
‘rigid’ down to asthenosphere 
with localized shear zones?

creeping below mid-crust?

Below the seismogenic zone, how does relative 
motion of plates occur? 

Recall Savage and Burford 
(1973) “arctangent” elastic 
dislocation model

Nur and Mavko viscoelastic
model (postseismic only)
Savage and Prescott 1978
(we did not get to this)

Fault zone
anatomy: 
rocks and
rheology 
vs. depth 

Sibson 2002

Shear stress versus depth from
Byerlee friction and Anderson 
fault theory

Effective normal stress

Brittle vs ductile rheology



Shallow fault rocks: Gouge and cataclasite

2.5 mm

http://earth.boisestate.edu/home/cjnorth/more/photogallery.html

http://virtual.yosemite.cc.ca.us/ghayes/images/Dsc00086_Closeup_of_fault_gouge.jpg

damage zone > gouge zone > core



0-1 km3-4 km7-8 km

Yaron Finzi’s estimates of shear modulus G in an evolving fault 
zone: shallow damage zone gets narrow below a few km

Damage rheology: 
elastic strength 
degraded by 
microcracks, strain 
dependent, 
localization results

Lyakhovsky et al. 
damage code, 1997 
and subsequent 
references

Stepovers look
permanently weak.
(Is there 
observational 
evidence?)

Darrell Henry, 2006



What do postseismic and interseismic 
surface deformation tell us about how 

faults work at depth?

Postseismic deformation: perturbation to GPS velocities caused 
by large earthquakes

Interseismic deformation: GPS velocities around fault between 
quakes (not immediately after one). Usually, this is what GPS 
shows.

coseismic

postseismic interseismic

Current snapshot: GPS
future 
quake

Freed and Lin, 2000 
(I think)





Hearn 2003



Postseismic deformation example: the 1999 M 7.5 and M 
7.1 Izmit-Düzce earthquake sequence in Turkey

maximum coseismic 
displacement = 2.5 m

data: Reilinger et al., 2000

Ergintav et al., 2009

Postseismic GPS velocity field



Ergintav et al., 2009

Postseismic GPS velocity field

Ergintav et al., 2009

Postseismic GPS velocity field



Postseismic GPS velocity field

TUBI

Ergintav et al., 2009

Postseismic motion at GPS site TUBI

east

north

A1 ln(1 +
t

τ1

) + A2 ln(1 +
t

τ2

) + A3 ln(1 +
t

τ3

)

Ergintav et al., 2009

moving southeast  
(pre-earthquake velocity has been removed)



east

north

Postseismic deformation at one GPS site

A1 ln(1 +
t

τ1

) τ1 = 3500 dayssubtract

Ergintav et al., 2009

east

north

Postseismic deformation at one GPS site
A1 ln(1 +

t

τ1

) + A2 ln(1 +
t

τ2

) τ2 = 150 days
τ1 = 3500 dayssubtract

Ergintav et al., 2009



east

north

Postseismic deformation at one GPS site
A1 ln(1 +

t

τ1

) + A2 ln(1 +
t

τ2

) + A3 ln(1 +
t

τ3

)

τ2 = 150 daysτ1 = 3500 days τ3 = 1 day

subtract

Ergintav et al., 2009

A major earthquake changes stress in 
the lithosphere by a known amount.

Modeling this deformation can tell 
us about the rheology and structure 
of the plate boundary lithosphere.

Result: accelerated and complicated 
post-seismic deformation, segueing 
to steadier interseismic deformation.

increase = red
decrease = blue

Postseismic deformation provides clues



1. Build a numerical representation 
(FEM) of the lithosphere.

3. Adjust the most poorly 
constrained parameters* until 
model fits the time-dependent 
GPS surface deformation data.  

2. Apply earthquake slip.
Model mesh side and bottom 
boundaries are fixed.
Optional: pre-earthquake
stress field.

Modeling postseismic deformation

Hearn et al., 2009

* rheology and distribution
of viscoelastic material
and fault zone rheology 

Velocity-strengthening friction and 
postseismic slip rate

equation applies after some small 
threshold slip distance

V = Voexp(
dτ

(a − b)σo
)

σo = effective normal stress

(a − b)σo = A − B

dτ = shear stress change

µ = µo + (a − b)ln(
V

Vo
) (a-b) = velocity-strengthening 

parameter

•$ this leads to stable sliding along the fault instead of earthquakes,
$ and accelerated postseismic slip

