deformation tensor

E

Strain (sgmmctric) and
Rotation (anti~sgmmetris)

tensors

u

/ =%(DU. +D,)
Wi =%(Dif _Dﬂ)> i



Write it out
u =t.+D. X,

RN

Deformation tensor not symmetric, have to |<ee|:> clxy and

d

yx
(MX) (tX) (dxx dxy)(x)
— +
uy ty dyx dyy y
Again — thisis “wrong way around”

We know
u and X
ancl want

fancl G/y



4 )

Now we havc 6 Uﬂ‘(ﬂOWI"IS ancl Y ccluations



So we need at least b, data Points
That will give us 6 data

N 0w o o
1 0 0 x vy

0
u, 1 0 x, y, 0 O tx
u, o1 0 0 x, y, dy
u, |=11 0 x5 y; 0 O dxx
U, 01 0 0 =x; y.f .
F HTHE TR S
u, 1 0 x, y, 0 O (%)

%4, 01 0 0 x vy,

And again — the more the merrier — do least squares.



For strain rate

Take time derivative of all terms.

But be careful

Strain rate tensor
is NOT

time derivative of strain tensor-.



SPatial (Eulerian) and Material (Lagrangian)
Coordinates

and the

Material Derivative

SPatial description Picks out a Particular location in
space, X.

Material clescriPtion Picks out a Particular Picce of
continuum material, X.



So we can write

x = x(A,t) x(A,0)

A

x is the Position now (at time t) of the section that was
initia”g (at time zero) located at A.

A = A(x,t) A(A0)=A

A was the initial Position of the Particle now at x

This gives 133 definition

x[A(x,t),t] =X A[x(A,t),t] =A



We can therefore write

flx(A),t| = F(A) (1) = F[A(x.1).1]
Next consider the derivative (use chain rule)

1[9f]

_ax

0

a—AF(A,t) = flx(A).1]

ox
, 0A

d d
EF(AJ) = flx(A.r).r] = a];

0
x+af
, 0t 0t

A



Define Material Derivative

) af| ox of
—F(A,t) = At)t|= ===
ot (41) f[x( t)t] aant+
DF(A;t) 0F(At)

Dt ot LLLELH
Df(At) _ of (x.1) e of (x1)

Dt ot 0x

Vector version

—_—

Df | of (x,t)
Dt ot

4 \7(x,t) o Vf(x,t)




ExamPle

Consider bar steaclilg
movin%‘,through a roller
that thins it

A

Examine velocity as a function of time of cross section A

65



Vclocity will be
constant until it
reaches the roller

At which point it will
speecl up (and geta
little fatter, but ignore
that as second order)

After Passing through
the roller, its velocitg
will again be constant




Alt=t)

V(A,L)

Altet,

-» [

If one looks at a
Parl:icular Position, X,
however the vclocitg IS

constant in time.

So for any fixed Point
in space

ov(x,z)

ot
So the acceleration seems
to be Zero

=0

(which we know it is not)
67



A(t=t)

V(A, 1)

Altet,

The Problem is that we
need to compute the
time rate of ¢ ange of
the

material

which is moving

throu gl'x space
and cleforming
(not rigicl boclg)

68



\Y} (X]) \ (Xz>

We know acceleration is
not zero.

Df(At) _af(x.t)

D
Al Al ||

4 t?' ) Term gives acceleration

as onc

follows the material

througl'\ space

thave to consider same
o material at t, and t,)




Various names for this derivative

Substantive derivative
Lagrangjan derivative
Material derivative
Advective derivative

Total derivative



GPS and deformation

Now we examine relative movement between sites




Earthquake/Geodetic

sampling interval sampling

Paleoseismology

Geologic
interval _‘sampling interval

40Ar/3%Ar, Fission Track, etc.

