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ABSTRACT 

This research is an investigation into two different aspects of the faulting process. 

The fIrst part of the study focuses on the initial stages of fault fonnation, while the second 

analyzes the defonnation produced by an existing fault The section on fault fonnation is 

an attempt to determine whether slip on an existing fault has a significant effect on the 

fonnation of subsequent faults. A two-dimensional elastic fInite element technique is 

used to examine the system of stresses produced by slip on an initial fault, assuming that 

defonnation occurs either elastically or by brittle failure. A Mohr-Coulomb failure 

criterion is used to determine the most likely region of secondary fault initiation. A strain 

energy criterion is then used to fInd the preferred direction of fault propagation. The 

study on fault fonnation is subdivided into two sections representing two idealized 

tectonic environments: purely extensional and purely compressional. 

The section on extensional fault fonnation explains the prevalence of grabens in 

extensional tectonic regimes as a consequence of the stress perturbations due to slip on an 

initial nonnal fault. Slip on the initial fault produces a region of high proximity to failure 

at the surface of the downthrown block. A secondary fault would be expected to initiate 

in this region. The direction of propagation of this fault that most effectively relieves the 

shear stress (and therefore minimizes the total strain energy) is toward the initial fault, 

resulting in an antithetic orientation, or graben. The width of the graben is found to be 

controlled by the depth of the initial nonnaI fault, rather than the depth to a change in 

material properties. 

The study of compressional fault fonnation indicates that, except for steeply-dipping 

faults, the presence of an initial thrust fault tends to suppress the fonnation of other faults 

in its vicinity. However, if a secondary fault initiates near an initial thrust fault, the 
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direction in which it propagates will be influenced by the presence of the initial fault. The 

way in which it is influenced is dependent on the fault dip. 

The final part of this study examines the deformation produced by repeated 

earthquake cycles on the San Andreas fault in southern California. A three-dimensional, 

time-dependent kinematic finite element model is used to investigate the influence of slip 

distribution and rheological parameters on the predicted horizontal and vertical 

deformation. The models include depth-varying rheological properties and power-law 

viscoelastic behavior. The predicted deformation patterns are fairly sensitive to the 

parameters used in this study. Of particular importance is the calculation of vertical uplift 

rate since, in many cases, models that cannot be distinguished from each other on the 

basis of horizontal deformation may produce distinctive vertical uplift patterns. 



CHAPTER 1 

INTRODUCTION 
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The faulting process is one of the most important areas of research in both 

geophysics and structural geology. For the geophysicist, faults represent a potential 

source of earthquakes, while for the structural geologist they constitute one of the primary 

modes of significant rock deformation. These regions of interest are two sides of the 

same coin. It is impossible to fully comprehend the process of earthquake occurrence 

without an understanding of the mechanisms by which deformation occurs. On the other 

hand, it is difficult to interpret many observed rock deformations without considering the 

dynamics of active faulting. This fact is becoming more and more apparent. For 

example, recent models by King et al. [1988] and Stein et al. [1988] have demonstrated 

how some observed geologic structures may be developed through the occurrence of 

repeated earthquakes. In a recent paper, Sibson [1989] stresses the importance of 

considering seismic slip increments and other factors related to fault dynamics when 

interpreting observed structures. It thus seems that the fields of both structural geology 

and geophysics stand to gain from a combination of techniques. This study attacks the 

problem of faulting from both points of view. The first part of the study considers the 

factors influencing the formation of faults using a static (elastic) model, while the second 

part uses a kinematic (time dependent) model to examine the deformation produced by 

movement on an existing fault. 

One of the first questions to ask when studying faults is: what factors are 

responsible for observed fault geometries? Fault OCCUlTenCe does not, in general, appear 

to be random. There are a number of commonly seen fault patterns, and there must be 

some physical basis for these patterns. For example, in regions of extension, antithetic 
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pairs of high angle nonnal faults (grabens) frequently appear, while synthetic sets of low 

angle thrust faults are common in areas of compression. Although basic theories of rock 

mechanics can explain the occurrence of nonnal faults and thrust faults, the orientations 

of the faults with respect to each other are not so easily explained. Commonly cited 

reasons for observed fault configurations are pre-existing planes of weakness and 

complex stress systems. One factor that has not been considered in great detail is the 

stress field induced by slip on the faults themselves. 

It is a relatively simple matter to calculate the stresses in an elastic layer subjected to 

stress or displacement boundary conditions. This was done by a number of workers in 

the earlier days of fault modeling [Hafner, 1951; Hubbert, 1951; Sanford, 1959]. Using 

a Coulomb (or Mohr) failure criterion, it was then possible to calculate trajectories 

representing likely paths along which a new fault would fonn. These models were 

reasonably successful in that observed fault geometries generally represented a subset of 

the predicted geometries. The problems in completely predicting observed geometries 

arose from the failure criterion used, which always predicted failure along one of two 

conjugate planes. It was never possible to tell in advance which of the two planes 

represented the preferred fault orientation. A further problem with these models was that 

they were strictly valid only before the onset of faulting. The occurrence of a fault alters 

the stress field, and the analytical techniques being used did not allow these effects to be 

included. In these models, it was assumed that the stress perturbations induced by fault 

slip would not be large enough to significantly affect the results. One of the primary 

motivations for the first pan of the study is to detennine to what extent this assumption 

might be true. This may be refonnulated into the following question: does slip on an 

initial fault have a significant effect on the development of subsequent faults? Although 

the analytical methods of earlier work did not allow fault slip to be included in the 
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models, modem numerical techniques (Le. the finite element method) allow the use of 

complex boundary conditions and geometries, as well as including the effects of fault 

slip. 

