| ecture 17: Postseismic Deformation
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Mechanisms of Postseismic
Deformation

- N s SN
Deformation followmg & trlggered by an earthquake
| o Afterslip
— Slow slip that follows the earthquake
— On fault plane, above or below

e Viscoelastic Relaxation

— Response of viscous material to stress change of
earthquake

e Poroelastic Deformation
— Generally local to fault zone I




Displacement

Afterslip

Load ©® Marone etal. (1991)

ul? i Point — Fault with rate & state
i friction

— Velocity strengthening

Slider — Subjected to sudden shear
stress step

— Displacement equivalent
to displacement of spring
A, — slider

— Displacement ~ log(time)
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Shear Stress-Sliding Velocity
Relation

e Rate and state friction predicts that at
steady-state sliding there will be a
balance between the driving shear stress
and the sliding velocity

=7 +(A-B)In(V/V")

e t*is the strength at steady-state sliding
velocity V*.



Afterslip Constitutive Relations

e |f there is a sudden jump in the sliding velocity
due to coseismic slip in an earthquake, then
this induces a stress jump:

At =(A-B)In(V,/V,)

e Further evolution of stress is determined by the
interaction between the fault and the (elastic)
medium in which it is embedded:

dt }
—=k(V =V
7 ( )



Approximate Solution

* As the fault slips further, the driving force
decreases
At=1 -Uk
e With some substitution, this leads to
V= av =V, exp(rc — Uk)
dt A-B

_ kV '
U=A Bln( F t+1)

k A-B




Comparison to Data
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Notes on Marone et al. Model

e The model applies to shallow afterslip in a
velocity-strengthening region, (A-B)>0, such as
near-surface creep following an earthquake.

e |t is often assumed that a similar expression
will result for deep afterslip

e We don’ t generally know the constants, so we
typically estimate them:

U = Cln(at + 1)

— (1/a) has the form of a relaxation time



Viscoelastic Relaxation

Ru ptN

After-slip Stress
, “«_ relaxation
Silent slip
Stress relaxation




Viscoelastic deformation model for Cascadia

(3-D spherical finite element)

Model by J. He



Elastic
upper plate
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Viscoelastic + Afterslip

e Like afterslip, viscoelastic relaxation also can
oroduce postseismic motion toward trench.

e Different spatial pattern
— Deeper = longer wavelength

e Different temporal decay
— In general, longer decay time

— Relaxation time proportional to mantle viscosity,
expected to be years to decades.

— Exponential relaxation for viscoelastic



Perfettini Model

e Model history of slip using
three linked “spring-

sliders”
A AP — Seismogenic: rate and
rae weaketing theology  cate sirengihening sheclogy »-isj;gflogy state fl’i(jtion
A — Brittle creep zone: rate

and state, stable

— Ductile shear zone:
VISCOUS

Microseismicity

e Perfettini and Avouac
(2004), Perfettini et al.
(2005)



Key Assumptions

e System is driven by steady displacement
at depth (viscous zone end of problem)

e Coupling between spring sliders is
elastic, simulates response of
surrounding medium

e Frictional failure results in repeated
earthquakes

e This is a TD model — predicts only the
time dependence



Slip (m)
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An Example — Arequipa, Peru
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Displacement (m)

Fit to GPS Data
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Relation of Slip, Aftershocks

o The model also predicts
..~~~ 1 that the aftershock rate
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Postseismic Deformation Following
the 1964 Earthquake
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Coseismic Vertical Displacements
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Newly Estimated Slip Distribution

1 e Important new
feature is longer
splay fault (gray
fault)

e We also estimated
the (postseismic)

afterslip
distribution (blue)
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Data for Alaska 1964 Postseismic
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General Character of
Postseismic

e Rapid uplift was observed following
1964 earthquake (precise horizontal data
were not available)

e Uplift rate declined over time

e Long-term (decadal) uplift rate still faster
than before earthquake

e Postseismic deformation concentrated
near downdip end of locked zone.



