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Chapter 1.  Introduction 

 In geophysics there is increasing interest in modeling spatially nonuniform stress, 

i.e., spatially heterogeneous stress, on 2D planar faults as a means of explaining a variety 

of geophysical phenomena.  This thesis goes beyond 2D and models the effect of 3D 

spatially heterogeneous stress on focal mechanism orientations, seismic clustering, stress 

rotations after mainshocks, and strength of the crust.  We ask, what happens when one 

drops the assumption that stress is approximately spatially uniform in the crust.  We find 

that there is ample reason to believe that stress is spatially heterogeneous in 3D for some 

regions (Figures 1.1–1.3), and including heterogeneity may profoundly change how one 

interprets seismic observables.  It is our hope that by modeling stress heterogeneity 

statistically, we can encourage others to view stress in the crust from a substantially 

different perspective.  The problems addressed in this thesis using heterogeneous stress 

are only the tip of the iceberg for what we hope will be a rich research field in the future. 

 

Observations of Heterogeneous Stress 

 Observations of spatially varying slip along fault zones and in earthquakes 

suggest that both slip and stress are very spatially heterogeneous and possibly fractal in 

nature [Andrews, 1980; 1981; Ben-Zion and Sammis, 2003; Herrero and Bernard, 1994; 

Lavallee and Archuleta, 2003; Mai and Beroza, 2002; Manighetti, et al., 2005; 

Manighetti, et al., 2001].  For example, McGill and Rubin [1999] observed a 1 m change 

in slip over a distance of approximately 1 km in the Landers earthquake, which is a 10-3 

strain change.  This implies possibly a 100 MPa stress change over the distance of 1 km.  

The observed strain and stress change reported by McGill and Rubin is just one example 
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indicating the Earth may contain large stress fluctuations over small spatial wavelengths.  

Similar strain changes can be seen in the slip inversion from the Landers earthquake 

[Wald and Heaton, 1994] (Figure 1.1).  Another example of highly variable, 

heterogeneous slip over short wavelengths comes from Manighetti et al. [2001] (Figure 

1.2).  Using altimetry data in the Afar depression, East African rift, they show 

heterogeneous cumulative slip as a function of distance, with short wavelength strains of 

the order 5x10-2.  While it is true that non-elastic processes may come into play at such 

large shear strains, it does demonstrate a few features.  Heterogeneous slip patterns exist 

not just for individual earthquake slip histories but persist for the entire cumulative slip 

history of fault zones, indicating that slip heterogeneity is a stable feature.  In addition, 

the cumulative slip shows possibly self-similar, fractal patterns as seen in Figure 1.2b; 

i.e., subsections of cumulative slip have similar slip heterogeneity patterns as the sum of 

all the subsections. 

Borehole studies, which measure the orientation of maximum horizontal 

compressive stress directly from borehole breakouts, also indicate that stress can be quite 

heterogeneous.  Figure 1.3, a summary figure from Wilde and Stock [1997], shows the 

inferred directions of S
H

, the maximum horizontal compressive stress, from borehole 

breakouts.  Multiple boreholes with different orientations had been drilled at 

approximately the same locations, which Wilde and Stock analyzed to constrain the 

relative magnitudes of the principal stresses. What is most interesting to our study is that 

boreholes drilled within close proximity of each other can show greatly varying S
H

 

orientations, indicative of heterogeneous stress (Figure 1.3).  Figure 1.4, taken from a  
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Figure 1.1.  Figure modified from Wald and Heaton [Wald and Heaton, 1994] showing 

the final slip distribution for the 1992 Landers earthquake.  The contours are for 1m slip 

intervals with the higher slips shaded with darker greys.  There are places within the slip 

distribution on this figure where the strain is approximately 10!3 .  The strain varies over 

the surface of the rupture, which would produce stress changes over the surface of the 

rupture and lock in heterogeneous stress.  This slip distribution is limited by the data to 

longer wavelength variations in slip; therefore, there may be even shorter wavelength 

spatial stress heterogeneity that was locked in by the dynamic rupture process. 
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study of the Cajon pass borehole [Barton and Zoback, 1994], also shows significant 

heterogeneity in the orientations of borehole breakouts for an individual borehole near an 

active fault.  The +  signs or pulses represent the actual breakout data from the Cajon 

well, and the triangles represent the modeled breakouts from Barton and Zoback [1994].  