The study of fault fonnation is divided into two sections: extensional faults and 

compressional faults. For the case of extensional faults, there are two questions to be 

answered. The first question is: why are grabens so commonly observed in extensional 

environments? In the framework of the discussion of the preceding paragraph, this study 

attempts to determine whether the observed antithetic orientations could be a result of the 

stresses produced by slip on an initial fault. The second question is: what are the 

controlling factors on graben width? One study has suggested that the graben-bounding 

faults intersect at a depth corresponding to a mechanical discontinuity in the crust, and 

that graben width is thus controlled by the depth to this discontinuity [Golombek, 1979; 

Golombek and McGill, 1983]. An alternative to this idea, proposed in this study, is that 

graben width is instead controlled by the depth to which the initial fault penetrates. 

The section on compressional faults attempts to explain the observed occurrence of 

synthetic thrust faults in a manner similar to that of the graben study. In addition to 

detennining whether slip on an initial thrust fault controls the fonnation of subsequent 

faults, this study examines the possibility that the dip of the initial thrust fault could affect 

the predicted fault configurations. Both this study and the extensional fault study use a 

two-dimensional elastic plane strain model, and the results are computed using the finite 

element method. As mentioned above, this technique allows the use of relatively complex 

models, and is ',1./ell-suited for problems of fault fonnation. 

The second part of this study focuses on the dynamics of a large, transcurrent, plate

bounding fault -- specifically, the San Andreas fault in southern California. While th.:: 

fIrst part of the study is concerned with the factors controlling the fonnation of faults, this 
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section examines the factors influencing the observed defonnation due to movement on an 

existing fault These factors include the physical properties of the Earth in the vicinity of 

the fault, the geometry of the fault, the direction and magnitude of the forces acting on the 

fault, and the spatial and temporal distribution of slip on the fault. The observed 

defonnation patterns are influenced by each of these factors, and can thus be used as 

constraints on the possible parameter values. A detailed knowledge of the physical 

parameters associated with the fault is essential in understanding the process of 

earthquake occurrence along the fault. Reliable estimation of earthquake hazard potential 

on the San Andreas fault will only be possible if the properties and processes associated 

with fault movement are completely understood. 

Although knowledge of earthquake occurrence is a principal motivation for this 

study, it is by no means the only one. The San Andreas fault also represents a vast 

source of infonnation about the composition and behavior of the Earth. Just as the 

recognition of post-glacial rebound led to the discovery of viscoelastic behavior in the 

Earth [Haskell, 1935, 1936], the time-dependent defonnation associated with the San 

Andreas fault provides a unique opportunity to explore the properties of the Earth in more 

detail. Knowledge of these properties will, in tum, provide clues as to the composition 

of the Earth at depth. Although the detennination of Earth composition from rheological 

behavior is an extremely nonunique problem, it should at least be possible to rule out 

some of the possible models on this basis. 

The study uses a completely three-dimensional, time dependent (viscoelastic) 

kinematic finite element model to explore the effects of rheological and fault slip 

parameters on predicted defonnation. The important features of this model are that it uses 

a layered, power-law viscoelastic rheology and is capable of calculating both horizontal 

and vertical deformation. The assumption of layered, power-law viscoelastic properties 
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represents a departure from most current models, which assume a purely elastic layer 

overlying a linear (Maxwell) viscoelastic half-space. Although it is possible to provide 

acceptable fits to current deformation data with a layer-over-half-space model, the 

properties used do not necessarily have any physical meaning, but are instead chosen on 

the basis of how well they fit the data. Although the values of linear viscosity chosen for 

these studies are generally within the limits of large-scale estimates determined from 

postglacial rebound and other studies, these limits are extremely large. Power-law 

viscoelastic rheology, on the other hand, is well-documented by laboratory results [ego 

Kirby, 1983; Kirby and Kronenberg, 1987a and b]. The use of laboratory results 

provides a non-arbitrary means of incorporating viscoelastic behavior into the problem. 

Furthermore, the power-law properties chosen can be specifically related to a particular 

rock type, serving to constrain estimates of the Earth's composition. 

The calculation of vertical uplift is another feature that is not included in most current 

models of the San Andreas fault. Observations of uplift near the fault have historically 

been of debatable accuracy, and have not been used as constraints on fault properties for 

this reason. Newer methods of measuring uplift (such as GPS and VLBO promise more 

reliable results, however. This data set could therefore be of considerable importance in 

evaluating different fault models if predicted uplift can be determined for the models. 

This study therefore calculates the vertical uplift rates for the different models at different 

times in the earthquake cycle. A number of different models predict similar horizontal 

deformation at the present time. The addition of vertical uplift rates to the data set could 

help to narrow the model possibilities considerably. 

The San Andreas study considers a number of rheologically reasonable models and 

calculates both horizontal and vertical deformation at different points in the earthquake 

cycle. The results for times close to the present may be compared to existing 
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observations to detennine which models provide the best fit. The predicted deformations 

at other times are also important, since they can locate the regions where the models 

predict significantly different deformation patterns. These areas would then be likely 

candidates for future observation sites. 

The organization of this dissertation is as follows: Chapter 2 provides a brief history 

on the various theories that are pertinent to the studies of fault formation in this paper. 

This lays the theoretical groundwork for the methods used in examining the formation of 

extensional and compressional faults. Following this, Chapter 3 describes the procedures 

and results of the study on graben formation. This chapter briefly describes previous 

work on graben formation, and it also explains the concept of proximity to failure and the 

strain energy considerations that are also used in the study of thrust fault formation. 

Chapter 4 describes the study of thrust fault formation. Most of the methods used are 

described in Chapter 3, and are not repeated. Some scaling of pararneters is necessary in 

Chapter 4, and the procedures used are described in Appendix A. The next chapter 

(Chapter 5) provides a historical overview of the theory of movement on existing faults, 

serving as a prelude to the chapter on San Andreas fault modeling. The chapter on the 

San Andreas fault (Chapter 6) describes the methods and results used for that study, 

briefly reviewing a few of the important models described in the previous chapter. 

Chapter 7 provides concluding remarks for all three studies (grabens, thrust faults, and 

the San Andreas fault). All of the results in this paper were obtained through use of the 

finite element method. Specific techniques are described in each of the chapters in which 

they are used. 