•$ at some depths (~0 to 2 and 10+ km), the friction coefficient 
$ increases with sliding velocity V

µ



WRSS =
900∑

t =1

56∑

stn = 1

3∑

dof =1
[(

∆
σ

)2]t,stn,dof

WRSS* =
56∑

stn=1

3∑

dof=1
[(

∆
σ

)2]stn,dof

WRSS at a particular time is WRSS*

∆ = residual σ = data error

Find parameters that minimize
misfit of modeled GPS site velocities to 

observations

viscoelastic relaxation: lower crust (Newtonian)

afterslip: viscous creep along shear zone (Newtonian)

Izmit postseismic deformation prior to the 
Düzce earthquake: three hypotheses

afterslip: velocity-strengthening friction

(Hearn et al., 2002. 1st 80 days 
postseismic data)

V = V0exp(
dτ

A − B
)

V =
wdτ

η
+ V0

ε̇ = ε̇o +
dσ

η

"

"

!



Earliest postseismic deformation: 
mostly frictional afterslip

Early postseismic GPS 
velocities are well 
explained by afterslip.

Shallow afterslip is anti-
correlated with coseismic 
slip. 

Weakly velocity-
strengthening friction.

Ergintav et al., 2009 figures.  Also Hearn et al. 2002 and 2009 (afterslip).
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Which parameters worked best?  

WRSS(×107)

A-B = about 0.5 MPa in mid-crust: small
(Hearn et al., 2009)



Parkfield (M6), Racha (M 6.8), 
other moderate earthquakes: 

postseismic deformation is only 
(velocity-strengthening) afterslip

These quakes do not stress the lower crust / upper mantle 
enough to cause detectable viscoelastic relaxation

M 7.5 Izmit quake:Afterslip is insufficient to 
explain the GPS site velocities after 3 months

Total modeled afterslip after a year

Distance along fault (km)

0 20 40 60 80 100 120 140
-5
0
5

! 60
! 40
! 20
0

D
ep

th
  
(k

m
)

slip (m)
0

1.2

M  = 
1.07 x 10    Nm

20o Not enough! About twice this slip would be 
required. But all coseismic shear stress

on the fault has been spent.



Afterslip model : GPS velocities too slow at 
some sites, especially after several months

! 500
! 400
! 300
! 200
! 100

0

0 100 200 300 400 500 600 700 800 900 1000
! 400

! 300

! 200

! 100

0

ULUT

Data
FE Model

ea
st

 (m
m

/y
r)

n
o

rt
h

 (m
m

/y
r)

time post-Izmit (days)

ULUT - zoomed

! 60
! 50
! 40
! 30
! 20
! 10
0

300 320 340 360 380 400
! 50
! 40
! 30
! 20
! 10
0

Data

FE Model
Kinematic inversionea

st
 (m

m
/y

r)
n

o
rt

h
 (m

m
/y

r)

time post-Izmit (days)

Simplest hybrid model: Afterslip plus Maxwell 
viscoelastic relaxation

•

•

•

(A-B): 0 to 2 km and 
10+ km intervals
held constant 

   : lower crust - vary η
upper crust

lower crust

upper mantle

(mantle asthenosphere)

   : upper mantle - vary ηη

η

LC

UMLC

UM



Geophysical evidence for moderate 
mantle viscosity? 

Hearn et al. 1994: (not me!)
Slow Pn beneath Anatolia

•$ Several seismic studies suggest high T and/or melt
•$ This is consistent with moderate viscosities

Sandvol et al., 2001: attenuated
Sn (regional seismic phase)

beneath Anatolia

Regions with subduction zones nearby: 
moderate upper mantle viscosity agrees with 

heat flow models

Currie and Hyndman, 2006



Later postseismic deformation: relaxation of 
viscoelastic lower crust and upper mantle

•

•

      : lower crust - vary ηupper crust

lower crust

upper mantle

(mantle asthenosphere)

      : upper mantle - vary ηη

η

LC

UM
LC

UM

Best fit to postseismic data:    
η(LC or UM) ≈ 2 to 5 × 10

19Pa s

η(both) ≈ 5 × 10
19Pa sor

A simple model
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Which parameters worked best? Afterslip + 
viscoelastic relaxation models