There are variations in the breakout orientations over different lengthscales, and there is 

an anomaly at approximately 2850 m depth, but the feature we find most interesting is the 

short length-scale variations in the orientations of S
H

.  In places there is an 

approximately 90° rotation of S
H

over a 1–10 m length.  This would appear to support 

our hypothesis that stress can be quite heterogeneous over short length-scales in 

tectonically active regions.  

 Liu-Zeng et al. [2005] have also shown that the assumption of short wavelength 

heterogeneous fractal slip can reproduce distributions of earthquakes having slip vs. 

length ratios similar to real earthquakes and realistic Gutenberg-Richter frequency 

magnitude statistics.  Using simple stochastic models, they showed that spatially 

connected slip can produce averaged stress drops (a constant times average slip divided 

by rupture length) similar to real data.   

 Perhaps the most interesting piece of data comes from Zoback and Beroza [1993] 

(Figure 1.5).  They studied the orientations of aftershock planes from the Loma Prieta 

earthquake and plotted their distributions as a function of strike and dip.  Interestingly, 

they found aftershocks that had both right-lateral and left-lateral orientations on similar 

fault planes as well as normal and reverse orientations.  Given that this is considered a 

San Andreas fault earthquake and the San Andreas fault is a strongly right-lateral fault, 

the existence of left-lateral aftershocks on fault planes parallel to the San Andreas Fault 
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presents a curious problem.  Zoback and Beroza proposed that the principal compressive 

stress direction was almost normal to the fault and that the aftershocks occurred on 

extremely weak faults of different orientations surrounding the mainshock zone.  

However, if one allows for the new paradigm of spatially heterogeneous stress in three 

dimensions, which is being advocated in this thesis, the left-lateral orientations naturally 

occur.  Figure 1.6, taken from Chapter 5, shows our initial hypothesis for what a 1D cross 

section of shear stress in Northern or Southern California might look like.  While most of 

the points have positive shear stress on the !
12

 plane, a small percentage have negative 

shear stress on the !
12

 plane.  Heterogeneity similar to this could explain why Zoback 

and Beroza observed left-lateral aftershocks after the Loma Prieta earthquake; the large 

local stress change to the system from the mainshock, combined with stress heterogeneity 

in the left-lateral direction, would create the left-lateral aftershocks.    
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Figure 1.2 a) 

 
Figure 1.2 b) 
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Figure 1.2.  Sample evidence of large stress and strain spatial heterogeneity due to a 

series of earthquakes (from Manighetti et al., 2001).  a) A map of the fault system 1, in 

the East African Rift.  b) Typical slip vs. length plots within one of the fault systems.  

There is great spatial heterogeneity in slip, which implies short wavelength strains of the 

order 5x10-2. 
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Figure 1.3.  Wilde and Stock [1997] plotted inferred maximum horizontal compressive 

stress, S
H

, orientations from borehole breakouts in Southern California.  There are a 

variety of orientations for borehole breakouts from the same borehole or from boreholes 

spatially close to one another.  This suggests short-wavelength spatial stress 

heterogeneity.  In this modified plot, we have used red circles to point out a few of the 

locations studied by Wilde and Stock that show evidence for S
H

orientation heterogeneity. 
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Figure 1.4.  Barton and 

Zoback [1994] plotted 

maximum horizontal 

compressive stress, S
H

, 

azimuth as a function of depth 

for breakouts in the Cajon Pass 

borehole.  The plus signs are 

the breakout data and the 

triangles represent Barton and 

Zoback’s model.  There is an 

anomaly at 2850 m depth, and 

there is significant short 

wavelength rotation of S
H

 as a 

function of depth.  In this 

modified figure, we have shown 

a sample location with an 

approximately 90° rotation of 

S
H

 over a distance of 1–10 m.  