CHAPTER 2 

HISTORICAL PERSPECTIVE ON THE THEORY OF FAULT 
FORMATION 

Introduction 
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Theories of fault formation attempt to establish a criterion that can explain observed 

fault patterns. Unfortunately, there is at present no single theory that can correctly predict 

all of the known patterns. There are a number of theories, however, that provide good 

agreement with observation under certain conditions. When investigating a problem in 

fault fomlation, the key lies in utilizing a theory appropriate to the process under analysis. 

The primary considerations are that the conditions assumed in the theory are likely to be 

reasonably consistent with the conditions of the problem being studied, and that the 

theory be simple e"nough that a solution may be obtained. Thus, the most complex theory 

is not necessarily the one that should be used, since it may prove impossible to obtain u 

solution. In general, it is best to use the simplest theory that is consistent with the 

conditions being considered. 

Theories of fault formation have their earliest roots in the work of Coulomb in 1773 

[Jaeger and Cook, 1979], who related rock failure to a combination of frictional and 

cohesive properties of the rock. Centuries later, this idea is still widely used in the fields 

of rock and soil mechanics, and, indeed, provides the basis for some of the work in this 

dissertation. Current ideas on the failure "of rock and the formation of faults come from a 

number of different sources, from micro- to macro-scale considerations. Micro-scale 

studies are based on the idea of small crack formation and propagation. Many current 

theories of this process are based on the ideas of Gr~1fith [1921, 1924], who was able to 

reconcile a number of discrepancies between observation and theory by considering the 

energy of crack formation. There have been a number of modifications to this theory, 
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based on both theoretical considerations and laboratory work on a number of different 

materials, but the basic concepts appear to be fIrmly established. Brace [1960] was able 

to show that the modifIed GriffIth theory predicted a failure criterion nearly identical with 

empirical Coulomb failure laws for rocks under compression, thus fmnly establishing ,the 

utility of such theories. 

On a somewhat larger scale, the theory of Anderson [1951] provided a reasonable 

explanation for the formation of faults in the Earth, based on the ideas of friction on faults 

and the existence of pervasively shattered rock within the Earth. Anderson's theory could 

be formulated in terms of a Coulomb failure criterion, thus bringing the theories of fault 

formation full circle. Numerous experimental studies have been performed to establish 

empirical results on rock friction, most notably the results of Byerlee [1978a]. Byerlee's 

results demonstrated that rock behavior under a wide variety of conditions could be 

reasonably approximated by a Coulomb-type failure criterion. One of the ongoing 

debates in geophysics is how valid these results are when extrapolated to processes in the 

Earth. Under certain circumstances, they appear to be valid approximations, while they 

fail to explain other observations. 

The theories mentioned so far by no means defIne the complete set of knowledge on 

rock failure and fault formation. Much of the current work on these processes is being 

done in the fIeld of fracture mechanics. This fIeld has been described by Irwin and de 

Wit [1983] as: 

" ... the fracture of materials in terms of the laws of applied mechanics and the 
macroscopic properties of materials. It provides a quantitative treatment, based 
on stress analysis, which relates fracture strength to the applied load and 
structural geometry of a component containing defects," 

This fIeld draws from a number of scientifIc fIelds, including physics, chemistry, 

materials science, engineering and mathematics, as well as geology and geophysics 
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[Atkinson, 1987]. A full review of the science of fracture mechanics is beyond the scope 

of this paper; however, some of the basic concepts are described near the end of this 

chapter. 

The layout of this chapter is as follows: following this introduction is a section 

describing some basic concepts that are used in other parts of the paper. This includes the 

basic elasticity equations, Mohr's representation of stress, and the equations describing 

strain energy. The next section describes the Coulomb failure criterion and related 

frictional failure theories. This includes laboratory and theoretical results on rock friction 

that lead to Coulomb-type theories. Also included in this section are more general results 

on rock friction, including theories that consider dynamic as well as static friction. The 

next section describes the Anderson theory of faulting and other related theories, as well 

as some applications of the theory. Following this, Griffith's theories and later 

modifications are described. This includes a description of the relationship between the 

Griffith and Coulomb theories. Following this, a bri'!f review of pertinent advances in 

fracture mechanics is given. The concluding section, after a brief summary, describes the 

ideas that form the basis for the present study, and explains why they were used. 

Basic Concepts 

Equations of Elasticity 

The models of fault formation used in this paper are all based on the assumption of 

elastic behavior. Although this is an obviously simplified viewpoint, this assumption is 

reasonable for the conditions of the problem, namely, that the faults occur at extremely 

shallow depths, where elastic-brittle behavior would be expected, or that the elastic-brittle 

crust extends to a great depth in the region in which the faults occur. For a 
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homogeneous, isotropic material, the equations relating elastic stress and strain are given 

by 

(1) 

where O"ij represent the components of stress, eij are the components of strain, It is 

Lame's constfl.nt, oij is the Kronecker delta, and J.l is the shear modulus of the material. 

This equation makes use of the commonly-used index notation [Timoshenko and 

Goodier, 1970], which allows a single equation to represent the nine stress-strain 

equations, six of which are linearly independent The indices i andj can take the values 

1,2, or 3, or equivalently x, y, or z, representing the three spatial dimensions. A 

repeated index implies summation. In considering the stresses acting on the faces of an 

infinitesimal cube, the first index indicates the nonnal to the plane under consideration 

while the second indicates the direction of the component of the stress. In the geological 

literature, the components of nonnal stress (O"xx, O"yy, and O"zz) are taken to be positive 

when they produce compression and negative when they produce tension. This is 

opposite the convention used in the engineering literature. In this paper, the geological 

convention will be used for stresses and strains. In Chapter 6, observed strain rates for 

the San Andreas fault follow the opposite sign convention, such that extension is positive 

and contraction is negative. To remain consistent with the geodetic notation, the 

engineering sign convention is used for strain rate in Chapter 6. This would imply a 

negative sign in front of the right-hand side of equation (1). 