Cosmogenic Nuclides
Amino Acid, ESR

Datmg U-series

Methods

Dendro/varve chronology TR

Luminescence S
14c N

e

Tectonic Geomorphology

Paleoseismology

Types of

Studies L

Campaign GPS[___|
Continuous GPS___ |

Seismic Moment Tensors |

Active fault structure

|Growth strata (high res.)
| Growth strata (seismic refl.)
geologic field studies

Ricaiie] 15 1] e—

L A

FeRINanenta

Interseismic
loading

- - >
coseismic

- uslowu
slip

Processes EQs

Visco-elastic
relaxation

Fault propagation & linkage

Mountain SUPer-
Building continent

formation
Basin formation

I
100
(1yn)

1 I
10-6
(30 sec)

I
Rectrrence

interval

106 10°
(1000 Ma)

Duration of sampling interval, log(years)



Strain-rate sensitivitg thresholds (schcmatic) as
functions of period

seismic geodetic paleosaism geologic
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GPS and INSAR detection thresholds for 10-km

basclincs, assuming 2-mm and 2-cm displacement
resolution for GPS and | NSAR, rcspcctive’y (horizontal

onlg) .

ht’cp: //www.iris.iris.edu/ USArray/ EllenMaterial/assets/ es_Prcj_P|an_|o.Pch, httP: //www.iris.edu/news/IRISnewsletter/EE.Fall98.web/ P|atc.htm|




Strain-rate sensitivitg thresholds (schcmatic) as
functions of period

sssssss geodetic paleosaism geolog
L L L L L L T T | I LI L
P NN URRE T I l [T T
i b\ 4 SAR : _
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- : g, .
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5 .
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c B a s N P -1
s = _STRAINMETER\_ & S -
‘(;; -14 s e e TE— T, A N\ = e e e e e e ) - = - — - e
o = . \ : . .
ks B plate motion \+ EQLyd Orogeny |
-16 |— h?lur df" manth ¥gar d«lade E 1000 years millioir yearn billion -'earo—
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I
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log period (s)

Post-seismic deformation (triangles) ,
slow earthquakes (scluarcs) !
Iong-term aseismic deformation (diamonds) ,

Cf)reseismic transients (circles) !
and volcanic strain transients (stars).

ht’cp: //www.iris.iris.edu/ USArray/ EllenMaterial/assets/ es_Prcj_P|an_|o.Pch, httP: //www.iris.edu/news/IRISnewsletter/EE.Fall98.web/ P|atc.htm|



Studg deformation at two levels

AN SN S S S SN Y SN SN SN S Sy s

~-Kinematics —
describe motions
(Have to do this first)

AN SNy SRy ARy SR Sy SRy SRy SRy SRy ARy Auy ey sy ey ey

-Dgnamics —
relate motions (kinematics) to forces (Phgsics)
(Do through rheologuy/constitutive relationship/ model.
Phcnomenologica , no first Principlc Prediction)



Simple rheological models

elastic o=Ke

http:/ /| hcgl.cng.ohio—state.eclu/ ~ce552/3rdMat0é_handout. PdF



Simple rheological models

L viscous o= ,u% = UE
e
(O ° € € (t)
Vi g (t)
o | :
"t {i:a tb - +

/—\Pplg constant stress, 0, to a viscoelastic material
recorded deformation (strain, €) as a function of time.
¢ increases with time.

http:/ /| hcgl.cng.ohio—state.eclu/ ~ce552/3rdMat0é_handout. PdF



Simple rheological models

de

, oLl L G
(L VISCOUS AP o
| €
€1 G Ot

£,
— o, ®
i o ®

-t | ’ -t

t, ty,

Maintain constant strain, record load stress needed.