Normalized WRSS, t = 0 to 900 days

Fit improves for 
lower crust or 
upper mantle 
viscosities of
2 - 5 x 10     Pa s19

Maxwell time is
40 to 80 years



How my LC-UM viscosity estimates compare with others

Burgmann and Dresen, 2008

Hu et al., 2004

Postseismic deformation following 1960 M 9.4 Chile 
earthquake: afterslip + (now) viscoelastic relaxation



only slight (!10 kPa) compressional normal
stress changes (inhibiting rupture) near the
MW 7.9 hypocenter. Thus, normal stress
changes may have played a role in rupture
progression but were less important for rup-
ture initiation.

Surface rupture of three faults. The prin-
cipal surface rupture accompanying the De-
nali Fault earthquake is a 218-km break along
part of the Denali fault. Along the fault, we
observed offset features [supporting online
material (SOM) Text, table S1], extensional
and contractional stepovers, en-echelon fis-
sures, and Riedel shears in snow, glacier ice,
and sediment. Dislocations were primarily
dextral, with a smaller amount of vertical
slip. At the eastern limit of the ruptures on the
Denali fault, the rupture stepped southeast-
ward onto the Totschunda fault across a com-
plex, 14-km-long transfer zone. The Denali
fault did not break east of this intersection.
The transfer zone is characterized by a series
of right-stepping fault segments connected by
north-striking, east-side-up normal faults
with displacements up to 2.7 m. The surface
ruptures, mostly in a narrow zone of dextral
offset, extend a total of 76 km southeastward
along the Totschunda fault (Fig. 3).

The distribution of surface slip is asym-
metrical along the Denali and Totschunda
faults (Fig. 3B). We infer that our measure-
ments of surface offsets are lower bounds for
the total offset across the fault, due to unrec-
ognized drag across the fault zone (SOM
Text). Thus, the actual slip distribution is
probably near the solid line through the larg-
est values shown on Fig. 3B. Right-lateral
offset on the Denali fault dominates the slip
distribution, averaging 5.3 m (21). Slip on the
fault can be broadly subdivided into four
sections, with average inferred slip of 2.7,
5.3, 4.7, and 6.8 m from west to east. The
largest measured horizontal offset was 8.8 m
about 190 km east of the epicenter. The rup-
ture stops abruptly at both ends. Offsets along
the Totschunda fault (average, 1.5 m; maxi-
mum, 2.1 m) are modest and more symmet-
rical. The vertical slip along the Denali and
Totschunda ruptures has the same distribu-
tion as the horizontal (fig. S1). The largest
vertical offsets, regardless of the sense of
slip, are associated with the largest horizontal
offsets.

Thrusting on the Susitna Glacier fault
raised the north side relative to the south.
Along the 40-km rupture, we measured scarp
heights (average, 1.4 m; maximum, 4 m)
(SOM Text, table S1). Two observations of
fault dip where it crossed small valleys were
10° and 25°, and if the steeper 25° dip is used
for calculating fault offset (22), there was
about 3.3 m total dip-slip on the Susitna
Glacier fault. The initial thrusting observed
seismically represents the Susitna Glacier
fault, with the hypocentral location implying

that rupture was bilateral. The focal mecha-
nism has a steeper 48° dip than the surface
dips of 10° to 25°. Thus, the dip decreases as
the fault approaches the surface—typical of
thrusts associated with strike-slip systems
(23).

Distribution of moment release. Global po-
sitioning system (GPS) measurements had been
made before the earthquake, and 26 sites were
resurveyed to estimate surface displacements
resulting from the earthquake (24, 25) (Fig. 4).
Using a five-plane approximation for the fault
geometry, divided into a grid of subfaults (26),
we inverted the GPS data to determine the
distribution of fault slip. The fault model used
here does not include the Susitna Glacier fault,
as most GPS sites are weakly sensitive to slip
on that fault. Smoothing is used to regularize
the inversion. Models with more and less
smoothing show the same general features. We
show the along-strike geodetic moment (Fig.
3C) as a summation of model slip times fault
area over all depths, as this quantity does not
change much regardless of smoothing. The in-
ferred seismic moment is high in two sections,
one centered about 70 km east of the hypo-
center and another centered about 200 km east
of the hypocenter. Total seismic moment is
equivalent to MW 7.9.