Equation (1) is valid for general three-dimensbnal elastic problems; however, many 

problems may be reduced to a two-dimensional case, thus simplifying the solution. The 

plane strain assumption is commonly used to represent geological situations where a 
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cross-section of a particular structure is of interest, and the length of the structure is much 

gre"ater than its cross-sectional width. In this case, it is assumed that displacement is 

confined to a plane. If z defines the direction perpendicular to this plane, then Ezz = exz = 

eyz = CTxz = CTyz = 0 and CTzz = v(O'xx + CTyy), where v is Poisson's ratio. Then, in terms 

of Young's modulus E = ,u(3A + 2,u)/(A +,u) and Poisson's ratio v = 1l/2(A + ,u), the 

equations of elasticity are: 

e:a = f[(l- y2)O'u - v(l+ V)CTyy ] 

eyy = i-E(l- v2
)O'yy - v(l + V)CTu ] 

(1+ v) 
exy = E CT"y 

These are the equations used in the analysis of fault formation. 

(2) 

The coordinate axes x and y are completely arbitrary and the equations are equally 

valid in any coordinate system that is rotated with respect to the initial system. If the 

initial axes are x and y and the new set of axes, rotated by a counterclockwise angle () 

relative to the original axes, are x' and y', the stresses in the new coordinate system are 

given by [Jaeger and Cook, 1979]: 

O',,'z.' = CTu cos 2 
() + 20'"y sin () cos () + CTyy sin 2 

() 

CTy~' = CTu sin 2 
() - 2CT"y sin () cos () + CTyy cos2 

() 

O'''J' = ~(CTu - CTyy )sin 2() + CT"y cos 2(} 

By adding the first two of these equations, it will be noted that 

(3) 
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(4) 

so that the sum is invariant under a rotation of coordinate axes. As it turns out, there are 

three linearly independent stress invariants, which will be discussed later. The particular 

invariant described by equation (4) is simply twice the mean stress in the x-y plane, O"m. 

In this study, the mean stress will be considered to be equivalent to the pressure, P. In 

reality, however, the pressure represents the average value of all three principal stresses. 

For practical purposes, the assumption that O"m :::: P is reasonable, since O"zz is generally 

not of interest in plane-strain problems. A commonly-used quantity in geological 

problems is the deviatoric stress, O"u' = O"jj - P, where, in this case, the repeated indices 

do not imply summation. The deviatoric stresses are simply the nonna! stresses minus 

the mean nonnal stress (pressure). 

Principal Axes and Mohr's Circle Representation of Stress 

Inspection of equations (3) reveals that for an angle () given by 

20"xy 
tan2(} = a _ 0" 

xx yy 
(5) 

the shear stress vanishes (O"x'y' = 0). The two components of nonnal stress for this angle 

are represented by 0"1 and 0"3 and are called the principal axes of stress (0"2 is generally 

directed into the plane). The maximum compressive stress is given by O"J and the 

minimum compressive stress is given by 0"3. It is frequently of interest to calculate the 

normal and shear components of stress along a plane inclined at an arbitrary angle to the 

initial coordinate system. The situation is represented in Figure 1. The normal to the 
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y 

a 

rz.----'---....loIIiII---- - - - - - x 

Figure 1. Stresses acting on a plane with a normal inclined at an angle a to the x-axis. The normal and 
shear stresses acting on the plane are u and 1'. 
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plane of interest is inclined at an angle a to the initial x-axis. The nonnal and shear 

components of stress are given by (5 and 't', respectively. If the x- and y-axes are chosen 

to correspond to the directions of (51 and (53, an extremely simple solution for the normal 

and shear stresses exists: 

1 1 
(5 = 2"(q + 0'3) + 2"(q - o;)cos2a 

't'=-1-(a- o:)sin20 2 1 3 

(6) 

A simple graphical representation of these stresses was devised by the German engineer 

Otto Mohr at the beginning of this century [Jaeger and Cook, 1979]. The Mohr's circle 

diagram takes advantage of the trigonometric relationships in equations (6), which 

coincide nicely with measures of distance at different angles around a circle. 

The following discussion of Mohr's circles is paraphrased from Jaeger and Cook 

[1979]. A Mohr's circle diagram is shown in Figure 2. The horizontal axis corresponds 

to the nonnal stress «(5) while the vertical axis represents the shear stress ('t'). If the 

distance from 0 to P represents the value of (51 and the distance from 0 to Q represents 

the value of (53, then the center of the circle, C represents the pressure P = «(51 + 0'3)/2. 

The maximum shear stress 't'max = - «(51 - (53)12 is equal to the maximum vertical extent of 

the circle (equivalent to the radius). Using this system, the coordinates of any point A on 

the circle for which the angle PCA, measured clockwise from OP, is 2a, are given by 

equations (6). The point A', 1800 from A, gives the normal and shear components for a 

plane perpendicular to that represented by A. The only difference between these sets of 

values will be the sign of the shear stress. In general, the sign of the shear stress is not 

important, but only its magnitude. For that reason, the vertical axis of the Mohr's 
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Figure 2. Representation of a Mohr's circle diagram. 
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diagram is frequently chosen to represent the absolute value of the shear stress. That is 

the convention adopted in the present study. The Mohr's circle representation of stress is 

an extremely useful tool in examining a number of failure criteria, including the Mohr

Coulomb criterion used in this study. 