This provides support for our 

hypothesis that there can be 

significant short wavelength 

stress heterogeneity in 

tectonically active regions. 
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Figure 1.5.  Figure modified from Zoback and Beroza [1993] shows histograms of the 

different aftershock orientations.  Most of the aftershocks had a right-lateral fault 

orientation.  About 10% had left-lateral orientation.  We propose that stress 

heterogeneity is the most natural explanation for left-lateral mechanisms on the right-

lateral San Andreas Fault.   
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Figure 1.6.  Figure taken from Chapter 5 of this thesis.  If the spatial stress heterogeneity 

has a moderate to large amplitude compared to the spatial mean stress, there will exist 

both points with positive shear stress and points with negative shear stress.  Therefore, it 

is possible in a right-lateral shear stress regime to have a few left-lateral aftershocks as 

seen in Figure 1.5. 
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Motivation for Heterogeneous Stress from Dynamics Ruptures 

 Now that we know fractal-like, spatially heterogeneous slip and heterogeneous 

stress is observed in the real Earth and that heterogeneous slip/stress is compatible with 

seismic observables, one may ask, how does the Earth possibly produce this spatial 

heterogeneity.   

 In the dynamic paradigm, we find that simulated dynamic earthquake ruptures 

produce increasingly heterogeneous slip as the dynamic friction becomes increasingly 

sensitive to the slip velocity.  This is what Aagaard and Heaton [in preparation, 2006] 

discovered when they simulated long earthquake sequences on a planar fault subject to 

constant shear strain in time.  If the value of dynamic friction in the real Earth is quite 

sensitive to changes in the slip velocity, it could explain observed slip heterogeneity; and 

indeed, there is evidence this may be true.  The argument is as follows.  Exhumed faults 

tend to yield thin primary deformation zones indicating there is little to no melting during 

the dynamic earthquake rupture [Sibson, 2003].  Given the typical sliding velocities of 1 

m/s, it suggests that the dynamic friction value is quite small for the duration of the 

rupture; otherwise, one would see significant pseudotachylyte friction-melt.  Heat flow 

studies of the San Andreas Fault also yield anomalously low heat flow values for a 

dynamic coefficient of friction of µ ! 0.6 [Lachenbruch and Sass, 1980], again indicating 

that the dynamic coefficient of friction may be small.  A possible explanation is that there 

is a sudden transition from the high static friction, µ > 0.6 , to low dynamic friction, 

µ < 0.1 , in the vicinity of the rupture front, with a similar transition back to high friction 

as one moves away from the rupture front, i.e., extreme velocity weakening.  

Interestingly, this is similar to Rice’s [1999] flash heating friction law and experimental 



I-14 

 

results reported by Tullis and Goldsby [2005] where they observed dramatic reductions in 

sliding friction for velocities > 50 cm / s , possibly flash heating.  Tullis, in a recent 

presentation [Tullis, 2005] available online at 

http://online.itp.ucsb.edu/online/earthq05/tullis, showed plots of friction coefficient as a 

function of sliding velocity for three different materials:  quartz, granite, and gabbro.  The 

low velocity friction coefficients range from a little over 0.6 to approximately 0.9 

depending on the material.  At sliding velocities of > 50 cm / s , the sliding coefficient of 

friction approaches a value of 0.2.  Interestingly, these experiments also observe 

instantaneous full healing.  This combination of high static friction, low sliding friction, 

and instantaneous healing back to high static friction will freeze in short length-scale 

stress heterogeneity, i.e., abrupt spatial stress changes along the length of the fault. 

