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Ambient tectonic stress as fragile geological feature
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Abstract Strong seismic waves produce frictional failure within shallow pervasively cracked rocks. Dis-
tributed failure preferentially relaxes ambient tectonic stresses, providing a fragility measure of past strong
shaking. Relaxation of the regional fault-normal compression appears to have occurred within granite from
768 m down to �1000–1600 m depth at the Pilot Hole near Parkfield, California. Subsequent movements
on the main fault have imposed strike-slip stress within the relaxed region. Peak ground velocities of
�2 m s21 are inferred for infrequent (few 1000 yr recurrence) past earthquakes from stress relaxation within
the granite and from the variation of S wave velocity with depth in the overlying sandstone. Conversely, fre-
quent strong shaking in slowly deforming regions relaxes shallow ambient tectonic stress. This situation is
expected beneath Whittier Narrows, where strong Love waves from numerous San Andreas events repeat-
edly produced nonlinear behavior.

1. Introduction

Fragile geological features provide evidence of the intensity of past seismic shaking. Precariously balanced
rocks are widely used in this manner [Brune, 2001; Anderson et al., 2011]. The survival of the rocks indicates
that a level of shaking (that can be calibrated) was not reached during the lifetime of the rocks. Conversely,
failure of the feature, here toppling of the rocks, indicates that the level was exceeded. It is worth appraising
additional possible fragile features as conditions suitable for the formation of precarious rocks are not ubiq-
uitous and as precarious rocks are sensitive to modest levels of shaking.

The purpose of this paper is to illustrate and appraise the hypothesis that the persistence of shallow ambi-
ent tectonic stress can be used as a fragile geological feature to constrain the amplitude of past strong shak-
ing. My methodology provides evidence on stronger levels of shaking than do precarious rocks. It is
relevant to the possible rare occurrence of extreme shaking within relatively stable areas [Hanks et al., 2006;
Andrews et al., 2007; Anderson et al., 2008].

The basic physics of the hypothesis are relatively simple, yielding analytical expressions for past dynamic
strain and peak ground velocity (PGV). Dynamic stresses from strong seismic waves impinge on rocks with
ambient tectonic stresses. The stressed rock becomes nonlinear with sufficiently high total stress. The sum
of the oscillating dynamic stresses, zero-tensor-average local prestresses, and static tectonic stresses drives
coseismic anelastic strain; cracks within the rock mass do not distinguish between these remote sources of
stress. Frictional failure distributed throughout the rock mass tends to relax the combined stress. Repeated
failure within a rock mass during random oscillating dynamic stress thus tends to relax the ambient tectonic
stress. This work follows the use of damage from cracking in shallow ambient rock as a fragile geological
feature [Sleep and Erickson, 2014].

Conversely, knowledge of coseismic stress relaxation allows prediction of ambient tectonic stresses and
comparison with observations. As a societal matter, nonlinear numerical models of strong seismic waves
from San Andreas events include spatially varying ambient tectonic stresses [Roten et al., 2014]. The exis-
tence of these stresses produces an apparent anisotropy with regard to which directions of Love waves
propagate efficiently. In particular, models of San Andreas events indicate that high-amplitude Love waves
pass through Whittier Narrows on their way to Central Los Angeles. The nonlinear behavior occurs in the
upper few hundred meters, so the ambient tectonic stress at those depths in this locality is relevant.

The approach of this paper is to model the interaction of dynamic and static stresses in cracked rock to con-
strain when strong seismic shaking relieves ambient tectonic stresses. The formalism yields closed-form
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expressions in terms of convenient variables. That is, material properties that can be measured and peak
ground velocity. I begin with an outline of the well-known construct of rate and state friction and qualita-
tively extend the formalism to waves in the three-dimensional subsurface. I consider downhill slip on a
shaken hillside as a simple illustrative numerical example. I then I apply the methodology to the Parkfield,
California region to constrain the maximum amplitude of past strong shaking. I finally constrain the likely
shallow tectonic stress beneath Whittier Narrows where strong shaking is frequent.

With regard to the reality of ambient tectonic stress changes within shallow hard rocks, Nakata and Snieder
[2012a] measured the direction of S wave anisotropy within the uppermost few hundred meters by analyz-
ing records from collocated borehole and surface stations. The direction of anisotropy is that expected from
trench-normal compression. Furthermore, strong shaking during MW 9.0 Tohoku-Oki earthquake of 2011
decreased the shallow S wave velocity at numerous stations showing that rock damage did occur [Nakata
and Snieder [2011, 2012a, 2012b; Sawazaki and Snieder, 2013]. The orientation of anisotropy and the S wave
splitting time changed at some stations. Further analysis of these data including calibration of anisotropy
changes versus stress changes is beyond the scope of this paper.

2. Frictional Sliding Driven by Ambient and Oscillating Stresses

Qualitatively, the rocks beneath Parkfield and Whittier Narrows have been affected by long histories of
strong seismic waves. I model failure in rocks having pervasive fractures with Coulomb friction in a typical
individual event. Deformation is sliding friction on the scale of a fracture and internal friction on the scale of
a seismic wave. Strong dynamic deformation takes a fracture beyond its failure limit. Once slip is underway,
the combined shear traction from dynamic stress, prestress, and ambient tectonics stress on the fracture is
relaxed. Over time, repeated episodes of oscillating dynamic stress systematically relax the tectonic stress.
This effect can be qualitatively visualized as follows: failure is most likely when the dynamic shear traction,
the prestress shear traction, and the tectonic shear traction are aligned. Slip on the crack then has the sense
to relieve the ambient stress. A fracture with no ambient shear traction is further from failure than a fracture
with ambient shear traction, so it is least likely to fail during random oscillating shaking.

The process is related to the concept of ratcheting where an object experiences a net rigid body motion
over each frictional cycle [Barber and Ahn, 2013]. Low-cycle fatigue [Lubliner, 1990] is another related con-
cept, where cracking during repeated strong seismic shaking progressively reduces ambient shear modulus
[Sleep and Erickson, 2014]. Safe frictional shakedown, where oscillating stresses may bring every crack below
the criterion for frictional slip [e.g., Barber, 2011], may apply to the rock mass once shaking has ceased until
the next earthquake. I examine stress relaxation directly from shaking and reduction of the ambient shear
modulus from repeated coseismic cracking in sections 4.2 and 4.3, respectively, with respect to rocks
beneath Parkfield.

2.1. Rate and State Friction
I begin with the strength of pervasively cracked material at the start of strong seismic waves, beginning
with scalars to introduce traditional rate and state friction. Slip on individual fractures is sliding friction. The
derivation follows that of Sleep and Hagin [2008] and Sleep [2010, 2011a, 2011b, 2012], concentrating on
slip in the shallow subsurface driven by strong seismic waves in the presence of residual stresses.