Stress Invariants and Strain Energy 

Earlier in this chapter, it was mentioned that there are three linearly independent 

stress quantities that are invariant under a rotation of coordinate axes. The first of these 

quantities 

is given by equation (4). The stress invariants in three dimensions are g;' ~n by 

[Timoshenko and Goodier, 1970]: 

2 2 2 
12 = O'uO'y) + O'yyO'zz + O'uO'zx - O'xy - O'yz - O'xz 

= Q0'2 + 0'2Oj + Ojq (7) 
222 

13 = 0'u.0' yyO'zz + 20'xyO'yz O'xz - O'xxayz - O'yyO' XI - O'zzO'xy 

= q0'20'3 

These equations may be transformed to the case of plane strain by setting O'xz :: O'yz = 0 

and O'7,Z = v( O'u + O'yy). The stress invariants are a useful tool when working with 

problems. in elasticity, since any quantity that can be defined in terms of the invariants is 

itself invariant under coordinate rotations. 

When an infinitesimal cube is loaded under conditi0ns of uniaxial stress, a certain 

amount of work is done by the forces on the ends of the cube. If the force is applied in 

the x-direction, then a force O'xx dy dz does work through an extension exx dx, where dx, 
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dy, and dz represent the side lengths of the cube. The relationship between CT;o: dy dz and 

E;o: dx is shown in Figure 3, and the amount of work is given by the area 

1 
dW = ran E)l% dx dy dz (8) 

The strain energy for the cube is then equal to the area of triangle OAB in Figure 3. 

Extending this idea to a large volume subjected to an arbitrary system of stresses, the 

strain energy per unit volume is given by: 

(9) 

or, using the more compact index notation: 

(10) 

where Cjjkl represents the generalized elastic constants. It can be seen that the strain 

energy per unit volume represents a potential of stress with respect to strain, since taking 

the derivative of equation (to) with respect to the strain would yield the stress. The 

reciprocal is also true, since the strain energy per unit volume can also be defined entirely 

in terms of the stress. When this is done, it is found that 

(11) 
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dx 

dz 
--- .-.--------

O'xx dydz 

Figure 3. Volume element subjected to a force ern dy dz through an extension En dx. The lower figure 
shows the relationship between the force and the extension. 
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where I} and h are the stress invariants of equation (7). Therefore, the strain energy per 

unit volume is also an invariant. This is a useful property, as the strain energy may then 

be calculated in any desired coordinate system. 

The strain energy is a useful concept because it can be related to the potential energy 

of a system. In fact, the strain energy may be referred to as the potential energy of 

deformation [Timoshenko and Goodier, 1970]. The total potential energy of a closed 

system is equal to the strain energy of the system minus the sum of the potential energies 

due to body forces and surface forces. For an initially stress-free system subjected to 

body and surface forces, the total strain energy of the system is equal to the sum of the 

potentials due to body and surface forces. In the absence of body forces, the strain 

energy is equivalent to the potential energy of the surface forces. If a crack is introduced 

into the body, the total strain energy of the body will be reduced without necessarily 

changing the potential energies of the body and surface forces. This concept is central to 

the Griffith failure criterion, discussed later in this chapter. 

One final concept that pertains to theories of failure is the strain energy of distortion. 

This arises from dividing the strain energy into two parts: one associated with a change 

in volume and the other due to distortion. If the normal stresses are written as the sums 

of the deviatoric stresses and the pressure (eg. o"xx = O"xx' + P, etc.), the volume change 

is associated entirely with the pressure P. The remaining components are then related to 

the distortion of the body. The strain energy associated with a volume change is given 

by: 

(12) 
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The strain energy of distortion is obtained by subtracting equation (12) from equation 

(11). Several theories state that failure (either brittle or elastic) will occur in a body at the 

point where the distortional strain energy density is greatest. Strain energy is an 

important concept in the theory of elasticity, and it will be used a number of times in this 

dissertation. 

Coulomb Failure and Related Theories 

Laws Based on Static Friction 

The simplest, and possibly most important, theory of rock failure was introduced by 

Coulomb in 1773 [Jaeger and Cook, 1979]. This theory declared that the shear strength 

of a rock is equal to the cohesion, or initial strength, of the rock, plus a constant times the 

normal stress on the plane of failure. This relationship is simply wrinen as: 

I't'l. = c + J1C5 
/aJiun (13) 

where c is the cohesion and J1 is a constant that may be taken to represent the coefficient 

of internal friction for the material. A similar criterion was defined by Mohr in 1900, 

except that the relationship was expressed by the less specific formula 

(14) 

which was to be determined experimentally. The absolute value of the shear stress is 

used, since it makes no difference what the sense of movement on the plane of failure 

happens to be. A number of names have been used to describe the theory expressed by 
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equation (13). In the present study, it will be referred to as the Mohr-Coulomb criterion. 

The relationship can be expressed simply in tenns of a Mohr diagram (Figure 4). The 

straight line defined by equation (13) and the undefmed curve in equation (14) define the 

failure envelope for the material. Failure will not occur for values inside this envelope, 

and the direction of fracture is defined by the perpendicular to the envelope. Equation 

(13) defines a line that intersects the I -r I-axis at c and the a-axis at c/J.L The constant J1. is 

generally considered to represent the coefficient of internal friction, in analogy with 

simple theories of frictional sliding. The coefficient of internal friction may be defined in 

tenns of the angle of internal friction, l/J as: 

J1. = tan l/J (15) 

The angle l/J represents the slope of the line defining the failure envelope in Figure 4. 

A simple relationship known as Amonton's law has been used to describe frictional 

sliding [Jaeger and Cook, 1979]. In terms of nonnal and shear stresses and the 

coefficient of friction, J1., this equation is 

(16) 

which is simply equation (13) without the cohesion tenn. This relationship is valid for a 

single welded contact, meaning that plastic yield has occurred in the softer material. In 

this case, the area of contact between the two materials is directly proportional to the 

normal stress. Such a relationship would not be expected to hold for purely elastic 

materials, however. 
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c/tan<l> (j 

Figure 4. Mohr-Coulomb failure envelope. The angle of internal friction is 4> and the cohesion is c. 
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Archard [1958] examined the properties of elastic surfaces in contact to detennine the 

validity of Amonton's law. According to elasticity theory, the area of contact (A) of a 

single spherical protuberance pressed against a flat plate is related to the load (W) by: 

(17) 

The coefficient K is a constant depending upon the local radius of curvature and the 

elastic constants of the materials, and could be considered analogous to the coefficient of 

friction. If the protuberances deform by plastic flow, the total area of contact will be 

directly proportional to the load, yielding a relationship identical to Amonton's law. 