Strong-motion seismograms (27) record-
ed at distances of 3 to 300 km from the fault
rupture and seismograms at teleseismic dis-

tances show that rupture occurred first on the
Susitna Glacier fault and then proceeded
from west to east on the Denali and Tots-
chunda faults. Seismograms show that slip
and energy release were heterogeneous along
the Denali fault. We identified three subev-
ents by modeling and inverting the strong-
motion records (Fig. 5). The first subevent
had an MW of 7.2 and is associated with
thrusting on a nearly east-west striking fault
near the hypocenter. It is not resolvable
whether there was strike-slip motion on the
Denali fault simultaneous with this thrusting
on the Susitna Glacier fault.

The second and third subevents were iden-
tified by inverting the strong-motion wave-
forms after the first subevent to determine the
right-lateral strike-slip moment release along
the Denali and Totschunda faults (28–30) (Fig.
5). The second subevent was located 50 to 100
km east of the hypocenter (Figs. 2 and 3), where
the surface offsets increase to over 6 m. This
subevent was located near where the Trans
Alaska Pipeline crosses the Denali fault and
was equivalent to about MW 7.3. The ground-
motion pulse observed at the station nearest the
fault, Pump Station 10 (PS10) (Fig. 5), was
produced by this subevent, which was centered
on the portion of the fault closest to this station.
The S-wave and Love wave arrivals for this
subevent are prominent on the Anchorage and
Fairbanks records (Fig. 5, A and B).

Fig. 1. Plate tectonic setting of southern Alaska and major tectonic elements. The Pacific and North
American plates converge at 5.4 cm/year beneath Anchorage (53), and the Yakutat block collides with
North America independently. Plate motion is indicated by green arrows. Blue open arrows schemat-
ically show lateral movement of broad region south of the Denali fault. Blue line, surface rupture. The
probabilistic seismic hazard is shown by peak ground acceleration with 10% probability of exceedance
in 50 years (14). TAP, Trans Alaska Pipeline. Triangles, station locations in Fig. 5. Black lines, Quaternary
faults; gray lines, Neogene faults.
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The third subevent is located about 140 to
220 km east of the hypocenter (Figs. 2 and 3).
Strong-motion stations southeast of the epicen-
ter, such as BMR, show a large displacement
pulse from this subevent (Fig. 5C). This subev-
ent had the largest seismic moment, equivalent
to about MW 7.6, and was located in the region
with the maximum surface offset of 8.8 m (Fig.
3B). The total seismic moment from the strong-
motion inversion corresponds to MW 7.8. The
best-fitting inversion requires a high rupture
velocity, about 3.5 km/s, between subevents 2
and 3. The moment distribution is similar to
that determined from other seismic inversions
(31–33).

The locations of the larger surface offsets
correlate with the locations of high moment
release found in the inversions of geodetic
and strong-motion data (Fig. 3). All three
data sets show increased slip 50 to 100 km
and 150 to 230 km east of the epicenter,
although the surface offset data do not show
as pronounced of a decrease in slip between
these areas as the geophysical data indicate.
The seismic moments calculated from our
strong-motion inversion (MW 7.8) and from
the teleseismic waveforms (31) (MW 7.9)
agree well with the moment calculated from
the surface slip (34) (MW 7.8) and the geo-
detic data (MW 7.9).

Surface slip and moment release diminished
sharply southeast of the Denali-Totschunda
fault junction. Observations of right-stepping
faults and large vertical offsets in the 14°
bend at the junction suggest that the Denali-
Totschunda junction is a complex feature.
The geometric complexity and the drop in
fault slip suggest that the junction was a
barrier to rupture propagation. Available slip-
rate evidence suggests that the Totschunda
fault is more active than the eastern Denali
fault, and this relation coupled with high
rupture velocity may have favored rupture
propagation on the Totschunda fault more
than the eastern Denali fault (35).