In flash heating, as the two sides of the fault begin sliding past some threshold 

velocity under normal stress and with asperities, a thin layer melts and dramatically 

lowers the coefficient of friction for a short time.  After flash heating, other mechanisms 

may be activated such as full or partial melting and pore pressure evolution.   If the real 

Earth experiences flash heating or other strongly velocity dependent effects during 

earthquakes, then it is quite plausible that very heterogeneous stresses would be locked 

into the crust when high dynamic stresses are frozen in by the sudden transitions from 

static to dynamic friction, then back to static friction.  This is a length-scale independent 

effect.  Since the two types of stress states that are compatible with length-scale 

independent processes are homogeneous stress and fractal stress, we believe some type of 

fractal heterogeneous stress is a good initial hypothesis.   
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Of interest, Rice, Lapusta and Ranjith [2001] showed through theoretical studies 

that there are problems with only velocity-dependent friction that have no solution (i.e., 

are ill-posed).  The problems do not converge; i.e. there is no solution as you reduce the 

grid size.  We hypothesize that a fractal heterogeneous solution (with no inherent length-

scale) might be the answer to this problem. 

  A static effect that can also produce heterogeneous stress was recently presented 

by Dieterich [2005].  Fault traces in nature are rarely if ever completely planar; there is 

usually some small-scale 3D geometry to the fault trace.  Modeling fault traces with 

fractal geometry, solving for slip with boundary elements and using a µ = 0.6 , he found 

that even very small variations in fault trace can produce significant near-fault stress 

heterogeneity and create spatially heterogeneous aftershock rates.  In this case, the 

coefficient of friction was not varied dynamically, so this is an entirely independent effect 

that also creates stress heterogeneity. 

 

Stress Model to Be Used in the Thesis 

 In this thesis, we create 3D grids like Figure 1.7, where the full or deviatoric 

stress tensor is defined at each spatial grid point using equation (1.1).  The principal 

stresses and orientations of the heterogeneous stress tensor, !"
H
x( ) , are randomly 

generated; then a discrete spatial filter is applied to produce power-law spatial stress 

heterogeneity.  Chapters 2 and 3 explain how we do this in detail.  A spatially and 

temporally homogeneous stress tensor, !"
B

, what stress inversions approximately solve 

for, is added.  Last, points are brought to failure by adding on a linearly increasing 

tectonic stress due to the stress rate, 
 
! !"
#

, and applying a plastic yield failure criterion. 
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This generates point failures within our 3D grid, which we call earthquakes, and produces 

our set of synthetic focal mechanisms.  Chapter 4 shows the steps of bringing points to 

failure as well as simulations that demonstrate how large amplitude spatially 

heterogeneous stress biases stress inversions toward the stress rate tensor, 
 
! !"
#

.  

 

 

 

 

 

Figure 1.7.  A sample 3D grid of points.  In our numerical simulations we would define 

the full or deviatoric stress tensor at each spatial grid point. 
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In creating equation (1.1) we approximate stress in time and space as a 

decomposition that is a linear sum of parts that are 1) spatially and temporally uniform, 2) 

varying with time, but relatively homogeneous spatially, and 3) spatially very 

heterogeneous, but do not vary much over the time scale of decades. While there are 

many features of real mechanics that are not included in this description but are discussed 

more in the following section, this is the simplest decomposition that we could think of, 

which also contains the essential features of a temporally varying stochastic stress model.  

 
 
!" x,t( ) = !"

B
+ ! !"

T
t + !"

H
x( )  (1.1) 

Where  

!"
B

 is the background stress, which is the spatially and temporally averaged stress 

tensor in the region of interest. This is the quantity that traditional stress 

inversions are designed to find.  

 
! !"
T
t( )  is the temporally varying stress due to plate tectonics.  For example, if there is 

far-field loading but the fault in the brittle upper crust is locked, there can be a 

temporal increase of stress as a function of time (Figure 1.8).  There may also be 

fault interactions that can produce regional stress rates similar to what is seen in 

Figure 1.9, modified from Becker et al. [2003] for Southern California.  Or short-

term stress rates could be created by post-seismic visco-elastic relaxation. 

This term is assumed to grow linearly with time for our short simulation 

time windows of 10–20 years, but is assumed to be small compared to !"
H
x( )  and 

!"
B

. While, in reality, it varies with space, the spatial variations are small by St. 