Decreases with time.
Called relaxation.

http:/ /| hcgl.cng.ohio—state.eclu/ ~ce552/3rdMat0é_handout. PdF



viscoelastic

Kelvin rhcologg
O=0 +0,
K M2 E=E =E,
€4 - Ea
O - G, O = KS + Mg
[ 9]
Creep . Relaxation, Recovery
N N e
€
Handles creep and recovery
{:airlg well
ql
Does not account for relaxation

http:/ /| hcgl.cng‘ohio-statc.cclu/ ~ce552/3rdMat0é_handout. Pd{: time



viscoelastic

Handles creep badl :
(unbounc:E:cD i

Handles recovery bac”y (elastic

Ga /k+ <

k, M
— axwell rheologg
o O = O'1 = 0'2
| E=¢+¢&,
‘ e, . O O
o, E=—+—
j u

Creep

i Relaxation; Recovery

o-lw /k

onlg, instantaneous) o

Accounts for relaxation Fairlg S,

well

http:/ /| hcgl.cng‘ohio-statc.cclu/ ~ce552/3rdMat0é_handout. Pd{:

_________________




viscoelastic

Standard linear/zZener
(not unique)

SPrin in series Spring in Para"el
with Kelvin [ | with Maxwell

—

Stress — eclual among coml:)onents N series

Total strain — sum all components in series

Strain — cclual among comPonents In Para”e

Total stress — total of all components in para| el

http: // hcgl.eng.ohio—-state.eclu /~ce552/3rdMat06_handout. Pc]xc
www.mse.mtu.edu/ ~wang]'l/ mg‘i-éOO/chaPtcr‘l-.PPt



viscoelastic
Standard linear/zZener

—

Instantaneous elastic strain when stress aPPIiecl
Strain creeps towards limit under constant stress
Stress relaxes towards limit under constant strain

Instantaneous elastic recovery when strain removed
Followed ]:)9 graclual recovery to zero strain

http: // hcgl.eng.ohio—-state.eclu /~ce552/3rdMat06_handout. Pch
www.mse.mtu.edu/ ~wang]'l/ m34'600/cl1aptcr+.PPt



viscoelastic
Standard linear/zZener

—

Creep Relaxation Recovery

Two time constants

strain ¢

4 CrccP/ recovery under
constant stress

Tk

- Relaxation under constant
strain

stress o

http: // hcgl.eng.ohio—-state.edu /~ce552/3rdMat06_handout. Pc]mc

www.mse.mtu.edu/ ~wang]'l/ m34'600/cl1aptcr+.PPt time



Viscoelastic Response to
Long-Term Loading

Deforming
A Load
% (Spring,)
Elastic Portion | 1| Viscous Portion
'-%—l (Dashpot,)
B Load
Spring,, Dashpot,, and
Dashpot, extend Deforming
t _ Load Removed
[ = I’/ : Spfing‘,
% |- relaxes
S | Spring,,
o > Dashpot,,
8 : \ retract
Spring,, —
extend Dashpot, Deformation -~ Non-
A - — Recoverable
Load Time Creep
Applied

http:/ /www.dow.com/ styron/ dcsign/ guidc/ modcling‘ htm

Can make arbitraril
complicated to matc%,
many deformation/
strain/time

relationships



Three tgPes faults and Plate boundaries

AN SN SN SN S S SN AN A Sw S S S S S Sy S S S S Ay ey ey

- Faults -

5tri|<e~s|i|:>
Thrust
Normal

) sy Ay auy sy sy sy Sy sy sy Ay auy sy sy auy auy sy Sy sy Sy sy sy My ) sy sy sy

- Plate E)oundarg ~

Strike-sli P
Convergcnt
Divergent



How to model

Y S SN N SN A AN A A S A S A S S S Sy e ey

Elastic

Viscoelastic

muy muy sy suy sy suy sy say say say say sy say sy say suy sy say sy ey sy sy

Half space
Lagers

] nhomogcneous



ement
o o

normalized displac

4

w(x)=(V/m)atan(x/D)

2-D model for strain across stri|<c~s|iP fault in elastic half
space.

Fault is locked from surface to clepth D, then free to
inﬁnﬂy.
Far-field displacement, V aPPIied.