In terms of scalars, the instantaneous shear traction s as a function of normal traction P on a fracture is

s5P½l01aln ðe0=e0refÞ1bln ðw=wnormÞ�; (1)

where the dominant term l0 � s=P represents the approximation that the coefficient of friction has a con-
stant value for a given surface (Amontons’ law), a and b are small �0.01 dimensionless constants, e0 � V=W
is the strain rate, V is sliding velocity, W is the width of the sliding zone within the fracture, e0ref is a reference
strain rate, and w is the state variable that includes the effects of healing and damage, and the wnorm is the
normalizing value of the state variable which represents transient variations of normal traction [Linker and
Dieterich, 1992]. The term l02aln ðe0refÞ is effectively one constant; e0ref may be set to a convenient value;
experimental data then determine l0. The strain rate (as opposed to sliding velocity) form of the rate and
state equations originated in the work of Ruina [1980]. It is useful here in that the strain rate on numerous
fractures within the rock mass produces a tensor strain rate averaged over rock mass volume.
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Behavior of quiescent fractures between earthquakes and failure of fractures during shaking are relevant. I treat
them separately for brevity to avoid the complications of a hybrid approach [Sleep, 2012]. During the interseis-
mic period, the state variable on static fractures increases. The aging law represents this effect [Dieterich, 1979]

@w
@t

5
e0refPa=b

eagePa=b
ref

2
we0

eage
; (2)

where t is time, eage is a strain to significantly change the state variable. The pressure term represents the
effect of sudden changes in normal traction; a is a dimensionless coefficient and Pref is a reference normal
traction. Equation (2) applies when the strain rate in the second term is small; the state variable increases
linearly with time [Sleep, 2012]. The slip law [Ruina, 1983] applies once significant sliding is underway,
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where eslip is the slip to significantly change the state variable. The derivative in (3) is 0 at steady state and
the argument of the logarithm is 1. This yields that the steady state value of the state variable is

wss5
Pa=be0ref

Pa=b
ref e0

: (4)

Note that the aging law (2) formally has the same steady state but this law does not apply once significant
sliding is underway. It is well known that the shear traction in (1) at steady state increases with strain rate if
b < a and decreases if b > a. Fracture planes are sliding velocity strengthening in the former case and
velocity weakening in the latter case. Velocity weakening is a necessary condition for gradual creep to
become unstable seismic slip.

With regard to transient changes in normal traction, the shear traction in (1) at steady state sliding is inde-
pendent of normal traction when wnorm5ðP=PrefÞa=b. I do not consider changes in normal traction in detail,
as S waves and Love waves do not change the mean normal traction. That is, I set Pref to the ambient nor-
mal traction P and wnorm51. The basic feature that strong shaking relaxes tectonic stresses carries through
when normal traction fluctuates, but with more complicated mathematics. The process is then qualitatively
similar to shaking a machine to unjam a stress concentration.

I solve (1) for strain rate to obtain a flow law that illustrates the conditions on an ambient crack at the start
of seismic shaking,

e05e0refexp
s2l0P

aP

� �
w2b=a

old ; (5)

where wold is a large value obtained from (2) if the crack has not slipped interseismically and a moderately
large value in (4) if the crack has come to steady state creep. I use (2) and (5) to contrast interseismic creep
behavior with behavior during strong shaking within the shallow subsurface where the velocity strengthen-
ing condition a > b applies.

The shear traction s increases gradually with time during the interseismic period from (mainly deep) proc-
esses away from the crack under discussion. Creep on the crack is most likely when the imposed interseis-
mic stress is favorably oriented with respect to preexisting stress. Eventually, the strain rate in (5) within the
crack may become large enough for slip on the crack to partially relax the shear traction on the crack. Strain
rate on the crack evolves to steady state where it balances the imposed interseismic strain rate. The state
variable approaches steady state in (4).

Dynamic strain suddenly imposes dynamic stress throughout the rock. The parameter a is �0.01 and the
normal traction and shear traction at failure are comparable. The strain rate increases from a trivial value to
a very large one over a small (few percent) relative increase in shear traction. Once slip starts, the state vari-
able quickly drops to a low value in (3). Slip on the crack becomes effectively unstable. Crudely, the crack
either fails at a stress around s5lstartP or it does not. (The parameter lstart is the effective starting friction
that includes the effect of the state variable in (5). The effective coefficient of sliding friction with a low
value of the state variable is much less.)
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Once crack sliding is underway, slip is comparable to that to relax the imposed dynamic strain, but the
details are somewhat unpredictable. The stress drop may be near total rather than a modest fraction of the
total shear traction predicted by rate and state friction. Shear heating at high slip rates weakens major faults
once large earthquakes are underway [e.g., Beeler et al., 2008; Noda et al., 2009; Dunham et al., 2011a,
2011b]. The applicability of this mechanism is doubtful with regard to small displacements on distributed
cracks. The low confining pressure in the shallow subsurface may be important. Slip may transiently dilate
cracks out of contact greatly reducing their strength.

Returning to data, small earthquakes driven by dynamic strain in the shallow subsurface confirm the reality
of coseismic crack failure [Fischer et al., 2008a, 2008b; Fischer and Sammis, 2009]. The largest of these events
produce accelerations above 1 g [Aoi et al., 2008; Sleep and Ma, 2008]. Cracks where the dynamic shear trac-
tion is favorably oriented with respect to prestress and tectonic stress favor preferentially. The process
grades into triggering of tectonic earthquakes at greater depths [Hill, 2008].

With regard to a mathematical caveat, the alternative temptation to expand (5) into a Taylor series should
be avoided. To illustrate, I let s5sdyn1samp, the sum of the large dynamic shear traction and a smaller ambi-
ent shear traction. The strain rate is e05e0dyn1De0, where e0dyn is the creep rate in (5) from the dynamic stress
alone and De0 is the change. The predicted relative change in creep rate is,

De0

e0dyn

5
samp

aP
: (6)

The series usefully converges only for tiny ambient stresses where the predicted relative change is less than 1.

2.2. Application to Three Dimensions
The subsurface is three-dimensional. I present tensor formalism as a qualitative guide and as an outline to
formulating numerical models. Seismic waves impose deviatoric dynamic stress sijðdynÞ and dynamic strain
eijðdynÞ (ij are tensor indexes) on a rock mass. The rock mass has ambient deviatoric stress sijðambÞ. Past
crack failure imposes random zero-tensor-average prestresses sijðpreÞ that vary between individual cracks.
These stresses resolve into shear tractions on very numerous randomly oriented cracks. Failure on an indi-
vidual crack occurs when the sliding velocity in (5) becomes large.