Venant’s principle since the forces are applied at a distance.  In general, we 
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assume that !"
B

 and 
 
! !"
T

 have different orientations. For example, the principal 

compression of the average background stress might be oriented nearly 

perpendicular to the San Andreas Fault [Townend and Zoback, 2004]; whereas, 

the stress rate compression axis must be at a 45°
 
angle, since shear on the San 

Andreas Fault accommodates most of the plate motion.  Simulations in Chapter 4 

explore this possibility.   

!"
H
x( )  is spatially varying stress. By definition, its spatial average is zero. The 

heterogeneous stress is assumed to be due to all of the stress changes caused by 

local inelastic deformations such as the slip distribution due to faulting, 

compaction, fluids, thermal stresses, topography, etc.  The heterogeneity is 

described by two parameters,  

1. ! , where the amplitude spectrum of any 1D cross section through our 3D 

!"
H
x( )  grid is proportional to 1

k
!  and [Barnsely, et al., 1988] 

2. 

Heterogeneity Ratio =

HR =
Mean Spatially Heterogeneous !I

2[ ]  Units of Stress[ ]

Spatially Uniform Background  Stress !I
2

  Units of Stress[ ]

, which 

is a dimensionless number relating the size of the heterogeneity to the size 

of the background stress to create a dimensionless heterogeneity 

amplitude.  !I
2

, the second invariant of the deviatoric stress tensor, a 

nonnegative number, is a measure of maximum shear stress regardless of 

orientation, and is the quantity used in our primary failure criterion. That 

is why we use !I
2

 for our measure of heterogeneity amplitude. 
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We also assume that the stochastic properties of !"
H
x( ) , described by HR  

and ! , do not significantly evolve in time for the simulations we present in the 

thesis; therefore, we do not update !"
H
x( )  after each event.  Specifically, we are 

interested in stress inversions that are applied to background seismicity, in 

between major seismic events over a time window in the range of 1–20 years.  A 

major event will significantly change the 3D stress pattern and would have to be 

taken into account, which is a future research direction we have begun delving 

into.  However, we assume that the heterogeneous slip patterns, after some stress 

relaxation, regenerate heterogeneous stress that will have approximately the same 

stochastic properties as before the major earthquake. 
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Figure 1.8.  Cartoon of one mechanism that could create our stress rate, 
 
!!
T

.  There is 

far-field loading of a locked, strike-slip fault that will build up stress in time. 
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Figure 1.9.  Figure modified from Becker et al. [2003].  They compared the major 

horizontal compressive axes between:  1) Residual strain rates (in black) modeled from 

GPS data and block fault models and 2) regional stress inversions (in yellow) from 

earthquake focal mechanisms.  While there is variation in the strain rate data from 

region to region, one can pick a region like the Los Angeles Basin where there is little to 

no variation in the orientation of the black strain rate vectors, indicating it is possible to 

use a spatially uniform stress rate tensor, 
 
!!
T

, for some regional studies.  At the very 

least, this shows that the strain rate orientations, and by implication the stress rate 

orientations, have much less spatial variability than the stress heterogeneity, !"
H
x( ) . 
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Assumptions/Limitations of This Stress Formulation 

From the outset it is important to clearly indicate the assumptions used in this 

thesis and the possible limitations.  We do not attempt to create stress heterogeneity in 3D 

from first principals because of the inherent difficulties.  Aagaard and Heaton have 

numerically created self-sustaining heterogeneous stress on a 2D plane that repeatedly 

ruptures in time through a dynamic calculation [Aagaard and Heaton, personal 

communication].  However, to faithfully create realistic 3D stress heterogeneity, one 

would have to numerically simulate all the faults in the region at all lengthscales, from a 

small 10 cm dislocation to a 100 km rupture, and simulate appropriate spatial 

distributions of slip for every rupture, throughout thousands of years, because the current 

stress heterogeneity pattern is a superposition of all the past faulting and fracture history 

in the crust.  Not only does this require many assumptions, such as the distributions of 

fault orientations, fault lengths, slip on fault, etc., it is also currently numerically 

impossible using dynamic fracture simulations.  Therefore, we have chosen to approach 