NG

eme
o

normalized displac

4

w(x)=(V/m)atan(x/D)

w(x) is the equ:hbﬂum cllsPIacement Para"el to Y at
Posxtlon X.

wlis 50% max at x/D=.93; 63% at x/D=1.47& 90% at x/
D=6.3
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Thick Lithosphere Madel

Thick Lithasphers Madel
with shallow ¢creep

Effect of fault cliP.

The fault is locked
from the surface to
a del:)th D (nota
down cliP |engt|1 of
D).

Thin L|thasphere Mack|

": theoetial-/ R
1= N[
e L The fault is free

M O % E A > B % D> W

refative fraction of farfie ld welocity
z zT T

3 ¢ ¢

we bocity in rndyr w ith res pect
to farfie ld refere nos fame

velocity offset of ¥
arfae vace strike slip deforrmetion F h d th t
dpping faut. axfye vace pattern with res pect to rom t ,5 C O
vertical Ault .
\ / farffield refe rence frame

in{:initg.

2everdcal mgﬂaiot':“.

AR5y ety yaxis
L/ ST mMety



-\

Thick Lithosphere Madel

Thick Lithasphers Madel
with shallow ¢creep

Surface
deformation Pattcrn
is SAME as for
vertical fault, but
centered over down

dip end of dippin
’ fault. R

Thin Lithasphere Model
X
": theoe}ial-/ R s 3 )

| RE DIP estimation from

Rt ) centcro{:

=

refative fraction of farfie ld welocity
z oz
3 ¢ ¢
velocity in rorndyr w ith res pect
to farfie ld refere nos fame

velocity offsat of
arfyetace trike slip daformeti i
R g deformation pattern
\ I/m“ . farffield refe rence frame

to surl:ace trace and

SINBOAN lockin [24 dcpth 4

NSy ety yaxis
L/ ST mMety




far field

displacement (dip blue 90, red 70, green 45, cyan 30, magenta 5)

late surface
Emvement deformation
920°
D=lock depth (for dip =90°)
or down dip length for dip #90°)
D D=20 km

o
°©

o
IS4

o

154

o

displacement (dip blue 90, red 70, green 45, cyan 30, magenta 5)

54

1 0.5 L 1 1 1 1 I
0 1 2 3 4 5 5 4 8 2 1 0 1 2 8 4 8
x/D (surface outcrop at x/D=0) x/D (surface outcrop at x/D=0)
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East component of velocity with respect to stable South America (mm/yr)
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Interseismic velocities in southern California from GPS

Meade and Hager, 2005
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Fault Para"el velocities for northern and southern
“swaths”.

Total change in velocitg ~“42mm/ yron both.

Meade and Hager, 2005
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Residual (observed~mocle|) velocities for block fault
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Meade and Hager, 2005

(qé,



Mocleling velocities in California

Qis the angular velocitg vector

effect of interseismic strain accumulation is givcn ]:)9 an

elastic Green's function G

response to backslip distribution, s, on each of, f, faults.

Modcling Broadscale Deformation From Plate Motions and Elastic Strain Accumulation, Murray and cha“, USGS NEHRP report.



=1

In general, the model can accommodate zones of
distributed horizontal deformation if Q varies within the
zones

latter terms can account both for the Earth's sphericitg
and viscoelastic response of the lower crust and upper
mantlc.

Modcling Broadscale Deformation From Plate Motions and Elastic Strain Accumulation, Murray and cha“, USGS NEHRP report.



( d, )

alp-9,),

F

F
a ] 1
EG ® s, %——EAa)f smqbftan T
a1 12

Where
a is the Earth radius
distance from each fault located at d¢is a(p-dp) .

Each fault has deeP~5|iP rate
aAw¢singy,
where Aoy is the difference in angular velocitg rates on
either side of the fault.

Modcling Broadscale Deformation From Plate Motions and Elastic Strain Accumulation, Murray and cha“, USGS NEHRP report.