I constrain the net anelastic strain rate in a mass of rock with pervasive interacting cracks. Roten et al. [2014]
used a simple and computationally efficient formalism. The Drucker and Prager [1952] relationship uses
invariants of the total stress tensor rij and the deviatoric stress tensor sij . The most straightforward general-
ization rate and state to a rock mass is that normal traction in (1–5) becomes jPj � rii=3 (compression posi-
tive), and the shear traction becomes jsj / ffiffiffiffiffiffiffiffi

sijsij
p

, normalized so that it is the shear traction in simple shear.
Friction failure occurs when jsj > lstartjPj. The applicability of this these inferences to shallow rocks are a
potentially testable hypothesis.

Qualitatively, failure within a rock with prestressed fractures occurs over a range of stresses with the favor-
ably oriented fractures failing first. Residual stresses on a crack after slip subsequently become prestresses
for later events. Repeated shaking and crack failure maintain zero tensor average but nonzero root-mean-
square prestresses at a quasi steady state. Fractal stresses provide a useful representation of the microme-
chanics [Marsan, 2005].

As a further caveat, some fractures may experience low normal traction or even absolute tension during
shaking. Shear strength is then lost. Qualitatively, near total stress drops then can occur on these cracks. For
example, relationships based on invariants do not give precise representations for attenuation within a
material with widely distributed noninteracting cracks that come into tension [Jana and Chatterjee, 2013].
An improved relationship beyond that of Drucker and Prager [1952] is not available for a pervasively cracked
material.

To continue, the rock mass now experiences strong oscillating seismic shaking. Cracks fail within the mate-
rial at the times they are favorably oriented. Slip occurs in the sense to relax the instantaneous stress. In the
case of significant nonlinear failure of the rock mass, the anelastic strain near a failed crack is proportional
to the sum of the elastic strains (as obtained by assuming linearity) from dynamic, ambient, and local pre-
stress stress
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Deij �
1
G

sijðdynÞ1sijðambÞ1sijðpreÞ
� �

; (7)

where G is the shear modulus and sijðpreÞ is the local (zero-tensor-mean) prestress. The stress of failure
occurs when total shear traction exceeds jsj > sfail � lstartjPj. The scalar stress local drop scales with that
stress. Failure in (7) occurs most frequently and at lower dynamic stresses when the dynamic stress and
local prestress are dynamically aligned with the ambient stress. There is a net bias for anelastic strain in the
orientation sijðambÞ=jsijðambÞj to relax the ambient stress, as dynamic stresses and prestresses average to
zero over space and time.

Equivalently, the rock mass loses information on its initial state of average ambient stress and local prestress
after a sufficiently protracted strong shaking. Under external strain boundary conditions, the ambient tec-
tonic stress relaxes toward zero. The (possibly fractal) statistical distribution of prestress and its expected
average strain energy at this quasi steady state may be predictable, but the precise spatial distribution of
prestress is not. Frictional failure is envisioned here as finite stress drop from starting friction. For reference,
Barber [2011] examined the behavior of analogous systems where starting and sliding coefficients of friction
are equal and provided conjectures on approach to unique steady states.

2.3. Restoration of Ambient Tectonic Stress
Tectonic processes restore relaxed ambient stresses. I obtain the time scale of this process from its kinemat-
ics. I assume that the shallow subsurface is weak and hence has little effect on the rates deep processes
driving tectonic deformation. One obtains the scalar tectonic strain rate e0tect, for example, from the growth
rates of shallow geological structures.

For comparison with the tectonic strain rate, I obtain the geological rate of strain in the shallow subsurface
from coseismic stress relaxation by noting that the absolute value of strain in each failure event is
efail5sfail=G5lstartP=G. By assumption, dynamic stress and strain are significant in causing the failure. So the
dynamic strain at failure scales with efail, with the caveat that favorably oriented fractures failure below this
criterion. The fraction of anelastic strain associated with ambient stress scales as efailjsambj=ðsfailÞ5samb=G.
This slip recurs over an interval related to some multiple of the earthquake cycle time tquake. (Every nearby
earthquake need not produce strong shaking and an earthquake may only partially relax the ambient
stress.) The long-term scalar rate strain rate is dimensionally samb=Gtquake. Ambient stress relaxes dimension-
ally as

@samb

@t
52

samb

tquake
: (8)

This result applies when tectonic processes are not able to restore the ambient tectonic stress. Otherwise,

@samb

@t
52

samb

tquake
1Ge0tect; (9)

where e0tect is the tectonic strain rate. The steady state ambient stress is Ge0tecttquake. Tectonic stress essentially
relaxes if this quantity is much less than sfail. In terms of strain rates, tectonic stresses relax when
efail=tquake � e0tect.

3. Spring Slider on a Shallow Slope

The effective boundary conditions on a region within the Earth determine whether tectonic stresses can
locally relax. As an analogy, consider a spring supporting a weight. Anelastic creep within the spring allows
the weight to move downward, but the force on the spring and the stress within the spring persist. In con-
trast, the stress may fully relax within a spring stretched between two rigid points. Anelastic creep within
the spring equivalent to the initial elastic deformation relaxes the stress.

I discuss a spring slider on a slope (Figure 1) to illustrate behavior when stresses are free to relax and when
they are not. Gravity maintains a force balance. Frictional shear traction at the base of the block and an
immovable buttress downslope resist sliding of the block. The sum of the forces balance
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sin ðcÞgM5Fs1Fb5kS1Fb; (10)

where c is the slope angle, g is gravity,
M is the mass of the block, Fb is the
force from traction at the base of the
block, and the force from the spring
(representing the elasticity of the but-
tress) is F5kS, where k is the spring
constant and S is the displacement on
the spring.

Figure 1 represents the familiar case of
a weight moving down a vibrating
ramp and crudely a real hill slope. In
the Earth, S waves are refracted into
paths perpendicular to the slope. They
produce random forces on the shallow

subsurface, which I represent in one dimension in the downhill direction on the block. The net forces from
the wave Fw , gravity, and the spring acting act on the block,

F5Fw1sin ðcÞgM2kSb: (11)

Friction on the base of the block balances this force when it is sufficient small. Otherwise, slip occurs in the
direction of the net force.

I parameterize the net anleastic behavior in normalized units, so that the force on the base of the block
behaves like a Coulomb stress ratio of shear traction to normal traction. The spring constant, the mass of
the block, and gravity are 1. Slip occurs when the total shear traction on the sliding plane exceeds its elastic
limit. Failure begins at a normalized force of jFj> 0.5. For greater normalized force, the displacement
(change of S during a time step) is 0:1 � ðjFj20:5Þ1:5. This function is arbitrary, but has the feature of being
mildly nonlinear. The displacement during each time step is typically small, so catastrophic failure does not
occur. Overshoot, which reverses the sign of stress on the spring, is allowed. The effects of inertia can locally
cause overshoot within a real rock mass. The model does not have explicit time dependence, so it repre-
sents the combined effects of numerous earthquakes as well as the effect of continual shaking on a ramp.