Although equation (17) is valid for a single protuberance, an increase in the number of 

protuberances increases the value of the exponent in (17). Archard found that, for 

models chosen to simulate the roughness of actual materials, the value of the exponent 

was extremely close to 1, consistent with Amonton's law. These theoretical results were 

supported by experimental results with polymer (Perspex) and metal surfaces. 

Experimentally, values of J.l are determined by measuring the values of shear stress 

necessary to cause movement between two surfaces for a given normal stress. This 

procedure is not completely straightforward, however. As discussed by Byerlee [1978a], 

a typical experiment consists of applying a horizontal force through a spring to a sample 

of known mass. The force in the spring is plotted as a function of displacement of the 

sample. In general, there will be a linear increase in the force until initial movement of the 

mass. The force at thi.s point is called the initial friction. This continues until a maximum 

value is reached, at which point the mass may suddenly slip forward, decreasing the force 

in the spring. The maximum value of the force is called the maximum friction. If the 

experiment is continued, the force will again build up to a maximum value, and sudden 
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slip will again occur. The new value of the maximum force is called the residual friction. 

This process is known as stick-slip, and it will be discussed in the next section. 

Alternatively, the movement could produce a smooth and continuous force-displacement 

curve. This process is known as stable sliding. 

Byerlee [1978a] compiled a large number of rock friction results and found that, at 

high values of the normal stress, the maximum friction was nearly independent of rock 

type. For values of the normal stress less than 200 MPa, the relationship between the 

normal stress and the stress necessary to cause sliding was found to be: 

I'r I = 0 .8 50" (18) 

At normal stresses between 200 MPa and 1700 MPa (representing the upper extreme of 

experimental results), the relationship was: 

I'r I = 5 0 + O. 60" (19) 

where the stress units are MPa. 

If the normal stress is assumed to be approximately equal to the overburden pressure 

(0"= pgy, where p is density, g is gravitational acceleration, and y is depth), then using 

values of p = 3000 kg/m3 and g = 9.8 rn/s2, the depth corresponding to a normal stress of 

200 MPa is y = 6.8 km. Therefore, equation (19) should hold for all but the shallowest 

depths. The value of J1 = 0.6 in equation (19) corresponds to an angle of internal friction 

of about 310. The larger scatter for rocks at lower values of the normal stress was 

explained by the fact that surface roughness plays a much more important role in rock 

friction at low stresses. At higher stresses, surface roughness is relatively unimponanl 
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and the frictional behavior of a wide variety of rocks is well-described by equation (19). 

In a review by Kirby [1983], a set of equations similar to (18) and (19) was given, the 

only difference being a value of 60 MPa for the value of the cohesion in (19). 

Stick-slip Behavior 

As described in the previous section, rocks often do not display a smooth 

relationship between displacement and the applied shear stress. This behavior occurs 

more frequently for surfaces that are relatively smooth. This phenomenon was noted by 

Bridgman [1936], who suggested that stick-slip behavior might be a possible mechanism 

for earthquake occurrence. This idea was followed up by Brace and Byerlee [1966] and 

Byerlee [1978b] to explain observed shallow focus earthquakes. Stick slip behavior is an 

attractive mechanism for two reasons. The ftrst of these is the high stresses that would be 

required to produce frictional sliding at depth in the Earth. The second of these is the 

extremely low stress drops associated with earthquakes in comparison to laboratory 

experiments. Experiments with ftnely ground granite surfaces produced jagged force

displacement plots with stress drops ranging from 50 to 2500 bars. Based on these 

results, Brace and Byerlee [1966] concluded that 1) the stress drop in an earthquake may 

represent release of only a small portion of the total stress supported by the rock, and 2) 

stick-slip provides a mechanism for sudden energy release in material which is already 

broken and fractured. 

The potential importance of this mechanism inspired a number of workers to explore 

the factors controlling stick-slip behavior [Rabinowicz, 1965; Byerlee and Brace, 1968; 

Hoskins et al. 1968; Brace and Byerlee, 1970; Dieterich, 1972]. The factors include the 

normal stress, the temperature, the slip rate and the slip history. More recently, Tse and 

Rice [1986] have examined this phenomenon and have related it to the frictional response 
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of surfaces with depth in the Earth. Stability analysis of the response demonstrated that 

for temperatures below about 300°C, steady state sliding was unstable and stick-slip 

behavior was possible. Above this temperature, steady state sliding is stable. Although 

stick-slip is not directly applicable to the study of fault formation in this dissertation, it 

has important implications for earthquake occurrence on the San Andreas fault, as 

described in Chapters 5 and 6. 

Anderson's Theory of Faulting 

The Anderson Theory 

The faulting theory of Anderson [1951] simply related the Coulomb failure criterion 

to stresses in the Earth. According to the Mohr-Coulomb criterion described by Figure 4, 

failure will occur for the angle fJ that defines a line perpendicular to the failure envelope. 

Simple trigonometry shows that this angle is given by: 

(20) 

where l/J is the angle of internal friction given by equation (15). The angle fJ represents 

the angle between the normal to the plane of interest and the axis of maximum 

compressive stress. The orientation of the plane of interest with respect to the maximum 

compressive stress would then be ~Oo - fJ. Since most rocks have an angle of internal 

friction close to 30°, the potential failure planes would be oriented at ± 30° to the axis of 

maximum compressive stress (CT/),with the fault plane containing the intermediate 

principal stress axis (CT2). The situation is more complex when three-dimensional 

deformation is considered. The results of Reches [1978] indicate that three or four fault 
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orientations may be required to accommodate generalized three-dimensional deformation. 