Landslides and Liquefaction
The earthquake triggered thousands of land-
slides ranging in size from a few cubic meters
to tens of millions of cubic meters. Most
impressive were several giant rock avalanch-
es that spilled onto the McGinnis, Black Rap-
ids, and West Fork Glaciers in the Alaska
Range. The largest of these involved about 30
million m3 of rock and ice that collapsed off
the north and east flanks of McGinnis Peak
and then traveled about 10 km down the
McGinnis Glacier at high speed. The long
runout of this landslide is remarkable consid-
ering that the glacial surface on which it

moved had an average slope of only 5°.
The landslides were concentrated in a nar-

row band 30 km wide along the surface rup-
ture of the faults and in the hanging wall of
the Susitna Glacier fault (Fig. 4). An earth-
quake of this magnitude would be expected to
trigger landslides over a broad region extend-
ing perhaps 250 km from the fault (36), so
the moderate concentration of landslides sug-
gests a deficiency of high-frequency shaking.
The largest landslides were concentrated in
the area of the first two subevents of the
earthquake (Fig. 4). The eastern third sub-
event produced the greatest slip but fewer
landslides. The eastern topography is still
very steep and would have been expected to
produce more landslides in this area of great-
er fault slip if accelerations were larger where
slip was larger.

Liquefaction features were observed at a
greater distance from the zone of concentrat-
ed landslides for Denali, whereas typically
earthquakes show landslides and liquefaction
features in the same area. In addition, the
liquefaction features were more extensive
and more severe, i.e., they had larger associ-
ated lateral displacements and vertical settle-
ments, to the east in the area of the third
subevent. The extensive liquefaction may be
attributed to the high long-period energy in

Fig. 2. Locations of prin-
cipal earthquakes and
aftershocks. Stars show
the hypocenters of the
23 OctoberMW 6.7 and
3 November MW 7.9
earthquakes, with dou-
ble-difference relocated
aftershocks shown in
green and orange, re-
spectively. Focal mecha-
nisms show the first
motion solution for the
MW 6.7 earthquake and
the 3 subevents (sub1
to -3) determined for
the MW 7.9 earthquake.
Mapped surface rupture
shown as heavymagen-
ta line; red lines indicate
other faults. The inset
cross section shows
schematic faults and
ML ! 2.5 aftershocks in
the bracketed zone
across the Susitna Gla-
cier (SG) thrust, inferred
to splay off the Denali
(Den) fault. Cross, main-
shock.
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Similar findings for Denali M 7.9 2002

A. Freed

Similar findings for Denali M 7.9 2002



Vauchez et al., 1998

Small quakes - just afterslip
Large quakes - afterslip plus viscoelastic relaxation of lower 

crust and upper mantle (halfspace? broad shear zone? rheology?)

Modeled and GPS velocities six months 
after the Izmit earthquake

ε̇yx



ε̇yx

Velocity residuals six months after the Izmit 
earthquake

Modeled and GPS velocities six years 
after the Izmit earthquake

ε̇yx



Residuals six years after the Izmit earthquake

ε̇yx
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But we have more information!

nonlinear viscoelasticity
shear zones in the lower crust and 
upper mantle
geologic slip rate and earthquake 
chronology

•
•

•

geological observations:2

interseismic (pre-Izmit) GPS velocities1
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Interseismic deformation: before 1999

D

Dʼ

figure from Ergintav et al., 2009

NAFZ interseismic deformation

Reilinger et al., 2006

D

Dʼ Reilinger et al., 2006

NAFZ0

50 

50 

25 

25 

75 

localized strain around NAFZ

insensitive to time since 
previous major earthquake 
(profiles across various NAFZ 
segments look similar)

•

•
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NAFZ interseismic deformation

Slip rate of 27-29 
mm/yr

‘locking depth’ 
= 16-20 km

Reilinger et al., 2006

D

Dʼ Reilinger et al., 2006

NAFZ0

50 
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50

NAFZ interseismic deformationD

Dʼ Reilinger et al., 2006
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50 

25 

25 

75 

Is a lower crust / upper mantle 
viscosity of 5 x 10    Pa s consistent 

with this stationary, localized 
deformation? 

19

Earthquake cycle modeling is required.
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faultV/2

-V/2

impose periodic coseismic slip 
(large earthquakes)

impose regional strain via 
model boundary velocities

run for several earthquake cycles, 
until cycle invariant status attained 

compare predicted interseismic 
velocities with observed GPS profiles 

Earthquake cycle modeling

5226

Earthquake cycle modeling
periodic coseismic slip and far-
field velocity boundary conditions
(20 mm/yr, quakes with 6 m of 
slip every 300 years)

frictional or viscous afterslip: 
allowed to 24 km
(same parameters as Izmit 
postseismic model) 

viscoelastic layers:
to start, same as the Izmit 
postseismic model

0 km

24 km

32 km

to 300 km



•"cycle-invariant status is attained when results from one 
cycle look like those from the last one: slip rates, surface 
velocities, stresses...