I used the ‘‘rand’’ function in MATLAB to generate oscillations by convolving the zeroed-mean random out-
put with the second derivative of the Gaussian exp ð2t2=100Þ, where the units of t are in time steps. I zero-
padded the ends of the time series before convolution to obtain a gradual start to shaking. I then adjusted
the root mean square in the interior of the time series to either 0.35 or 0.70.

The results of a spring slider where the normalized gravitational force is 0.3 to represent a moderately steep
slope are shown in Figure 2 with a flat slope for comparison. The system relaxes so that the elastic spring
on rigid buttress on average supports the gravitational forces and the shear traction the base of the block is
on averaged zero. That is, the normalized displacement fluctuates about 0.3 for the moderate slope and 0
for the flat slope as expected. There are periods where the block does not slide in the model with lower nor-
malized displacement. The fluctuations are larger for the larger normalized displacement.

For comparison, I set the spring constant to zero, effectively removing the buttress and allowing the block
to slide indefinitely (Figure 3). I set the normalized gravity force to 0.03 so that the net slip on the mild slope
can be conveniently plotted with the random walk of the block on the flat slope. The amounts of net down-
hill slip and of random walk increase, as expected with the amplitude of the imposed oscillations.

Returning to the Earth, downslope movement occurs during strong seismic shaking. The uppermost tens of
meters of material moves �1 m downhill. The net effect of many earthquake cycles is a slow relatively deep
landslide, called a suckung [McCalpin and Hart, 2003; Sleep, 2011a]. Thermoelastic stresses from seasonal
temperature changes can have the same effect and coexist with episodic coseismic motion [Bakun-Mazor
et al., 2013]. Oscillating tidal stress repeatedly bring shallow cold icy with outer solar system moons to fric-
tional failure facilitating systematic deformation driven by thermal buoyancy, that is convection (A. C. Barr
and N. P. Hammond, A common origin for ridge-and-trough terrain on icy satellites by sluggish lid

Shear traction

γ
Spring

S-wave

Shear traction

Figure 1. Schematic diagram of an idealized hill slope. Material slides systemati-
cally downhill during strong shaking. A spring represents the buttress at the base
of the slope.
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convection, submitted to Icarus,
2014). The uncommon occurrence of
sackungen on slopes that are well
below the angle of repose and the
persistence of topographic relief in
general indicate that shaking strong
enough to frequently destabilize shal-
low slopes is relative rare [Sleep,
2011a]. Neither do mesas typically
tend to wander laterally in random
walk by repeated seismic shaking.

The models qualitatively represent
some features of three-dimensional
behavior of a rock mass. The time
average of stress in the model is
essentially the spatial average over
numerous domains in the rock. If
small domains are examined, there is
large scatter about the average. The
scatter between large domains that
average many small domains is much
less.

4. Application to Parkfield
Pilot Hole

Geophysicists are able to measure the
ambient tectonic stress within shal-
low rock. However, few such meas-
urements are available. I select the
Parkfield Pilot Hole as an example
because both ambient stress and
material properties data are available
(Figure 4). Granite at 768 m depth
underlies Cenozoic sedimentary
rocks, mainly sandstone. Logs were

collected within the granite between 775 and 2150 m depth as well as in the sandstone [Boness and Zoback,
2004, 2006a, 2006b; Hickman and Zoback, 2004, Zhang et al., 2009; Day-Lewis et al., 2010; Ryberg et al., 2012].
The granite and the sandstone have the material property appropriate the conceptual model in section 2.3;
they are pervasively fractured and hence are likely to be able to accommodate significant anelastic strains
by distributed frictional sliding.

Measured stress fluctuates in a scale-independent manner in the borehole as expected from residual
stresses from failure on numerous cracks. These stresses will become prestresses in future seismic events. In
addition, there are systematic variations in the spatially averaged ambient stress [Boness and Zoback, 2004;
Day-Lewis et al., 2010]. The granite above �1000 m depth exhibits stress where the axis of compression is in
the orientation for strike-slip slip deformation (Figure 5). The ambient stress transitions to the regional off-
fault orientation of fault-normal compression at �1600 m depth. Note that Zoback and Healy [1992] found
no systematic change of stress direction with depth in the Cajon borehole also near the San Andreas Fault,
so I stick with Parkfield.

The site is more complicated than the simple relaxation of ambient stresses envisioned in section 2.3. Still,
the Hole is 1.8 km away from the main San Andreas Fault, far enough from the fault plane that ‘‘static’’ vaga-
ries in the coseismic slip during earthquakes [e.g., Bennington et al., 2011] may not cause large variations in
ambient stress. It is unavoidable that the granite and the sandstone are close enough to the fault that
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Figure 2. Displacement history for hill slope buttressed by a spring. Slip occurs so
that stress on the sliding surface is on averaged relaxed. The normalized oscillating
stress is either 0.30 or 0.70. Time units are 1000 numerical steps.
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distributed deformation associated
with the kinematics of the nonplanar
fault plane has likely occurred over
geological time and at a minimum
produced distributed fractures and
distributed finite strain. Representing
repeated near-field velocity pulses as
random shaking warrants a caveat.
Numerical modeling shows that nar-
row zones of near-fault nonlinear
behavior widen into broad flower
structures at shallow depth [Ma, 2008].

4.1. Tectonic and Transient
Deformation Within Stable
Lithosphere
I begin with stress and strain within
stable continental lithosphere to intro-
duce the more complicated situation
at Parkfield. Following Townend and
Zoback [2000], Zoback and Townend
[2001], and Zoback et al. [2002], forces
from plate boundaries and from drag
at the base of plates cause ambient
tectonic stress. Plates act as stress
guides. Horizontal forces balance on a
block of midplate lithosphere. There is
no horizontal shear traction at the free
surface. The horizontal drag on the
base of the plate is assumed to be
small enough to ignore locally. The
horizontal forces from normal traction
rxx (compression positive) acting on
imaginary vertical planes at each end
of the block then balance.

