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The Earthquake Cycle

Remote Monitoring of the Earthquake Cycle using

Satellite Radar Interferometry
Tim Wright, COMET, Department of Earth Sciences, Oxford University

Outline

e Simple elastic dislocation modelling

e Case study: The 2003 Bam earthquake

e Measuring Interseismic deformation with InSAR
e Other EQ cycle phenomena

e Exploiting Envisat and the ERS archive




Elastic Dislocation Modelling

OKSARS (in today’s practical) takes 9 ‘friendly’ fault parameters:

* X, y-position of centre of fault's surface projection in a map projection  [2]

- Strike, Dip and Rake of fault (Aki, and Richards convention) [3]
(-20) 567 mm range decrease » Magnitude of earthquake slip vector (u, = 0, i.e. no opening) [1]

(-10) 283 mm range decrease » Top and Bottom Depths (measured vertically), Fault Length [3]

'S

i (-3) 85 mm range decrease i U

| -- | -2) 57 mm range decrease | To define a reciangular fault dislocation, need 10 parameters:

* Location of fault x,y,z (x=y=0,-z = -d) [1]

‘q’ I (-1) 28 mm range decrease l . Length, Width and dlp of the fault U. y 'u.u'.| Fﬂ [3]

« Slip components (u, = strike=slip; u, = dip-slip; u, = tensile) [3]

(0) 0 mm range change I + 3D Displacemeriis can be calculated for a point (X, Yous) IN the fault-centred
reference trrame, where the x-axis points along strike. [3]

Surface displacements of strike-slip faults

deformatlon due to shear and
tensile faults in a half-space. Bull.
Seism. Soc. Am., 75, 1135-1154

To define a rectangular fault dislocation, need 10 parameters:
» Location of fault x,y,z (x=y=0, z = -d) [1]

* Length, Width and dip of the fault (L, W, 3) [3]

» Slip components (u, = strike-slip; u, = dip-slip; u; = tensile)

reference frame, where the x-axis points along strike.




Distance (km)

Surface Dlspla_ce nents -and Source

Determining best-fit elastic models 26th December 2003, M,, 6.6

* The inverse problem (flndmg the model that
fits a given set of displacements) is harder:

— Finding the fault geometry is a non-linear
inversion problem.

— Determining slip distributions for a fixed fault
geometry is a linear problem.




Tectonic setting
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The Bam area

Main geomorphic
features of the Bam
area:

2: The Bam fault -
a prominent ridge
running between
Bam and Baravat

LANDSAT-7 ETM
541 false colour
green=vegetation

The Bam fault The Bam fault

The Bam fault is
marked by a 20m-
high ridge

Post-earthquake
field surveys found
only minor cracking
at the foot of the
ridge...



The Bam fault Preliminary InSAR data

First Bam
interferogram
(each colour
cycle=2.8cm of
deformation)

...and fault ruptures
observed in the
north were also
minor

(< 5 cm offset)

Constructed from
Envisat ASAR data
released for free by
ESA

The Bam fault ? Preliminary InSAR data

There is a prominent l
band of incoherence

running S of Bam

BUT...

More damage in Bam
than Baravat

Peak vertical
acceleration of ~1g in
central Bam
First Bam
Very small surface interferogram

rupture on Bam fault (each colour

cycle=2.8cm of
deformation)

Constructed from
Envisat ASAR data
released for free by
ESA

LANDSAT-7 ETM
541 false colour
green=vegetation




The Bam earthquake main fault

Low coherence
indicates

Interferometric
coherence
Red = high
Blue = low

Constructed from
Envisat ASAR data
released for free by
ESA

Surface rupture
found in the field -
right-lateral offsets
of ~20 cm

The Bam earthquake main fault

Surface rupture
found in the field -
right-lateral offsets
of ~20 cm
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ASAR data for the Bam earthquake

SRTM shaded-relief
topography

Descending track interferogram

Track 120, beam mode 12, 03/12/2003 - 07/02/2004
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Ascending track interferogram

Track 385, beam mode 12, 16/11/2003 - 25/01/2004
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Determining 3D displacements

If the 3D displacement at a pixel is given by
u = [u,, u, u,], then...
Ascending interferogram, d; = los,* u

Descending interferogram, d, = lospe® u
Ascending az. offsets, d; = lospg e U
Descending az. offsets, ds, = lospg® u

Which can be rewritten as a matrix equation,
d = Lu, and solved for u.

See e.g. Wright, T.J, B. Parsons, Z. Lu., Geophys Res. Lett. 30(18), p.1974, 2003

Bam earthquake 3D displacements
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Bam earthquake 3D displacements
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Single fault, uniform-slip model

Strike 354 dip 84 rake -177 slip 2.2m length 12km top 1.1km b‘m 9.3km

Ascending model Descending model



Data

Single fault model

Large residuals, especially in SE quadrant (rms = 25 mm)

Is it a single fault...?

