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Guess The Process . . .
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Guess The Process . . .

• explosive eruption
21-28 May 2011

• plumes > 20 km
• continuous inflation,

gradual increase in
seismicity
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2D Equations

• Again, assume infinitesimal displacements
• Velocity v as function of position p can be expanded into:

v(x + dx) = v(x) +
∂v
∂x

dx

• with

vx (x + dx) = vx (x) +
∂vx

∂x
dx +

∂vx

∂y
dy

vy (x + dx) = vy (x) +
∂vy

∂x
dx +

∂vy

∂y
dy

• So:

v(x + dx) = v(x) +∇V · dx

• Where ∇V is velocity gradient tensor:

∇V =

[
∂vx
∂x

∂vx
∂y

∂vy
∂x

∂vy
∂y

]
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Strain Rates and Rotation Rates

• displacement contains strain and rigid body rotation
• . . . so velocity (displacement rate) contains strain rate and rotation

rate

• According to tensor theory, a second rank tensor can be
decomposed into a symmetric and antisymmetric tensor:

∇V =
1
2

[
∇V +∇V T

]
+

1
2

[
∇V −∇V T

]
= ???

=

 ∂vx
∂x

1
2

(
∂vx
∂y +

∂vy
∂x

)
1
2

(
∂vx
∂y +

∂vy
∂x

)
∂vy
∂y

+

 0 1
2

(
∂vx
∂y −

∂vy
∂x

)
− 1

2

(
∂vx
∂y −

∂vy
∂x

)
0


=

[
ε̇11 ε̇12

ε̇21 ε̇22

]
+

[
0 ω̇
−ω̇ 0

]
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Now: Strain Rates and Rotation Rates

• we’re doing this, because we deal with velocities a lot

∇V =

[
ε̇11 ε̇12
ε̇21 ε̇22

]
+

[
0 ω̇
−ω̇ 0

]
• Recall:

v(x + dx) = v(x) +∇V · dx

• 2D case:

vx = Vx + ε̇xx ∆x + ε̇xy ∆y + ω̇∆y
vy = Vy + ε̇xy ∆x + ε̇yy ∆y − ω̇∆x

• 2D case: 4 parameters to solve for (3 strain, 1 rotation), need ≥ 2
sites with horizontal data

• 3D case: 9 parameters to solve for (6 strain, 3 rotation), need ≥ 3
sites with 3D data

• keep in mind that this applies to displacements, too (“drop the
rate”)
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Example: Strain from 3 GPS sites

• simple, general way to
calculate average strain and
rotation from 3 GPS sites

• (average strain for the area
enclosed by the 3 sites)

• with more than 3 sites: divide
network into triangles

• Delaunay triangulation
implemented in GMT is a
quick way to do so

J. Freymueller
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Example: Strain from 3 GPS sites

J. FreymuellerLet’s look at this for a single baseline:[
∆uAB

1
∆uAB

2

]
=

[
ε11∆xAB

1 + ε12∆xAB
2 + ω12∆xAB

2
ε12∆xAB

1 + ε22∆xAB
2 − ω12∆xAB

1

]

=

[

∆xAB
1 ∆xAB

2 0 ∆xAB
2

0 ∆xAB
1 ∆xAB

2 −∆xAB
1

]
·



ε11
ε12
ε22
ω12



= G ·m

8 / 26



Example: Strain from 3 GPS sites

J. FreymuellerLet’s look at this for a single baseline:[
∆uAB

1
∆uAB

2

]
=

[
ε11∆xAB

1 + ε12∆xAB
2 + ω12∆xAB

2
ε12∆xAB

1 + ε22∆xAB
2 − ω12∆xAB

1

]

=

[

∆xAB
1 ∆xAB

2 0 ∆xAB
2

0 ∆xAB
1 ∆xAB

2 −∆xAB
1

]
·



ε11
ε12
ε22
ω12


= G ·m

8 / 26



Example: Strain from 3 GPS sites

J. FreymuellerLet’s look at this for a single baseline:[
∆uAB

1
∆uAB

2

]
=

[
ε11∆xAB

1 + ε12∆xAB
2 + ω12∆xAB

2
ε12∆xAB

1 + ε22∆xAB
2 − ω12∆xAB

1

]