•"we can compare modeled surface velocities at 
appropriate time in the earthquake cycle to GPS velocities 

Earthquake cycle modeling

decaying slip rates 
within individual 
cycles (300 yrs each)
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GPS velocities, 
60-270 years 
since last large 
quake.

Modeled velocity 
profiles at the 
indicated times

The 60- to 300- 
year curves 
should fall along 
the green dashed 
line.

Interseismic velocity profiles from the best 
postseismic model



Try other viscoelastic rheologies

ηeff = Aσd
1−ne( Q

RT
)
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18.5 18.5
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Nonlinear rheology (n=3.5)

log
 η
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eff

A is a constant
R is the gas constant
Q is the activation energy
      is differential stressσd
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Transient rheology
log
 η
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eff

tchar

dη/ηinit depends on change in stress 
rate, and temperature

is a characteristic evolution time
ηinit is the initial viscosity (low)

ηeff = ηinit + dη(1 − e−t/tchar )

coseismic

end of
cycle

dη/ηinit = 10 ηinit = 2 to 5 x 10    Pa s tchar = 10 years19

interseismic GPS 
velocities 60-270
years after last 
major earthquake
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Transient rheology

Burgers (transient) rheology works best

Modeled velocity 
profiles at the 
indicated times



A model that can explain postseismic and 
interseismic, central NAFZ deformation

Hearn et al., 2009, Burgers body with similar parameters also required by Hetland 
et al. (2009, 2005) 

Burgers LC

UM

earthquakes, some 
(frictional) creeping 
fault patches

stable frictional slip and/
or viscous shear zone 
creep in lower crust

frictional afterslip
(weakly velocity 
strengthening)

viscoelastic lower crust and upper 
mantle layers: Burgers body:

(low -    mantle asthenosphere)η

Burgers
MOHO

tc = decades

ηo = 2 − 5 × 10
19Pa s

ηs > 5 × 10
20Pa s

•
•
•

η

η

No experimental justification for such a 
dramatic evolution of effective viscosity

•

Based on the experiments of Post (1977) and Chopra (1997):

ηs

ηo

= 2 − 7
We (and Hetland 2005 and 
2009) require at least 10.

•      evolution rate     depends on
       as shown here: SLOW
η
ε̇

tc

ε̇ tc

10
−14 /s

10
−12 /s

20,000 years

304 years
10

−11 /s 35 years

10
−13 /s 2,650 years

We (and Hetland 2005 and 2009) require decades. The 
data above are for dry dunite. Evolution for wet peridotite 
would be faster but I cannot find any experimental data.



upper mantle shear zones:  
much lower viscosity than host 
rock (to 950° C) 

same with lower crustal shear 
zones (e.g., Mehl and Hirth, 
2008)

Grain-size sensitive creep makes viscous 
shear zones that extend down to the Moho 

Warren and Hirth, 
2006

60

“reference model” which 
worked for the NAFZ

quakes and 
afterslip

Burgers lower crust and
upper mantle

slip and 
afterslip

Maxwell

Maxwell

Maxwell

M
ax

w
el

l

ηl

ηa

ηsz

quakes and 
afterslip

layer 1

layer 2

(Maxwell or power-law
layers, Maxwell channel)

=
?

Test models: Target:

Is transient rheology required if we model 
lithosphere a bit more realistically?



Conclusions so far 
(work in progress)

• Burgers body material still needed, but required     change may be 
more consistent with available lab values

η

• Models with a moderate asthenosphere     and a high shear zone 
(and lithosphere)     work bestη

η

• Experimental constraints on transient rheology for more rock types 
at high P and T would be nice.

• A lithosphere-scale shear zone can help explain high postseismic 
velocities while preserving localized, stationary interseismic 
deformation
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ηsz

wsz

ηa

ηl

=  2D 

= 10    Pa s21

vary
vary*

slip and 
afterslip

Maxwell

Maxwell

Maxwell

M
ax

w
el

l

channel + 2 layers

ηl

ηa

ηsz

slip and 
afterslipD

3.5D

2D

layer 1

layer 2 8D

*or depth-dependent 
power-law rheology from 
Hirth and Kohlstedt, 2003 

Test model parameters (today)
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x/D
V/

Vo

0.5

-0.5

Do any of the channel models produce 
stationary interseismic deformation?