For simplicity in one horizontal direc-
tion, the total normal traction integrated through the lithosphere, called the stress resultant, is conserved
across imaginary vertical planes through the lithosphere. It is obtained from the depth integral of normal
traction

Ux �
ð

lith
ðrxxÞdz; (12)

where the plane is perpendicular to the x direction, r is the stress tensor, z is depth, and the integral is from
the free surface to the base of the lithosphere. In the case presented below, there is no erosion or deposi-
tion so the lithostatic pressure Plith remains unchanged. The rock deforms slowly in the sense to relax the
difference between the horizontal stress and the lithostatic stress. I illustrate this feature by subtracting the
lithostatic pressure from the integrand in (12) to obtain a resultant that is conserved in this example,

Hx �
ð

lith
ðrxx2PlithÞdz: (13)

The horizontal strain rate e0xx is constant through the lithosphere at steady state. The shallow part of the
lithosphere deforms in friction, typically under hydrostatic pore pressure (Figure 6). The stress difference,
scaling with sfail, increases approximately linearly with depth and does not depend on the tectonic strain
rate. Typically, fluid pressure is near hydrostatic and the stress difference increases with depth with the
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cally down the shallow slope and random walk on the flat slope. The normalized
oscillating stress is either 0.30 or 0.70. Time units are 1000 numerical steps.
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apparent coefficient of friction lapp

between 0.6 and 1. The deep part of the
lithosphere deforms in a ductile manner
where the strain rate increases with the
stress difference in (13). The viscosity of
the material and the stress at a given
strain rate decrease exponentially with
depth. The deep deformation rate limits
the overall rate of deformation within the
lithosphere. That is, the lithosphere-wide
strain rate adjusts so that the stress
resultant in (13) obtained by considering
rheology is that imposed by remote proc-
esses on the lithosphere.

I provide an example calculation where
ambient stress relaxed down to 2 km
depth where ambient stress may be
measured to constrain the time scale on
which midplate tectonic stresses are
restored and the amplitude of shaking
needed to relax them. The failure
strength is lappðq2qwÞgz. I ignore differ-
ences between normal, strike slip, and
thrust faults for brevity. I let rock density
be 2650 kg m23 and water density be
1000 kg m23. The acceleration of gravity
is 9.8 m s22. I assume 0.8 as a generic
value of the apparent coefficient of fric-
tion. The failure stress sfail is 26 MPa. The
failure strain efail is 3sfail=8G, 0.2 3 1023.
(The shear modulus G5qb2 is here 4.24
GPa for S wave velocity b of 4000 m s21. I
retain insignificant digits where it may

aid in following the calculations. The formula applies for strain in a sheet with Poisson’s ratio of 0.25 [e.g.,
Turcotte and Schubert, 2002, p. 114].)

Rock within stable regions is typically near frictional failure and in the orientation of regional ambient tec-
tonic stress down to several kilometers depth [e.g., Brudy et al., 1997]. A useful lower limit on the typical
interplate strain rate can be obtained from observations that the deep and shallow orientations of stresses
in boreholes are similar. The orientation and magnitude of the stress resultant in (13) would change after a
reorganization of plate motions. I illustrate a kinematic time scale to restore ambient stress difference in
(13) throughout the crust starting from zero tectonic stress difference. Initially, the plate-imposed stress
resultant is supported elastically throughout the lithosphere. The elastic strain produces stress differences
well below those of frictional failure except at very shallow depths. The deep lithosphere creeps in a ductile
manner and the stress difference relaxes in the deep part of the ductile layer. Lithosphere-wide strain pro-
duces imposes elastic strain in the shallow crust. As shallow crustal strain continues, the depth of frictional
failure moves downward eventually reaching the zone of ductile creep. Deformation continues at quasi
steady state until the next reorientation of plate-wide stress. Plate-wide stress reorients on the scale or tens
of million years, so the lithosphere needs to approach to steady state over that time interval if the orienta-
tion of stress in fact is independent of depth within the lithosphere.

For an example related to coseismic stress relaxation, I consider the related time scale after strong shaking
has relaxed the stress difference within the uppermost crust to depth ZR (Figure 6). The stress difference
increases somewhat through the remaining lithosphere to maintain the imposed stress resultant. The maxi-
mum stress and the depth to it increase somewhat to snew and Zmax (Figure 6). The increased stress
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Figure 4. Seismic velocity data near the Pilot Hole as a function of depth. Well
log data in granite after Boness and Zoback [2004] and sandstone log after
Ryberg et al. [2012]. Seismic survey data inversions: blue-dashed and green-
dotted ‘‘R’’ curves are two estimates by Ryberg et al. [2012] and purple-dashed
‘‘Z’’ curve is estimate by Zhang et al. [2009]. The tracked line is the square root
of depth calibrated with the sandstone data expected from low-cycle fatigue
at constant dynamic strain. The shallow seismic velocity at the nearby UPSAR
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good shallow resolution. Note that S wave velocity increases slowly with depth
within the granite.

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005426

SLEEP VC 2014. American Geophysical Union. All Rights Reserved. 3636



difference within the duc-
tile layer speeds up the
strain rate. Creep in the
deep lithosphere restores
the ambient stress in the
relaxed depth interval.
The shallow material
reaches frictional failure
from top down to depth
ZT . Steady state is
restored when ZT 5ZR.

I continue kinematically
with the ambient strain
rate. Zoback et al. [2002]
and Sleep and Zoback
[2007] obtain �3 3

10219 s21 (10211 yr21) as
an upper limit for the sta-
ble interiors of cratons.
With that rate, it takes 20
Ma to produce 0.2 3

1023 strain to restore the
ambient stress at 2 km depth. A more sophisticated model in Appendix A includes the nonlinear depend-
ence on ductile creep rate on stress difference. This modification has little effect on this estimate.

Returning to strong seismic shaking,
oscillating dynamic strain is compara-
ble to efail. The particle velocity at this
strain befail is 2.4 m s21. It is not a major
epiphany that S waves of this ampli-
tude do not typically strike stable conti-
nental crust. It is useful, however, that
the time scale to restore ambient tec-
tonic stress is millions of years.

4.2. Tectonic and Transient
Deformation Near Parkfield
The stress and strain fields near Park-
field are complicated by the different
behaviors of various geological terrains
and by slip on the San Andreas Fault
(Figure 5). Ambient stress is approxi-
mately fault-normal compression away
from the fault plane [Boness and
Zoback, 2004, 2006a, 2006b; Ch�ery
et al., 2004; Townend and Zoback, 2004;
Hickman and Zoback, 2004; Day-Lewis
et al., 2010], rather than at the angle to
the fault expected from strike-slip
deformation. In terms of geological fea-
tures, the region deforms with folds
and faults accommodating fault-
normal compression as expected from
this stress field with a rate of �6 mm
yr21 over the �120 km width of the
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belt [Page et al., 1998]. The average geological strain rate is 5 3 1028 yr21; the strain rate is less than this
within the region underlain by granite (including the Pilot Hole).

I begin with a semiquantitative discussion of fault-normal deformation. Shallow rocks in this region deform
by friction, stress differences for frictional sliding accommodate much of the stress resultant in the litho-
sphere (13). The deep crust is readily flows in a ductile manner, but the rate is slow beneath the granite.
Long-term plate rates outside the deforming zone to some extent impose the overall deformation rate.

