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what?where?



There are permanently compliant zones around 
active faults in the Mojave and elsewhere (e.g., 
Fialko et al., 2002; Li et al., 1999). 

These zones soften slightly (damage increases) in 
response to local earthquakes (Vidale and Li, 2003). 

Idea: compliant zones as stress barometers?

In an earthquake, these zones should strain in 
response to both the total stress (due to coseismic 
CZ weakening) and coseismic stress change (due to 
permanent CZ weakness). 

Hearn, E and Y. Fialko, J. Geophys. Res. 2009
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says about the state of stress in the upper crust
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Pockets of damaged material in the 
uppermost crust around active faults

Concentrated strain 
shows up as wrinkles on 
filtered inSAR images of 
coseismic deformation.

Colors are line-of-sight 
(LOS) displacements, 
toward the satellite.

+ is upward and east-
southeast. 

- is down, west-
northwest
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Damaged material in the uppermost crust 
around active faults: past models

Models suggest ~1-2 km 
wide zones, 3-15 km 
deep, with G about 
50% of host rock value 
(varies).

Seismic studies show 
these low-strength 
zones, but ~100 m 
wide.



1-2 km wide compliant zone
concentrates strain and is 
observed in interferograms

A ~100 m wide, highly damaged zone 
(which traps seismic waves) may 
extend down to 10-15 km

InSAR (Cochran et al., 2009) 
suggests lateral tapering of elastic 

properties.

Likely features of highly damaged (compliant) 
zones around faults

geodetic and seismic 
data and static 
deformation models
(e.g. Cochran et al., 
2009, Fialko et al., 
2002, Vidale and Li, 
2001, 2003, and 
others)

damage rheology models of fault formation and 
models of dynamic rupture propagation with 

plastic strain (Finzi et al., 2009; Ma et al., 2008)



Typical FE 
deformation 

model

This study and 
Fialko group 
CZ models

width = 400 m to km’s
depth = 1 km to 15 km

Our tapered
CZ models

Our models: softened continuum surrounding 
faults (still oversimplified)
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Crustal faults have long been identified as sites where localized
sliding motion occurs during earthquakes1, which allows for the
relative motion between adjacent crustal blocks. Although there
is a growing awareness that we must understand the evolution of
fault systems on many timescales to relate present-day crustal
stresses and fault motions to geological structures formed in the
past, fault-zone damage and healing have been documented
quantitatively in only a few cases2,3. We have been monitoring
the healing of damage on the shallow Johnson Valley fault after
its rupture in the 1992 magnitude-7.3 Landers earthquake, and
here we report that this healing was interrupted in 1999 by the
magnitude-7.1 Hector Mine earthquake rupture, which occurred
20–30 km away. The Hector Mine earthquake both strongly
shook and permanently strained the Johnson Valley fault, adding
damage discernible as a temporary reversal of the healing
process. The fault has since resumed the trend of strength
recovery that it showed after the Landers earthquake. These
observations lead us to speculate that fault damage caused by
strong seismic waves may help to explain earthquake clustering
and seismicity triggering by shaking, and may be involved in
friction reduction during faulting.
Our field experiments (Fig. 1) were conducted in 1994, 1996,

1997, 1998, 2000 and 2001. The 1996 and 1997 experiments were
less comprehensive owing to logistical difficulties. Each experiment
was very similar: seismometers were re-buried in the same holes and
the explosions were in 35-m drill holes, which were sited within
10m of the previous years’ holes. The seismic arrays line 1 and line 3
had 36 and 21 seismometers, respectively. The first repetition was
used to map Landers fault-zone fine structure as a function of
depth4. With the added iterations, we have watched the fault evolve
with time.
We infer that the rupture reduced the seismic wave speeds, which

have been subsequently recovering, although data from before the
Landers earthquake are lacking. Figure 2a–c shows the increase of
compressional (P)-wave and shear (S)-wave velocity with time after
the 1992 Landers rupture. The 1994 and 1996 observations of
healing at Landers showed recovery of seismic velocity by about
2%. The survey in 1998 showed a reduction of the healing rate by a
factor of two between 1994–96 and 1996–98. The ratio of the rates of
P-wave and S-wave speed recovery is consistent with healing caused
by closure of cracks that are partially fluid-filled5. A similar
experiment at HectorMine has confirmed that healing is not unique
to Landers and shows that there is variability in healing rates among
the fault segments that we havemeasured2. Our results are similar to
an observed drop in wave speed at the time of the Loma Prieta
earthquake, which recovered over subsequent years6,7 and has also
shown damage from a smaller event3. By contrast, another study
does not show healing 5–7 yr after the Kobe earthquake, but does
suggest damage and rapid healing on the Kobe fault zone resulting
from the Tottori earthquake8.
The velocity increase is consistent and diminishing in rate over

time across the 1994, 1996, 1997 and 1998 surveys. In the 2000

survey, however, the velocities in the fault zone decreased for both
types of wave and all six ray paths, although the velocities for the
outer stations did not significantly change. The following year
(2001), the survey showed a resumption of healing for both types
of wave on all lines. Figure 3 shows the depth dependence of the
inferred healing.