Decline in Postseismic Uplift
Rate
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Viscoelastic Only Model
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Estimating Afterslip

e Subtract the viscoelastic model
predictions from the cumulative uplift
data

e Estimate an afterslip distribution to fit the
data.



Newly Estimated Slip Distribution

1 e Important new
feature is longer
splay fault (gray
fault)

e We also estimated
the (postseismic)

afterslip
distribution (blue)
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Time Dependence from Kodiak
Tide Gauge
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Models of Uplift Compared

Viscoelastic Only
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Observed Present Day Velocities
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Geometry of Subducting Slab
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Postseismic Model Predictions
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e Rapid postseismic deformation continues >40 years

# . aiter earthquake
N 20 mm/yr postselsmlc signal z

— Viscoelastic relaxation largest postseismic component in
present day velocities o

K * Present day velocities require model for along strik
variations in plate coupling & postseismic
— Shallow plate coupling either ~100% or ~0%

— Distribution consistent with asperities as persistent
features
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Tibet (Kekexili Earthquake
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e ~10 mm/yr of left-
| lateral shear across
Kunlun fault and
| area to south
gt o Slow and uniform
8 contraction in N32°E
component
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Postseismic Displacements December 2001 — March 2002
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Magnitude of Displacements

e Up to 16 cm/yr rates if they persist for an
entire year

— 4-6 cm over 3-3.5 months

— Sites resurveyed in August 2002, no data yet
e Significant postseismic displacements

observed at least 300 km from rupture

— At least 150 km from rupture to north

— At least 300 km from rupture to south



Near East End of the Rupture

e Observation sites form a
| nearly fault-normal profile
W¥sis ... . x * Pronounced asymmetry in
i ' displacements

— 4-6 cm on south side
— 2 cm or less on north

e Displacements may
decrease more slowly to
south side

— But could be due to along-
strike variations in slip

i 4 o
y 3 |
" i o DA

Wid e Time dependence?
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Analysis of Time Dependence

Station : BDGD

e Roughly linear over
first ~3 months

U mm i )HMH i

e First ~2 weeks show

f_ nigher rate
b "‘””"*’”*'L' b e Probably an early
60 " . .
phase with time decay

SLLL I INTTTI s

e Longer phase with time
decay of > ~months




netric Detc

Asymmetry in displacements can result from
- * Reference frame bias

B * Dip Bmg ault e T
o ) symmetry in materlal properties g
"~ — Lower rigidity to south for afterslip mechanism [

— Lower viscosity to south for viscoelastic
mechanism

— ~30 km Crustal thlckness change near fault




Inhomogeneous Afterslip Model
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Summary Kekexili Earthquake

o Very rapid postseismic deformation
.~ — Roughly 15x interseismic rate

. Strong apparent asymmetry in
postselsmrc deformatron




Tectonic setting
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SGF-Susitna Glacier Fault
DF—-Denali Fault
TF-Totschunda Fault

TAP-Trans—Alaska Pipeline
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2-year Displacements

A Continuous GPS station @
A Campaign GPS station
==> Observed displacement 1t
50 mm (Nov "02 - Nov '04) EH Observed uplift

65
%% QI Observed subsidence

64°

63°

62°
152°W




Model Mesh

_ Freed et al., 2006a,b
e Half-cylinder model domain

e Elastic layer over viscoelastic
medium (viscosity varies with

depth)

e Elastic moduli vary based on
seismic velocities

e Can consider viscous lower
crust and/or mantle

e Published models assume
layered viscosity structure
(depends only on depth).

Future models will include 3D

[ /astheno. structure based on elastic slab

(b).