I use generic material properties from the Pilot Hole near 1 km depth to estimate strain at frictional failure
and the time to restore ambient stress with relevant material properties are reasonably constrained in
round numbers. The density is 2600 kg, the water table is shallow, the S wave velocity is 3000 m s21 [Boness
and Zoback, 2004], and apparent coefficient of friction of 0.8. The frictional failure stress is 12.4 MPa and the
compressional failure strain is 0.2 3 1023 and the shear failure strain is 0.5 3 1023. It takes 4000 yr for the
regional strain rate of 5 3 1028 yr21 to produce the compressional strain. I use �104 yr for further calcula-
tions to account for the inference that the geological strain rate with the granite is less than the regional
rate.

The fault slips at �30 mm yr, which is faster than the distributed fault-normal compression rate. Yet the fault
is weak in the senses that stress with the orientation of strike slip does not dominate the regional stress field
and friction on the fault does not liberate much heat. The theory of dynamic rupture explains these obser-
vations [Beeler et al., 2008; Noda et al., 2009; Dunham et al., 2011a, 2011b]. The ambient shear traction on
much of the fault plane is low �10 MPa, but heterogeneous. Seismic slip begins at a high shear traction
nucleation patch at several kilometers depth. The deep fault plane is velocity weakening in rate and state
friction b > a. Dynamic rupture becomes unstable. High shear tractions associated with a coefficient of fric-
tion of �1 occur at the rupture tip. Shear strain dissipates energy at the rupture tip into heat. Fluids in the
fault slip zone expand and the difference beneath fluid pressure and normal traction of the fault drops to a
low value. Alternatively, the material on the fault plane melts. Both of these processes greatly reduce the
instantaneous coefficient of friction to below 0.1. Most of the slip occurs over at this low coefficient of fric-
tion and overall little heat is dissipated on the fault plane. The average stress drop is near the preevent aver-
age shear traction of �10 MPa, but the shear traction and slip after the event are heterogeneous. The event
leaves some high shear traction patches in its wake that become nucleation zones for future events.

The rupture dynamically propagates into the uppermost few kilometers of the fault plane. On average,
deeper processes on the rupture plane impose the shallow slip. Frictional failure away from the rupture tip
occurs at relatively low shear tractions that do not generate much heat. In addition, the shallow fault plane
is typically velocity strengthening with a > b. Relatively little shallow slip compared with deep slip occurred
during the 2004 event [Bennington et al., 2011]. Patches of low shallow slip catch up to the overall plate rate
by slow aseismic creep and by having more slip during subsequent earthquakes.

The net effect is that the shallow seismic zone is near to strike-slip frictional failure. I obtain the scale time
to restore this stress from kinematics. The averaged static strain �0.1 3 1023 in a single event scales with
the ratio coseismic slip �1 m to the depth �10 km of the seismic zone. It takes �5 events to restore a strain
of 0.5 3 1023 to bring material at 1 km depth to failure or equivalent 5 m of displacement. This occurs in
170 years.

Now consider ambient stress relaxed by strong seismic shaking. Earthquakes on the fault restore this stress
in �100 years while fault-normal deformation restores the stress in the much longer time of �104 years,
given that the Pilot Hole is underlain by slowly deforming granite. The ambient tectonic stress will have
strike-slip orientation if it has been relaxed by shaking sometime in the last �104, but has not been relaxed
any time during the last �100 years.

It is unlikely, however, that shaking relaxes the ambient tectonic stress every �100 years. The relaxation of
stress produces anelastic strain comparable to the preexisting elastic strain 0.5 3 1023. Relaxation of this
strain across the �2 km from the fault to the Pilot Hole would produce 1 m of displacement very 100 yr
with a rate of 10 mm yr21. This deformation if repeated at that interval would accommodate a significant
fraction of the plate motion. Over geological time, it would have extensively deformed the rocks between
the fault and the Pilot Hole. Relaxation of ambient stress near the Pilot Hole on the time scale of once in
few 1000 years is more acceptable. A few tenths of millimeters per year of fault parallel slip would not be
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readily apparent in geodetic studies, nor from geological relations in this complicated area. For
reference, the vertical exhumation rate at the Pilot Hole over the last 4–8 Ma is 0.1–0.2 mm yr21 [Blythe
et al., 2004].

Note that one would record little coseismic surface deformation with a geodetic study from relaxation of
shallow ambient stress. The shear modulus of shallow rock is typically less than that of deep rock. To the
first order, the deep stiff rock imposes strain and displacement boundary conditions on the shallow rock.
Equivalently, the effective seismic moment from stress relaxation is Ge times the volume over which it
occurs. The moment is small because the shallow shear modulus is much less than that at depth.

I retain the material properties for the granite to estimate the level of past shaking. The transition to
regional fault-normal stresses occurs between �1000 and �1600 m depth [Hickman and Zoback, 2004].
The dynamic stress in an S wave needs to be 12.4–19.8 MPa for failure and is qbVD where VD is the
dynamic particle velocity. The computed peak ground velocity (PGV) is 1.6–2.6 m s21. This quantity is line-
arly proportional to the assumed coefficient of friction and to the assumed transition depth. To avoid
implying spurious precision, PGV of �2 m s21 was reached within the upper granite at the Pilot Hole. PGV
did not reach recently this amplitude farther away from the fault where fault-normal ambient stress is
observed.

For reference, the maximum observed PGV near the fault was 0.76 m s21 in the 1966 Parkfield event [Hous-
ner and Trifunac, 1967] and 0.83 m s21 in the 2004 event [Shakal et al., 2006]. The estimated PGV is compa-
rable to that obtained from stations near other major strike-slip earthquakes. The observed PGV was 1.8 m
s21 at 3 km from the 2002 Denali fault trace [Ellsworth et al., 2004]. Anderson [2010] tabulates several other
examples for PGV above 1 m s21 for strike-slip faults.

A societal implication is that the Parkfield segment participated in major San Andreas events with �5 m of
slip (as in the 1857 Fort Tejon event) to the south recurrence time scale shorter than 104 yr. It is conceivable
that some of these large events propagated into the creeping zone north of Parkfield. Measuring the ambi-
ent stress especially within granite at modest depths would constrain whether past strong shaking from
rupture through the creeping zone has actually occurred.