5 100 1551015

WRSS

Sl
ip

 ra
te

 / 
Vo

1

1.5

0.5
Locking depth / D

0.5 1.5 21

Estimate locking depth (z  ) and slip rate (u   ), 
60 and 200 years into a 300-year earthquake cycle

l o
For each model:

Lo
g 

as
th

en
os

ph
er

e 
vis

c.
 (P

a 
s)

Log shear zone viscosity (Pa s)

Models with a stiff shear zone produce 
stationary interseismic deformation

apparent change in locking depth
zl(200 yr)

zl(60 yr)

ad
m
is
si
bl
e
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Models with low 
asthenosphere 
viscosity work best.

Are any of the admissible channel models also 
consistent with Izmit postseismic deformation?

*squared mean velocity residuals

Contours of misfit* to 
velocities from the 
reference Burgerʼs 
Body model with

Lo
g 

as
th

en
os

ph
er

e 
vis

c.
 (P

a 
s)

Log shear zone viscosity (Pa s)

ηo = 5 × 10
19Pa s

6 years into a 
300-year cycle
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Lo
g 

as
th

en
os

ph
er

e 
vi

sc
. (

Pa
 s

)

Log shear zone viscosity (Pa s)

velocity profiles:  6 years

reference 
Burgers 
model

transient rheology in the channel (shear zone)?

Fit of best channel model to 
postseismic velocities: not so good

velocity profile is fit poorly in the near field.•
•



Best model with transient rheology for the 
channel material (so far)

Required channel parameters:

ηo = 2 × 10
19 Pa s ηs = 10

20 Pa s tc = 10 years

5+

reference model

Burgers 
channelchannel

Conclusions so far 
(work in progress)

• Burgers body material still needed, but required     change may be 
more consistent with available lab values

η

• Models with a moderate asthenosphere     and a high shear zone 
(and lithosphere)     work bestη

η

• Experimental constraints on transient rheology for more rock types 
at high P and T would be nice.

• A lithosphere-scale shear zone can help explain high postseismic 
velocities while preserving localized, stationary interseismic 
deformation



ULUT

TUBI

TEBA

SIVR

SILE

SEYH

SELP

SEFI

PIRE

OLUK

NALL
MHGZ

YIGI
28 mm/yr

ABAT
AGUZ

AKCO
ALAP

ANKR

AVCI

BOZT

CINA

CMLN

DEVR

DUMT

ESKI

FIS1

HMZA

IGAZIUCK

KANR
KANT

KAZI KDER

KIBR

KRDM

KTOP

KUTE

LTFY

MEKE

MER1
D

Dʼ

Blue = pre-Izmit GPS velocities, 1-sigma errors
Pink = block model velocities (Reilinger et al., 2006)

Izmit: Is a broad zone of Maxwell viscoelastic 
upper mantle compatible with interseismic 

GPS velocities?

D Dʼ
Reilinger et al., 2006

•$ localized strain around NAFZ: like a 20 km locking depth
•$ insensitive to time since previous major earthquake
$ (profiles across other NAFZ segments look similar)

Interseismic GPS velocities

Can lower crust or upper mantle with a viscosity 
of   5 x 10   Pa s produce this? 19



Can the postseismic deformation model 
explain the observed interseismic deformation?

Earthquake cycle modeling is required

η
UM

LC
η

fix
ed

V 
=

 2
0 

m
m

/y
r

0 400 km

•% impose periodic earthquakes and velocity 
boundary conditions on 3D finite-element model 
of NAFZ and lithosphere

•% model several cycles, until cycle invariant status 
attained

•% compare absolute velocities at appropriate time 
in the earthquake cycle to GPS velocities

periodic coseismic slip

frictional afterslip:
all models to 24 km 
(some to 32 km)

viscoelastic layers:
•" linear
•" nonlinear
•" transient

Earthquake cycle models

0 km

24 km

32 km

to 300 km



•  Earthquake cycle models
•  Block models (kinematic)

How do we model interseismic 
deformation?