The magnitude-7.1 1999 Hector Mine earthquake occurred
between the 1998 and 2000 surveys, and provides the most likely
cause for the temporary reversal in the polarity of the velocity
change. An alternative is that the water table was tens of metres
higher in 2000 than in other years, but this is unlikely because water
table changes of that magnitude would be surprising. In addition,
water table changes would affect the P-wave velocity much more
than the S-wave velocity, contrary to the change observed, and 1997
and 2001 are the years that had the greatest rainfall (see Western
Regional Climate Center website: http://www.wrcc.dri.edu/).

The Hector Mine earthquake could have caused the observed
change in seismic wave speed in two ways. These involve dynamic
and static stresses, which have already been cited as possible
mechanisms for triggering distant aftershocks and inducing defor-
mation on faults. Dynamic stresses during the Hector Mine earth-
quake on the Johnson Valley fault were a fewmegapascals, and static
stress changes caused by the earthquake are perhaps half a mega-
pascal (ref. 9).

Most probably, the dynamic stresses during the strong shaking
cracked connections in the rock—as we infer the Landersmainshock
did in 1992—but to a lesser degree. This damage is healing in
subsequent years, just as we observe the main shock damage to
be healing. Such shaking-induced damage has been observed in
laboratory studies10. The concept of our model is shown in Fig. 4.

Figure 1 Map of Landers and Hector Mine ruptures. Black lines indicate mapped surface
breakage25,26, yellow lines show rupture inferred from seismic and geodetic studies27,28,

stars show the locations of shot points SP3, SP4 and SP5, and broken lines show the

extent of the seismometer profiles line 1 and line 3, which have 36 and 21 seismometers,

respectively. Fault segments are labelled as follows: CRF, Camp Rock fault; ELF, Emerson

Lake fault; HVF, Homestead Valley fault; JVF; Johnson Valley fault; KF, Kickapoo fault; LLF,

Lavic Lake fault.
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Vp and Vs decrease slightly in response to 
shaking during local earthquakes

inferred from fault-zone-guided waves on the scale of a few hundred
metres4.
Previously we showed that fault zones heal5, and here we have

shown that the combination of shaking and static stress reduces the
modulus of a recently broken fault zone. This probably indicates
that the strength of the fault was reduced, which could trigger
earthquakes. Our observation thus may provide a direct measure-
ment of themissing connection between shaking and the facilitation
of distant aftershocks20,21. Regional clustering of earthquakes is
another plausible result of one big earthquake weakening the
regional set of faults around it, either as an anomalous activation
of a region22 or as the progression of ruptures along a fault, with the
shaking modulated by directivity23.
Another implication of our result is that existing friction laws

may need improvement. Currently, friction is modelled simply (or
not so simply) as a function of a state variable, which is the history of
sliding, and current sliding rate of a point on a fault plane24. If
shaking can significantly reduce strength, it may also help to explain
the puzzle of aftershock occurrence very near the mainshock fault
plane, which strikes where the Earth has been strongly shaken but
where the regional stress is reduced. Shaking-induced weakening
also may be involved in the progression of rupture during earth-
quakes, because strong shaking is likely to precede the arrival of the
rupture front. A

Received 22 August; accepted 29 November 2002; doi:10.1038/nature01354.
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Agnathan fish hold a key position in vertebrate evolution,
especially regarding the origin of the head and neural-crest-
derived tissue1. In contrast to amphioxus2, lampreys and other
vertebrates possess a complex brain and placodes that contribute
to well-developed eyes, as well as auditory and olfactory systems3.

Figure 4 Model of velocity as a function of time owing to damage from the Landers

rupture, the Hector Mine shaking, and the combination of the two compared with

observations. Shown is healing as a logarithm of time10, although details just after each

event and extrapolating into the future are not well constrained. The velocity before the

Landers earthquake was not measured.
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Vs decreased by about 1-2%
  Vp  decreased by a similar percentage (maybe a bit more)

Vidale and Li (2003)



Coseismic changes to G and     ,  
based on decreases in Vp and Vs
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Coseismic changes to E and    ,
based on changes to Vp and Vs
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1 Compliant zones around faults, 
coseismic changes to their elastic properties
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How we would expect compliant zones to deform in 
response to a nearby earthquake?