4.3. Rock Damage From Repeated Strong Seismic Near Parkfield
I apply the concept of ambient rock as a fragile geological feature to show that �2 m s21 PGV is reasonable
at the Pilot Hole. Frictional failure during strong shaking produces cracks that lower the ambient shear mod-
ulus. Self-organization of the shear modulus can occur where shaking imposes essentially strain boundary
conditions [Sleep, 2011b; Sleep and Erickson, 2014]. In the case of a near-field velocity pulse, the wave propa-
gates laterally with a phase velocity c related to the S wave velocity of rocks at depth. The dynamic strain is
eD � VD=c. The local dynamic stress is sdyn5eDG5VDqb2=c. Frictional failure occurs when this stress exceeds
the frictional strength lstartðq2qwÞgz, where for brevity the water table is shallow and the densities are con-
stant with depth. That is at failure,

sdyn5
VD

c

� �
Gfail5sfail5lstartðq2qwÞgz: (14)

At a given PGV, the shear modulus for failure is increases linearly with depth,

Gfail5b2
failq5

c
VD

� �
lstartðq2qwÞgz; (15)

where bfail is the shear wave velocity at failure. The shear wave velocity can be measured remotely
and is hence more frequently available than the shear modulus. Solving for S wave velocity at failure yields
that

bfail5
VD

c

� �21=2 lstartðq2qwÞg
q

� �1=2

z1=2: (16)

The term within the first bracket in (16) is dynamic strain. A smaller PGV is required to break stiff rocks than
compliant rocks in (15). Provided that the second bracket does not change much, the S wave velocity within
the depth range of damage is predicted to increase with the square root of depth in (16).
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I explain self-organization to the status in (15) starting with initially stiff rocks, such as granite and exhumed
sediments at the Pilot Hole, and illustrate the effects of repeated shaking (Figure 7). Initially, the shear mod-
ulus of shallow rocks down to some depth exceeds the failure shear modulus in (15). The dynamic stress
within these rocks exceeds the frictional failure criterion. These rocks crack and thus nonlinearly attenuate
energy from the seismic waves. The new cracks (and widened old cracks) reduce the shear modulus for the
next strong event and the dynamic stress is not as high. Eventually, the shear modulus approaches that in
(15) over the depth range where damage occurs. At that quasi steady state, the few cracks produced by
barely reaching frictional failure replace the cracks that closed between seismic events. Damage does not
occur at great depth where Gfail exceeds the shear modulus of the initial rocks. The shear modulus cannot
go all the way to zero at the free surface. This process, called low-cycle fatigue, occurs in engineering appli-
cations [Lubliner, 1990]. A stiff machine part cracks under imposed strain. There are eventually enough
cracks that the part becomes elastically compliant during subsequent strains.

The rocks at the Pilot Hole are suitable for appraising this method. The granite at Parkfield initially began its
life as a stiff crystalline rock and was later fractured. The sandstone was buried, likely became stiff, and was
exhumed and then fractured [Blythe et al., 2004]. Well logs are available for the granite [Boness and Zoback,
2004] and the sandstone [Ryberg et al., 2012] in the Pilot Hole (Figure 4). Zhang et al. [2009] and Ryberg et al.
[2012] estimated the S wave velocity near the Pilot Hole with lower resolution by inverting the results of
seismic surveys, including earthquake data.

The inversions did not adequately resolve the S wave in the uppermost 200 m and hence the curvature
implied by the predicted curve (16). The shallow S wave velocity of 326 m s21 at the nearby UPSAR array
[Fischer et al., 2008b] provides some information. The shallow rocks at the array failed in small earthquakes
during the 2004 main shock [Fischer et al., 2008b; Fischer and Sammis, 2009]. They thus meet the criterion of
being cracked rocks that fail during strong shaking.

The observed S wave velocity in (16) increases with the square root of depth if self-organization has in fact
occurred (Figure 4). (I plot this parameter rather than shear modulus, as the seismic inversions did not
obtain density at shallow depths and as density is not expected to vary greatly.) The S wave velocity in the
sandstone does increase with depth in the expected manner within resolution. I estimate past peak ground
velocity from (16), solve for VD. A calibration point from the plotted curve is 1850 m s21 at 700 m depth. I
use of 2300 kg m23 as a generic density for sandstone and retain the starting coefficient of friction of 0.8.

An appropriate velocity c for the near-field pulse is not obvious. I use the typical S wave velocity of the
underlying granite of 3000 m s21 [Boness and Zoback, 2004] and the phase velocity of generic basin Love
waves of 1500 m s21 to provide examples. The estimated past PGV is 2.72 and 1.36 m s21, respectively. This
result is compatible with the inference from the relaxation of ambient stress that strong seismic waves (PGV
of �2 m s21) impinged on the Pilot Hole site.

The measured S wave velocity within the deepest sandstone is lower (�2000 m s21) than that of the immedi-
ately underlying granite (�3000 m s21), rather than following the relationship in (14) (Figure 4). The square root
of depth curve (16) fit to the sandstone data thus cannot fit the uppermost granite data. The plotted curve does
return to the deeper granite data. Qualitatively, I obtained the approximation in (16) by assuming that the near-
field pulse imposes the same dynamic strain independent of depth on the inference that deep stiff rocks control
the effective phase velocity and the particle velocity. The granite in the Pilot Hole is the stiff underlying rock, so
this approximation is likely to be imprecise. Furthermore, the structure of the site is more complicated than the
laterally homogeneous medium assumed in (16). In particular, sandstone occurs eastward between the granite
of the Pilot Hole and the main fault [e.g., Zhang et al., 2009]. Horizontally propagating S waves from the fault
plane will tend to maintain dynamic stress rather than dynamic strain at the vertical sandstone-granite interface.
More precise estimates of dynamic stress and strain, predicted stress relaxation, and predicted rock damage
might be obtained from three-dimensional numerical models that included realistic seismic waves generated
by San Andreas Fault. Gallovič et al. [2010] performed linear three-dimensional calculations for the 2004 Parkfield
main shock, but did not extract dynamic stress and strain at depth.

A further complication is that crack formation decreases the stiffness and shear wave velocity of the rock
mass. This effect should be included in coseismic numerical models. The coseismic S wave velocity to may
be �20% less than the velocity decades after the event [Sleep and Erickson, 2014]. However, the S wave
velocity increases logarithmically with time after rock failure. The change after the first decade to the next
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earthquake is only a few percent. My
estimates of past PGV did not use S
wave velocity estimates to this
precision.

5. Application to Whittier
Narrows

Strong seismic waves from events on
the San Andreas Fault impinge on
Downtown Los Angeles. Observation of
nearby moderate strong events indi-
cates 3–4 s period Love waves approxi-
mately represent shaking within Greater
Los Angeles sedimentary basins [Joyner,
2000]. Numerical studies show that
these waves from northward propagat-
ing events pass through Whittier Nar-
rows with high amplitudes [Graves,
1996; Olsen et al., 2006; Graves et al.,
2008, 2011; Roten et al. 2014]. The
dynamic stresses in the upper several
hundred meters beneath Whittier Nar-
rows exceed frictional failure causing
nonlinear attenuation. This process lim-
its the PGV of waves that can propagate
into Downtown Los Angeles [Roten
et al., 2014; Sleep and Erickson, 2014].