this problem statistically in a simple manner.  On the plus side, this enables us to describe 

spatially heterogeneous stress with two statistical parameters, HR  and ! , generate 

synthetic focal mechanisms quickly, and compare our simulations with real data to 

constrain the statistical properties of the crust.  On the other hand, this statistical approach 

makes many simplifying assumptions in an attempt to obtain a first-cut answer about the 

statistics of the Earth’s crust and overlooks details that are necessary if one wishes to 

model stress heterogeneity from first principles. 
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First, while we satisfy rotational equilibrium when we create our stress tensors, 

we do not satisfy the other equilibrium equation, 
!" ij

!x jj=1

3

# = fi , which specifies no internal 

accelerations if there are no sources.  In order to satisfy 
!" ij

!x jj=1

3

# = fi  and have spatially 

heterogeneous stress, we would have to include sources, which requires a whole set of 

additional assumptions; see the beginning of Chapter 3 for a more thorough explanation 

as to why we do not satisfy the equilibrium equation, 
!" ij

!x jj=1

3

# = fi . 

This leads to some of our other assumptions: 1) We do not allow for slip on pre-

existing faults.  This means our seismicity tends to cluster in 3D clouds rather than 

lineations or planes as seen in the real Earth.  2) We only allow for point source 

dislocations.  3) We do not update the stress field after a failure; hence, there is no 

explicit interaction between events.  Equation (1.1) is written for stress inversions of 

background seismicity where stress perturbations due to individual events are small and 

should have little to no effect on the other events included in the regional inversions.  4) 

There is no inclusion of creep, which could change the heterogeneous stress distribution.  

5) We assume failure occurs on fresh-fracture, maximally oriented planes at ±45°  from 

the !
1
 and !

3
 principal stress axes.  This is a consequence of using a plastic yield 

criterion.  In Appendix C, we do use a Coulomb Failure criterion and find similar but 

more complicated results when we compare our results for Coulomb Failure criterion to 

our results for the plastic yield criterion in Chapter 4.  6) Last, the spatial stress 

heterogeneity in the Earth may not vary exactly as a fractal according to our formulation 

described in Chapters 2 and 3. 
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A major difference between the assumptions in this thesis vs. those in stress 

inversions is summarized in Table 1.1.  We are assuming an end-member model, 

heterogeneous stress and homogeneous nucleation strength, whereas stress inversions 

[Angelier, 1975; 1984; Carey and Brunier, 1974; Etchecopar, et al., 1981; Gephart, 

1990; Gephart and Forsyth, 1984; Mercier and Carey-Gailhardis, 1989; Michael, 1984; 

1987] represent the other end-member model, homogeneous stress but heterogeneous 

strength.  To understand this difference it is helpful to review some of the basic steps of 

stress inversions.  Figure 1.10, from Angelier [1990], diagrams part of this procedure.  

One begins by collecting a set of earthquake focal mechanisms in a study region for some 

time window.  The focal mechanisms are converted into slip vectors on a plane that can 

be described by the parameters strike, dip, and rake, or by a slip vector, 
 

!
s
K

, and normal 

vector, n̂
K

, as shown in Figure 1.10 a).  An estimated spatially uniform stress tensor, !
K

, 

is resolved onto each plane to produce normal traction vectors, 
 

!
!

N
K

, and shear traction 

vectors, 
 

!
!
K

, as shown in Figure 1.10 b).  The relative angles between the actual slip 

vectors, 
 

!
s
K

, and the projected shear traction vectors, 
 

!
!
K

, are called the misfit angles as 

shown in Figure 1.10 c).  The inversion routine attempts to find a best-fit spatially 

uniform stress tensor, !
K

, that minimize the overall misfit statistics.  A study by Rivera 

and Kanamori [2002] of data in Southern California showed that one needs either 

heterogeneous friction (strength), heterogeneous stress, or both to describe the inversion 

statistics of real data.  Current interpretations of stress inversions assume the stress is 

spatially homogeneous, and the strength is heterogeneous.  In contrast, for our modeling 

we explain the misfit statistics with heterogeneous stress and assume that the physical 

processes initiating rupture are homogeneous, i.e., homogeneous nucleation strength. 
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Figure 1.10.  Figure modified from Angelier [1990].  a) The slip plane, slip vector and 

normal vector to the slip plane for a single focal mechanism.  b) Best guess spatially 

homogeneous stress tensor resolved into normal and shear tractions on the fault plane.  

c) The relative angle between the shear traction vector for the best guess spatially 

homogeneous stress tensor and the focal mechanism slip vector.  This relative angle is 

called the misfit angle. 