For simple plane strain problems, however, the number of fau~t orientations reduces to 

two, as in the Anderson theory. 

Anderson realized that the principal stress directions in the Earth would be a result of 

the interaction between gravitational and tectonic stresses. With this knowledge, the 

orientations of faults could be predicted for a particular environment. In a region of 

extension, (f/ would be the downward-directed gravitational stress and (f2 and (f3 would 

be directed horizontally, resulting in 60°-dipping normal faults with strikes parallel to (f2. 

In regions of compression, (f/ and (f2 would both be horizontal and (f3 would be vertical, 

producing 30°-dipping thrust faults, again with strikes parallel to (f2. In zones of shear, 

(f2 would be vertical, resulting in vertical strike-slip faults oriented at 30° to (f/. These 

relationships provided very good agreement with observed fault orientations, providing 

support for the theory. 

It was recognized that in the Earth prior to faulting, there are already a number of 

existing fractures of various orientations. In the presence of fault-forming stresses, 

however, slip would occur primarily on fractures oriented at the angle predicted by 

Anderson's theory. The resulting fault would then be formed by the linking together of 

these optimally-oriented fractures, producing a fault oriented at the angle e. 
Hafner [1951] and Hubbert [1951] proposed ideas similar to that of Anderson, and 

considered stress systems of greater complexity. In these analyses, the authors calculated 

stress trajectories for particular sets of boundary conditions. These represent lines of 

equal stress. Once the orientations of the principal stresses were known, it was possible 

to calculate slip lines, representing potential faulting surfaces oriented at a constant angle 

to (f/. Comparison of these results to sandbox experiments yielded a good agreement 

between theory and observation. 
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Although frictional failure theories were fairly successful in predicting the 

orientations of observed faults, there were some discrepancies. Hubbert and Rubey 

[1959] addressed the paradox of overthrust faulting by considering the effects of fluid 

pore pressure. Overthrusts were defined as large thrust faults with an initial dip of 10° or 

less, and net slip on the order of several miles. According to frictional failure theories, 

the frictional resistance on the fault surface should have been sufficient to prevent slip. 

This problem was addressed by stating that the effective normal stress on the fault plane 

was equal to the normal stress minus the pressure of the fluid in the rock. The upper 

block was then essentially floating, so that the amount of force needed to move the block 

was much less than the amount needed if pore fluid pressure was not considered. The 

presence of substantial amounts of fluid pressure was supported by findings from deep 

oil wells. The work of Hubbert and Rubey [1959] thus demonstrates how significant 

fault slip can occur for low-angle thrust faults, but does not determine how such faults 

originate. This problem is still unresolved. 

Applications of the Anderson Theory 

Since it was first proposed, the Anderson theory has been used by numerous authors 

to describe observed geologic structures. The theory is conceptually simple, may be 

represented by a simple Mohr-Coulomb failure criterion, provides good agreement with 

observed structures, and may be easily correlated with laboratory results on rock friction 

such as those summarized by Byerlee [1978a]. As described in the previous section, this 

idea was used by Hafner [1951] and Hubbert [1951] to calculate fault trajectories for 

various boundary conditions. This type of procedure was also employed by Sanford 

[1959] to determine the types of faults to be expected in regions of vertical uplift. In 

addition to the Anderson theory, Sanford used a maximum distortional strain energy 
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criterion, as described earlier, to determine the point of likely fault initiation. Chinnery 

[19600 and b] used a similar method to explore the fonnation of secondary faults related 

to an initial shear fault. More recently, Spencer and Chase [1989] have calculated fault 

trajectories in an attempt to determine the conditions necessary for the fonnation of low

angle normal faults. 

Vening Meinesz made use of the Anderson theory of faulting to develop an important 

theory of the formation of grabens [Heiskanen and Vening Meinesz, 1958]. Vening 

Meinesz considered the case of an elastic plate floating on an inviscid fluid He realized 

that slip on an initial normal fault would result in a region of maximum tensional stress on 

the down thrown side of the fault at some distance from the initial fault. According to 

Anderson's theory of faulting, this should result in the fonnation of a new normal fault in 

the region of maximum tension. The Anderson theory did not predict, however, which 

of the two conjugate fault planes should form. This is one shortcoming of the Anderson 

theory - the inability to determine which of the two fault planes is more likely to form. A 

method for resolving this ambiguity~ which is used in the present study, is suggested by 

the work of Griffith [1921, 1924]. This method is used for a thick elastic layer,. 

however. It is not known at present whether the method of this study would be able to 

resolve the fault plane orientations for a floating elastic layer. 

Griffith Failure and Related Theories 

The Griffith Theory of Rupture 

The theory of Griffith [1921, 1924] was developed in an attempt to explain the 

observed discrepancy between the observed and predicted strengths of materials. In 

general, the theoretical strengths of various materials were always considerably greater 
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than the tested strengths. To explain this discrepancy, Griffith assumed the existence of a 

number of microscopic cracks within the materials. Griffith's theory is based on what he 

called the 'extended theorem of minimum energy', which he described as follows: 

"According to the well-known 'theorem of minimum energy', the equilibrium 
state of an elastic solid body, deformed by specified surface forces, is such that 
the potential energy of the whole system is a minimum. The new criterion of 
rupture is obtained by adding to this theorem the statement that the equilibrium 
position, if equilibrium is possible, must be one in which rupture of the solid 
has occurred, if the system can pass from the unbroken to the broken condition 
by a process involving a continuous decrease in potential energy." 

In order to apply this theorem, however, it was necessary to take into consideration 

the increase in potential energy due to the formation of new surfaces within the body. 

This represented the work done to break the molecular bonds holding the sides of the 

crack together. Thus, the lengthening of the crack creates an increase in the surface 

energy that is balanced by a reduction in the strain energy, so that the total energy remains 

constant The condition that the crack extends spontaneously are that the two energies are 

equal to each other. Although a number of modifications have been made to this theory, 

it remains one of the most important concepts in the theory of fracture. 