How compliant zones actua!y deform and what this 
says about the state of stress in the upper crust and 
stress transfer

3 Modeling approach
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Strain in response to softening

 is vertical

σ1

σ2

σ3

 is oriented N 20  E
 is oriented N 70  W

σ1

σ3

• for NW-oriented Mojave faults, deviatoric stress 
should cause right-lateral strain (some contraction)

• sense of strain depends on the orientation of the 
fault zone relative to the stress field

• amplitude of this component depends on stress, 
elastic properties, and % softening of the CZ

σ2 = ρgh

amplitudes:   
σ1 σ3and   

•
• transtension
vs. transpression
vs. pure shear

µ



What happens when bulk modulus K decreases
(with no change to lithostatic stress)?



CZ deformation due to weakening: Lithostatic 
stress should always cause subsidence

Before earthquake. Response to coseismic 
weakening of CZ (unless 

it’s incompressible).
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Modeling Steps

Model deformation of model with compliant zones, in response 
to Hector Mine or Landers earthquake stress change   

∂σ
contribution

Scale and sum to see what contribution from the total stress and 
coseismic weakening of compliant zones is permissible

+

=
total 
deformation
from both 
contributions

Model deformation with compliant zones with Young’s 
modulus = Eo, under regional stress

Model deformation with slightly softer compliant zones under 
regional stress (e.g. with E’ = 0.99Eo)

Difference the two results to get CZ deformation in response 
to softening, caused by regional stress

 (softening)
contribution

∂E



Compute coseismic stresses with ensemble mesh 
and use a finer mesh to model CZ deformation.

Are coseismic stresses at the profiles sensitive 
to presence of the other CZ’s?



compliant zones are 50% 
weaker than surroundings 

and extend to 15 km

Layered elastic model (modified from Jones and Helmberger 1998)
Impose earthquake slip (inverted from GPS). 

Model deformation of model with compliant zones, in response 
to Hector Mine or Landers earthquake stress change   

∂σ
contribution
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Stress applied via:
               • displacing boundaries (shear and normal stress)
               • displacing boundaries + gravitation (lithostatic stress) 

Coseismic stress from the big model (do not vary). 
Various estimates of tectonic stresses.
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• CZ dimensions
• Background stress
          deviatoric (resolved shear and normal)
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• CZ elastic properties and % softening

Finer meshes



Sensitivity of modeled strain to element size
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Adding the softening contribution
•   assume a 1% decrease in E
•   vary CZ width (400m to 2 km) and depth (1 to 15 km)
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What works?

• 2 km wide near the surface
• may taper at depth
• incompressible or anisotropic? (to prevent subsidence)
• background stress: pure shear, high friction

If we restrict softening to a few % and CZ is half as rigid as the host rock:
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Camp Rock Fault LOS displacement profile 
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Distance from center of CZ  (km)
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Adding the softening contribution

•   assume a 1% decrease in E
•   vary CZ width (400m to 2 km) and depth (1 to 15 km)



What works for the Camp Rock Fault CZ?
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• 2 km wide near the surface
• may taper at depth
• incompressible or anisotropic? (to prevent subsidence)
• background stress: pure shear, high friction

Must soften 4-9 % and CZ is >80% as rigid as the host rock



Best PMF and CRF models

Similarities:

Differences:

• 2 km wide near the surface
• may taper at depth
• incompressible or anisotropic? 
  (or shallow?) to prevent subsidence
• background stress: 
  pure shear, high friction 
  coefficient

• Different strength contrast with host rock
• Different % softening in response to earthquake



Given
• compliant zone geometry and strength contrast

• % change in elastic properties

• coseismic stress perturbation

we should be able to place constraints on background stress 
on the uppermost crust using models of compliant zone 
strain based on LOS displacements.

(targeted seismic, geodetic, and modeling studies) 

(trapped wave and other seismic studies)

(dense GPS and seismic networks, elastic model) 

Also
• Compliant zones probably do not influence static stress 
transfer significantly at distances of exceeding tens of km.

Main conclusion



+1−1 Stress (MPa)

σx'x'

τx'y'
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Future directions:

• Model spatial variations 
in elastic moduli
• Model more extreme 
tapering with depth (to 
100 m)
• Why no subsidence?

A

A’ up!

up!up!