Roten et al. [2014] included ambient tectonic stress in their calculations, including for rocks beneath Whittier
Narrows. It is relevant to apply (9) to appraise this assumption, as geophysicists have not measured tectonic
stress in these rocks. As in the Parkfield area, strike-slip faults and folds above blind-thrust faults accommo-
date deformation [Yeats, 2004; Meigs et al., 2008; Marshall et al., 2009; Yang and Hauksson, 2011]. The com-
pressional strain rate e0tect is approximately 1027 yr21 [Marshall et al., 2009] (�1 mm yr21 over 10 km across
strike). The phase velocity of Love waves is approximately 1500 m s21. So PGV of 1.5 m s21 produces
dynamic strains of �1023; the anelastic strains efail are comparable if frictional failure occurs. The recurrence
time tquake of strong shaking is �100 yr. Thus, efail=tquake � 100e0tect. That is, the model predicts that ambient
tectonic stresses are essentially relaxed in the shallow subsurface beneath Whittier Narrows where strong
seismic waves are inferred to frequently cause frictional failure. Measurement of ambient stresses at Whittier
Narrows would test this hypothesis.

6. Conclusions

Ambient tectonic stress within the shallow subsurface provides potential a class of fragile geological fea-
tures that are sensitive to relatively infrequent strong seismic waves. The physics are relatively simple in the
shallow subsurface. Strong seismic shaking leads to frictional failure within pervasively cracked rock masses.
Slip on cracks leads to distributed coseismic strain within the rock mass. Failure that relaxes the ambient
tectonic stress is favored, diminishing ambient stress over repeated events. The region of the rock mass
with relaxed ambient stress persists until slow deformation (for example, within underlying strong, deep
rocks) restores it. Tectonic stress relaxes when dynamic strain divided by earthquake recurrence time
exceeds controls the long-term rate of shallow tectonic deformation.

Measurements of ambient tectonic stress are not commonly available for sites within shallow rock where
strong shaking is likely. The Pilot Hole at Parkfield near the San Andreas provides a somewhat complicated
example where stress relaxation is likely. The regional stress associated away from the weak main fault is
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Figure 7. Schematic diagram of the evolution of shear modulus with depth over
repeated seismic events. For simplicity, the dynamic strain is the same in all the
events so dynamic stress is proportional to the shear modulus. The frictional fail-
ure stress increases linearly with depth from the surface. Material starts with the
shear modulus of intact rock all the way to the surface. The first event causes fail-
ure down to depth 2. The shear modulus decreases to solid line 1 (for simplicity
linear with depth). The material heals interseismically to dashed line 1. The next
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during events. The shear modulus cannot go all the way to zero above depth 1
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fault-normal compression. This stress is in fact observed deep in the borehole and laterally further away
from the fault. The stress in the granite within the borehole between 768 and �1000–1600 m depth has an
orientation appropriate for strike slip. Kinematically, slip on the main fault can restore strike-slip stress much
faster than deep horizontal compression beneath the Pilot Hole can restore fault-normal compression.
Shear waves with a particle velocity greater than �2 m s21 would damage the granite above 1000–1600 m
depth.

In addition, the ambient sandstone above 768 m depth provides another fragile geological feature.
Repeated strong near-field velocity pulses have cracked the sandstone reducing its rigidity. The sandstone
has self-organized by low-cycle fatigue so that the typically imposed level of dynamic strain barely produces
enough dynamic stress for frictional failure. The S wave velocity then increases with the square root of
depth (16). The observed increase of S wave velocity with depth indicates that strong seismic waves with
PGV of �2 m s21 impinged on the site, but the appropriate phase velocity of these waves is not evident
without numerical modeling. Both the stress relaxation and S wave velocity results indicate that the Park-
field segment participated in large events (magnitude >7.5, several meter slip) with segments to the south
and perhaps even with segments within the creeping zone to the north.

Given the lack of available shallow ambient stress measurements, the question arises whether ambient
stress should be included in nonlinear numerical models of strong seismic shaking [Roten et al., 2014]. Whit-
tier Narrows provides an example where Love waves from San Andreas events likely cause nonlinear behav-
ior. If this inference is in fact correct, crack failure from strong shaking is likely to relax tectonic stress faster
than it can be restored by deformation at greater depths.

Roten et al. [2014] also included ambient stresses deep within the seismogenic zone. Strong seismic waves
result in deep near-fault nonlinear behavior. Self-consistent numerical models of numerous events would
allow near-fault ambient stresses to self-organize. Ma [2008] calculated such models for single events within
simple geological structure.

Appendix A: Ambient Stress Recovery Within the Lithosphere

I present a simple model of stress recovery within the lithosphere using Figure 6, applicable to the case of
shallow stress relaxation. The stress resultant is the sum of stresses within the frictional layer and the ductile
layer at steady state,

Hss5
1
2

qglZ2
max1qglZmax Zg; (A1)

where the density q and the effective coefficient are for simplicity constant. The peak stress at depth Zmax is
qglZmax. The stress in the ductile layer decreases exponentially with depth on the length scale of Zg. The
maximum stress depth increases to depth Znew after the relaxation of stress. The stress in Figure 6 is at fric-
tion failure from down to depth ZT and at qglZT between ZT and ZR. The new stress resultant is

Hnew5
1
2

qglZ2
T 1qglZT ðZR2ZT Þ1

1
2

qglZ2
new2

1
2

qglZ2
R1qglZnewZg: (A2)

Plate-wide forces control the stress resultant, so Hnew5Hss, which results in a quadratic equation for Hnew.

For simplicity, the strain rate in the ductile region depends on some power N stress at a given depth. The
new strain rate is

e05e0ss
Znew

Zss

� �N

; (A3)

where e0ss is the steady state creep rate. The change of stress between depths ZT and ZR, is Ee0, where E is
the appropriate elastic modulus. The rate of increase, @ZT=@t, to the base of the upper fictional zone is

@ZT

@t
5

Ee0

qgl
: (A4)

The kinematic time scale to restore the stress at depth ZR is tk � qglZR=e0ssE. Expressing (A4) with this quan-
tity yields a dimensionless equation,
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tk@ZT

ZR@t
5

e0

e0ss
: (A5)

Solving (A2) with ZT 50 yields the initial strain rate. It is modestly faster than the steady state strain rate for
reasonable values of ZR=Zmax, Zg=Zmax, and N. The kinematic time scale suffices for purposes of this paper.
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