,”/S,al’)’_,‘




- Observed

==> Upper mantle
50 mm flow model

-3 (Observed
=—=> Stress driven

50 mm deep slip model

y\

elastic crust

a viscous
] mantle

29017' 1019 1021
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120

1Denali

1 deep | locking

elastic crust
and mantle

slipon| depth

fault

30 0 30
Distance (km)
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142°

Models

Poroelastic relaxation is
small except in vertical

Viscoelastic-only models
misfit data significantly

Physically reasonable
afterslip models do not fit
the data well either

Try estimating afterslip
after removing the
viscoelastic model that fits

far-field



Best-fitting Multi-Mechanism
Model

—3 Observed ¥
=3 ultiple mechanism o)
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Postseismic Models
Pollitz (2005)

— Purely viscoelastic with transient rheology

Freed et al. (2006a)

— Two components required, linear viscoelastic + crustal
component (afterslip or shear zone).

Freed et al. (2006b)
— Far-field time series support non-linear mantle rheology

Biggs et al. (2009)

— Linear viscoelastic model optimized to fit INSAR data

Johnson et al. (2009)

— Afterslip-dominated (based on rate and state friction)
with significant linear viscoelastic component.



Comparing Models’ Predictive Power

e How well do any of these models predict the
time series of data collected after the models

were developed?
— Models used 1-4 years of data, various subsets of

data
— 7 years of data now available
— Extensive campaign GPS data in addition to PBO

e What can we learn from the models’
successes and failures?

e Compare model predictions to observed
displacements over specific time intervals.



Characteristics of the Models

Pollitz, 2005 1 year Transient None Used an early
Viscosity coseismic
model
Freed, 2006 2 years Linear, depth- None* Uses different
(approximated) variable software than
original,
slightly
tweaked
Johnson, 2009 4 years Linear, half-space Rate-
below strengthening
lithosphere friction law

v' The Pollitz model assumed all deformation was from viscoelastic response,
and estimated a low viscosity based on early rates.

v' The original Freed model included a shallow component (afterslip or shear in
lower crust), but this replicated version includes only the viscoelastic part.



Fitting Postseismic Time Series

PAXS
? e Pre-earthquake trend
-0.8_ .......... \\; ......................................................................................... removed 9 tranSient Only
#\. e Time series fit using
NN — Logarithmic 0.05 yr decay
-0'9_ ............................................. o R g s
@ \h\\*‘ — Exponential decay 7.0 yr
g w EAST e Misfit improves as time
- !0 constant is increased, up to at
é L a 8% NORTH least 15 yr
§ A b - e — Annual + semi-annual
e . — removed from CGPS
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Detail of Near-Fault Data
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Key Observation 1

2003.5-2009.5 e Afterslip in Johnson et al. (2008)
model produces some of the
observed asymmetry in
displacements; viscoelastic-only
models do not

e But cannot predict motion in far
south

— Caused by interaction with
subduction coupling?

— Caused by significant
inhomogeneity in mantle?

* Including effect of slab in
viscoelastic models produces
slower motion in south, not
faster.




Key Observation 1

Station : GNAA
E214.03° N62.11° 601.30 (m)
4003 Daily Solutions ( 1998.50 - 2009.70 )
Relative to the plate NOAM

Motion rate  20.1 +- 0.0 (mm/yr) Repeatability 13.8 (mm)

Motion rate -20.6 +- 0.0 (mm/yr) Repeatability 19.4 (mm)

Motion rate 8.2 +- 0.0 (mm/yr) Repeatability 19.0 (mm)

e Large change in velocity
in roughly the direction
of plate convergence

— Horiz. velocity ~ doubles

e But NO strong curvature
of the time series

e Change in velocity is
roughly consistent with
a significant expansion
of locked zone on

subduction interface
(Johnson et al., 2008).



Key Observation 2

66° T— — ﬂ

e [inear viscous models
| do not predict the

observed rotation of
| displacement vectors
| with time
e Observations show a
N counter-clockwise
jfi rotation of vectors
north of fault,
N clockwise rotation of

vectors south of fault.




Conclusions

e Asymmetry of observed displacements is
significant and difficult to explain
— Near fault: afterslip can explain

— Large displacements >100 km south may require
change in behavior of locked zone on subduction
thrust.

e No published model provides a good overall fit
to observations.

— Something fundamental seems to be missing.
e Spatially dense campaign data provide a

significant augmentation to sparse continuous
data.
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