 

Table 1.1.  Two End Member Models for Explaining the Misfit Statistics of Focal 

Mechanism Inversions 

Current Assumptions in Stress Inversion 

Modeling 

Assumptions Used in Our Modeling,  

the Other End-Member Case 
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Overview of Thesis 

The method used to generate the heterogeneous stress, !"
H
x( ) , is explained in detail 

in Chapters 2 and 3.  Chapter 2 explains how to generate a scalar quantity with fractal 

characteristics in 3D.  Chapter 3 explains how we generated a full tensorial quantity with 

fractal characteristics in 3D, i.e., where 5–6 independent quantities have been filtered 

spatially (5 if one is working with a deviatoric stress tensor, 6 if one is working with a 

full stress tensor).   

 In Chapter 4, we describe how we create our synthetic focal mechanism catalogs 

combining the Hencky-Mises plastic yield criterion with equation (1.1).   That chapter 

explains why stress inversions will be biased towards the orientation of time-varying 

stress terms, be it the far-field plate tectonic stress rate, 
 
! !"
T

, or the stress perturbations 

associated with a mainshock that occurs at time T
E

.  Appendix C demonstrates 

numerically that the same bias occurs when one uses the Coulomb Failure Criterion, but 

the results become more complicated for µ ! 0.0 , because the two conjugate planes are 

no longer perpendicular.  In Chapter 4, we also explore the consequences of the bias 

towards the stress rate, 
 
! !"
T

, for the case of background seismicity, in between 

mainshocks.  We find that if stress is highly heterogeneous, the standard stress inversions 

of focal mechanisms [Angelier, 1975; 1984; Carey and Brunier, 1974; Etchecopar, et al., 

1981; Gephart, 1990; Gephart and Forsyth, 1984; Mercier and Carey-Gailhardis, 1989; 

Michael, 1984; 1987] simply yield 
 
! !"
T

, instead of !"
B

, if 
 
! !"
T

 and !"
B

 have different 

orientations.  Whereas, if there is little to no heterogeneity, the inversions do yield !"
B

 as 

commonly thought.  
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 In Chapter 5, we begin estimating stress heterogeneity parameters, !  and HR , in 

the real Earth.   Our estimates for the amplitude of the heterogeneity, HR , is more robust 

than our estimates for the spatial smoothing, ! ; however, we find that the increasing bias 

toward 
 
! !"
T

 with increasing heterogeneity amplitude, HR , is independent of the !  we 

use for ! " 1.0 .  Determining the value of !  has important implications for calculating 

the strength of the crust as a function of length-scale, but it does not affect our 

observations that focal mechanism inversions are biased toward 
 
! !"
T

 when there is 

spatially heterogeneous stress.  Our best estimate for stress heterogeneity in Southern 

California, HR ! 1.25 , produces stress inversion orientations rotated approximately 30–

40% from !"
B

 toward the stress rate tensor,
 
! !"
T

, a non-trivial bias.  This result suggests 

that stress studies using focal mechanism inversion routines [Angelier, 1975; 1984; Carey 

and Brunier, 1974; Etchecopar, et al., 1981; Gephart, 1990; Gephart and Forsyth, 1984; 

Mercier and Carey-Gailhardis, 1989; Michael, 1984; 1987] need to be reinterpreted.  In 

light of this, we suggest a new procedure for interpreting focal mechanism inversions 

where the bias toward 
 
! !"
T

 would be subtracted out to yield the actual !"
B

.   
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