There is an ‘extra’ amount of displacement in the SE quadrant

Ascending residual Descending residual

Bam earthquake 3D displacements

Ascending interferogram

East North Up

» .
0.3 3 5
xdispmt " ydisputm)

displacement (m)

Descending interferogram

Bam 031226: single source
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Two fault model Two fault model (uniform slip)

W E Improved fit in SE quadrant (rms = 17 mm)
0

.|

e Main fault: strike 354, dip 85, rake -178, slip
2.1m, length 12km, top 1.2km, bottom 9.8km,
M, 7.6 x 1018 Nm

Depth (km)

e Secondary fault: strike 180, dip 63, rake 149, slip
1.8m, length 15km, top 6.0km, bottom 7.2km, M, 1.3

x 1018 Nm Ascending residual Descending residual

Two fault model (uniform slip) Variable slip model
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Ascending model Descending model



Variable slip model Variable slip model

Significantly improved fit (rms = 13 mm)

Depth (km)

Slip (m)

tar,\'\!\g °

Main fault, M, = 9.1 x 1018 Nm
Secondary fault, M, = 1.6 x 10'8 Nm

Ascending residual Descending residual

Bam 031226: single source
354/86/182/6/7.6E18
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Bam 031226: two sources
i: 354/86/182/6/7 6818
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The Earthquake Cycle

Interseismic
Strain

Why are we interested?
Earthquakes
Constrain models of continental
tectonics and the earthquake cycle
Observations biased by distribution of
GPS sites

Why is it difficult with INSAR
SMALL SIGNAL

Noise from atmosphere, orbits and
topographic errors

Maintaining coherence




Interseismic Fault creep
— Hayward Fault, California

45-30-156 0 15 30 46
| 18821887 mnga mle (mmlyr)

ARABIAN
PLATE 5

e e MEDITERRANEAN SEA
JAFRICAN \____
__PLATE J

o3 8834

Faull parallel rate (mmiyr]

]

(Burgmann et al, Science, 2000)

75
L]
ot o=

- .y

- 25 mm.yr!

MbhRN=-O0-NGAWY
Elevation / km




20564_5691 21065_6182

The North Anatolian Fault

38 40
-— 25 mm yr!

*+~1300 km long

+ Slip rate from GPS = 24+1 mml/yr
+ 20t Century earthquake sequence
» Single strand in most places

» Good GPS in west, poor in east

+ Orientation good for INSAR

atmospheric
signal
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*Processed 12 interferograms

*1yr<At<4yrs
*h, > 250m




Orbital error ?

« If only have 100 km of data = ambiguity between orbit error and deformation

i (radians/yr)
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Stack= 1 +12+13 + 14
% (time intervals)
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* Determine uncertainties with Monte-Carlo simulation approach

» Find best fit model to 100 profiles perturbed using the estimated error
* Range of parameters found = uncertainties on parameters
» Strong trade-off between slip and locking depth
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* Locking Depth = 5-33 km

Relative Veloci

South ) * If GPS slip rate of 24 + 1 m/yr

Yearly Phase (

-1 I50 -1 ;:)0 -éo 0 is correct
Distance from Fault (km) — locking depth = 18 + 6 km
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Simple dislocation model
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Stacked
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7 Interferogram
stack = 11.7 years
of data




Triggered Slip on the Shahdad Thrust, Eastern Iran

e}
v

NAF Slip rate: 18-29 mm/yr
Locking Depth: 7-18 km
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N3015°
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Locking Depth (km)

w

15 20 5 30
Slip rate (mm/yr)

. _ SAR Interferogram for the M, 6.6 Fandoga Earthquake, 14
How wide is the shear zone at depth? March 1998, Eastern Iran

1 | Deep-fault model } 0
~  p—

\

AN
increasing shear \
zone width

-
o

Relative Velocity (mm yr 1)

50 km

Yearly phase change (rad.yr ')

-50 0 50
Perpendicular distance from Fault (km)

* For an 18 km elastic lid, a ~ 60 km wide shear zone at depth (r x lid
thickness) cannot be distinguished from a deep, planar fault.




M,, ~ 7.1 Hector Mine Earthquake, October 16, 1999:

Rapid Postseismic Relaxation of upper mantle?
(Pollitz, Wicks & Thatcher, 2001)

viscoelastic
model

Exploiting Envisat and the
ERS archive

» Coseismic interferograms for upper-crustal
earthquakes > M5.5 [< 8.07].

* Interseismic deformation for faults with “reasonable”
rates and “favourable” orientations.

* Postseismic transients for large earthquakes.

+ Slow earthquakes, triggered aseismic slip and other
unexpected phenomena.

If ground cover is suitable!




€ practical ClasSs

Interpretation and modelling of

3 coseismic interferograms
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