=

[

∆xAB
1 ∆xAB

2 0 ∆xAB
2

0 ∆xAB
1 ∆xAB

2 −∆xAB
1

]
·


ε11
ε12
ε22
ω12


= G ·m

8 / 26



Example: Strain from 3 GPS sites

J. FreymuellerLet’s look at this for a single baseline:[
∆uAB

1
∆uAB

2

]
=

[
ε11∆xAB

1 + ε12∆xAB
2 + ω12∆xAB

2
ε12∆xAB

1 + ε22∆xAB
2 − ω12∆xAB

1

]

=

[
∆xAB

1 ∆xAB
2 0 ∆xAB

2
0 ∆xAB

1 ∆xAB
2 −∆xAB

1

]
·


ε11
ε12
ε22
ω12


= G ·m

8 / 26



Example: Strain from 3 GPS sites

J. Freymueller
Using all sites we get 4 equations in 4 unknowns:

∆uAB
1

∆uAB
2

∆uAC
1

∆uAC
2

 =


∆xAB

1 ∆xAB
2 0 ∆xAB

2
0 ∆xAB

1 ∆xAB
2 −∆xAB

1

∆xAC
1 ∆xAC

2 0 ∆xAC
2

0 ∆xAC
1 ∆xBC

2 −∆xAC
1

 ·

ε11
ε12
ε22
ω12




ε11
ε12
ε22
ω12

 =


∆xAB

1 ∆xAB
2 0 ∆xAB

2
0 ∆xAB

1 ∆xAB
2 −∆xAB

1
∆xAC

1 ∆xAC
2 0 ∆xAC

2
0 ∆xAC

1 ∆xAC
2 −∆xAC

1


−1

·


∆uAB

1
∆uAB

2
∆uAC

1
∆uAC

2
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Example: SE Alaska

Julie Elliott
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Example: SE Alaska, Icy Bay

Julie Elliott

• velocities relative to stable North America (Sella et al, 2007)
• velocities corrected for GIA using model of Larson et al (2005)
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Example: SE Alaska, Icy Bay

Julie Elliott
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Example: SE Alaska

Julie Elliott
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Example: SE Alaska

Julie Elliott
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Example: SE Alaska

Julie Elliott
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Strain Varies over Space

• In most cases strain varies over space, can’t assume that uniform
strain exists over large area

• Strike-slip fault: strain varies with distance x from the fault (v : slip
rate, D locking depth):

ε̇12 =
vD
2π

1
(x2 + D2)

• Options:
• Ignore variations and use uniform approximation
• Fit mathematical model for ε and ω
• Use sub-regions where you expect uniform strain (clustering?)
• Map strain by looking at each triangle

• Map strain in more continuous way/gridded solution:
• nearest neighbor: calculate velocity gradient for fixed number of

nearby sites
• distance weighted: use all stations in strain calculation, but weight

data by distance from grid node
• Haines and Holt: use splines to create interpolated velocity field;

derive strain rates, vorticity rates and expected velocities from this.

16 / 26



Strain Varies over Space

• In most cases strain varies over space, can’t assume that uniform
strain exists over large area

• Strike-slip fault: strain varies with distance x from the fault (v : slip
rate, D locking depth):

ε̇12 =
vD
2π

1
(x2 + D2)

• Options:
• Ignore variations and use uniform approximation
• Fit mathematical model for ε and ω
• Use sub-regions where you expect uniform strain (clustering?)
• Map strain by looking at each triangle
• Map strain in more continuous way/gridded solution:

• nearest neighbor: calculate velocity gradient for fixed number of
nearby sites

• distance weighted: use all stations in strain calculation, but weight
data by distance from grid node

• Haines and Holt: use splines to create interpolated velocity field;
derive strain rates, vorticity rates and expected velocities from this.

16 / 26



Strain Varies over Space: Anatolia

Allmendinger et al., 2007
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Strain Varies over Space: Anatolia

Allmendinger et al., 2007
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Strain Varies over Space: Tibet

Allmendinger et al., 2007
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Strain Varies over Space: Tibet

Allmendinger et al., 2007
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Strain Varies over Space: Tibet

Allmendinger et al., 2007

22 / 26



Strain Varies over Space: 1999 Mw7.5 Izmit

Allmendinger et al., 2007
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Strain Varies over Space: Global

Kreemer et al., 2014
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