Depth distribution and rate of 
aseismic slip



Afterslip velocity
(mm/yr)

Shear stress perturbation
(MPa, relative to 20 MPa background stress)

3 y

9 y

16 y

42 y

140 y

Aseismic slip rate and shear stress 
fluctuations over the interseismic interval

Meanwhile, viscoelastic relaxation is occurring in the 
upper mantle, and together these processes control 

interseismic velocities around the fault.



Best postseismic model is incompatible with 
interseismic GPS velocities around the NAFZ

0 2 4 6 8 10 12 14 16 18 20
0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

x/D

V 
/ V

o
3.5 (0.01)

16 (0.05)

63 (0.2)

206 (0.7)

300 (1.0)

8.6 (0.03)

27 (0.1)
42 (0.13)

141 (0.5)

time in years (time/return time)
Reilinger et al. 
2006 interseismic 
GPS data
No variation with
time in EQ cycle!

Model prediction
for 1940ʼs rupture
segment

Modeled velocities 
around fault are 
very sensitive to 
time since the last 
earthquake

Explore other mantle rheologies:
nonlinearly stress-dependent viscosity

20.5

18.5 18.5

19

19.5

20

20.5

Nonlinear rheology (n=3.5)

log
 η

coseismic

300 years

eff

Q is activation energy 
R is the gas constant
A is an experimentally determined constant*
σ is the differential stress
*sensitive to grain size, melt fraction etc,  YMMV.
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o

3.5 (0.01)
16 (0.05)

8.6 (0.03)

27 (0.1)

time in years (time/return time)

63 (0.2)

206 (0.7)141 (0.5)

42 (0.13)

300 (1.0)

Nonlinear rheology

interseismic 
GPS

This is a bit better...

Problem

Differential stress is too low for dislocation creep 
(nonlinear flow with n > 3)

2

1

0

Nonlinear rheology (n=3.5)

coseismic

300 years

0

1

2

Differential
   Stress
   (MPa)



20.5

18.5 18.5

19

19.5

20

20.5

Transient rheology
log
 η

coseismic

300 years

eff

Explore other mantle rheologies: Burgers Body 
rheology (two viscosities)

see also Hetland (2005) for 2D analytical models of the NAFZ with transient 
mantle rheology based on the correspondence principle!

ηeff = ηinit + dη(1 − e−t/tchar )

depends on time since a step in stress rateηeff

tchar

dη/ηinit depend on change in stress rate
and on temperature (for dunite,

Chopra, 1997)

and

0 2 4 6 8 10 12 14 16 18 20
0

0.5

1.0

1.5

x/D

V 
/ V

o

3.5 (0.01)

16 (0.05)

300 (1.0)

8.6 (0.03)

27 (0.1)

42 (0.13)

time in years (time/return time)

63 (0.2)

Transient rheology

interseismic GPS

dη/ηinit = 10 ηinit = 2 to 5 x 10    Pa s tchar= 10 years19

This is good - little variation in strain rates 
for most of the interseismic interval



upper crust

trans. lower crust?

transient 
upper mantle

(mantle asthenosphere)

η

η

LC

UM

episodic 
earthquakes

RS friction or 
(at greater depths) 
viscous shear zone

What do models of postseismic and 
interseismic deformation tell us about the 
NAFZ plate boundary?

broad mantle shear 
zone with transient 
(Burgers) rheology

Could the NAFZ model work for the SAF?

•$ no M 7.5’s in the GPS era: if there is a 
transient or nonlinear response, it could be 
hard to see til one happens.

•$ from Parkfield: shallow frictional afterslip 
occurs first (Johnson et al. 2006).

•$ rich history of earthquake cycle models. 
-- Rate-and-state frictional or viscous fault plus Maxwell substrate 
(Johnson et al., 2004; Li and Rice, 1986, and more). 
---Models with nonlinear lower crust (Reches et al., 1993)
--- Many earlier / classic models (e.g. Savage and Prescott, 1978; Segall 
% 2002, Thatcher 1983)



Subduction zones: similar models assumed though true 
viscoelastic earthquake cycles are lacking

Consensus that earthquakes, rapid afterslip 
and viscous flow in a wide viscoelastic 
shear zone at depth accommodate relative 
motion across fault zones

Unresolved: 

Localized shear zone or broad scale 
viscoelastic flow in the lower crust?

Velocity-strengthening or viscous fault 
zone creep in the middle crust?

Rheology of the mantle?

Absolute stresses and friction along faults