The principal modifications to Griffith's theory have included the removal of the 

stress singularity at the crack tip in Griffith's elliptical crack models [Barenblatt, 1962], 

the extension of the theory to three dimensions [Sack, 1946], the possibility of crack 

closure [Elliott, 1947; McClintock and Walsh, 1962], the inclusion of friction between 

crack walls [Brace, 1960; McClintock and Walsh, 1962], and further refinement of the 

criterion for crack propagation [Orowan, 1959; Brace and Bombolakis, 1963; Murrell, 

1964a and b; M ossakovskii and Rybka, 1965; and Cotterell, 1965]. This last 
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modification represents one of the principal goals of the science of fracture mechanics, 

and will be discussed briefly in a later section. 

Griffith's initial theory assumed that the walls of the crack never came into contact, 

and that the crack always remained open. This unrealistic aspect of the theory was 

addressed by Elliott [1947], who postulated an attractive force between the atoms of the 

bounding planes of the crack. Using this approach, Elliott was able to define a critical 

value of tension for propagation or closure of the crack. For tensions greater than the 

critical value, the crack would propagate, while for smaller values the crack would close. 

To keep cracks from closing, Elliott postulated an inclusion, such as a liquid or gas. This 

idea was taken further by McClintock and Walsh [1962] who, in addition to considering 

crack closure, included the effects of friction on the crack walls. This was an important 

development, as it resulted in a theory that could be applied to a much wider range of 

problems, such as cases of compressional stress systems. 

Applications of the Griffith Theory 

Using the modified Griffith theory of McClintock and Walsh [1962], Brace [1960] 

determined a failure criterion to be applied to rocks (Brace based his work on a 

prepublication copy of their paper). Other work [Murrell, 1958; 1964a and b] had 

demonstrated a relationship between the shear stress and the nonnal stress acting on the 

plane containing the propagating Griffith crack of the following fonn: 

(21) 

where K is the tensile strength of the material. This results in a parabolic failure 

envelope, as opposed to the linear envelope of the Mohr-Coulomb criterion (equation (13) 



47 

and Figure 4). This relationship was derived for the case of no friction between the walls 

of the crack, however. When this factor was included, Brace [1960] found a relationship 

of the form 

± or = 2 K + pu (22) 

which is exactly the form of equation (13), with c = 2K. In the region of tension (left of 

the or-axis in Figure 4), the parabolic relationship was still found to be valid, since the 

crack walls do not touch in that situation. Therefore, the modified Griffith theory, with 

its firm theoretical background, provides strong support for the empirical Mohr-Coulomb 

relationship, and thus, also for the Anderson theory of faulting. Since the Mohr

Coulomb criterion provided excellent agreement with experimental results, Brace 

concluded that the Griffith mechanism of crack growth could be operating in the fracture 

of rocks at low pressures. Cook [1965] also found experimental support for this idea. 

Although the ideas mentioned above show that the criterion for failure is the same for 

the Mohr-Coulomb relationship and the modified Griffith theory, the direction of crack 

propagation for Griffith cracks had not been established. As noted by Hoek and 

Bieniawski [1965], although the Griffith theory could correctly be used to predict fracture 

initiation, in its usual form, it gave no information on the direction of propagation. For 

cases of simple tension, the direction was easily found to be the direction normal to the 

maximum tensile stress (eg. Lachenbruch [1961]). The situation for compressional 

stresses is much more complex, however. 

Brace and Bombolakis [1963] found that in experiments with photoelastic material, 

the most severely stressed crack was inclined at about 30° to the axis of compression. 

Subsequent growth of the crack, however, was along a curved path that eventually 
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became parallel with the axis of compression. Once this direction was attained, crack 

growth stopped unless the applied stress was greatly increased. From this it was 

concluded that faults, which also are generally inclined at an angle of 30° to the maximum 

compressive stress, cannot develop from the growth of a single existing Griffith crack. A 

proposed explanation was that fault formation was the result of the interactions of a 

number of cracks. Very similar results were obtained by Hoek and Bieniawski [1965] 

and a theoretical basis for these results was given by Cotterell [1965]. Brace and 

Bombolakis [1963] and Brace [1964] postulated that macroscopic faults grow from en 

echelon sets of critically-oriented Griffith cracks, with the critical orientation given by 

equation (22). Although the direction of propagation for these cracks would diverge 

toward the direction of maximum compressional stress, crack growth would generally 

stop once the crack had moved sufficiently far away from the optimum orientation, so that 

the dominant crack orientation would be that given by equation (22). 

The results of Bieniawski [1967a, b, and c] have demonstrated that, although the 

modified Griffith theory may be successfully applied to a single crack, correctly 

predicting fracture initiation, it does not predict the failure strength for rock. Thus, 

considering a fracture surface as an effective Griffith crack is not a valid assumption 

when determining the strength of a rock. The ultimate rock strength is instead determined 

by the complex interactions of a large number of Griffith cracks. 

Fracture Mechanics Studies 

Fracture mechanics concerns the study of stress concentrations caused by sharp

tipped flaws and the conditions for the propagation of these flaws [Atkinson, 1987]. 

Starting with Griffith [1921, 1924], fracture mechanics has attempted to understand the 
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failure of materials used in engineering, primarily glass and metals. It is only in recent 

years that the applicability of this method to problems in geology and geophysics has 

been recognized, however (see numerous papers in the book by Atkinson, [1987]). 

Although the Griffith criterion provided a firm basis for theories of crack propagation, 

there were a number of cases for which the criterion was not applicable or failed to 

correctly predict observed results. For instance, under certain conditions it is possible for 

a crack to propagate that is subcritical in terms of the Griffith criterion. 

In order to address this problem and many others, workers in fracture mechanics 

sought to further quantify and modify the Griffith criterion. This resulted in a completely 

new science with a number of theories that do not resemble the Griffith criterion. Cornet 

and Grassi [1961] analyzed the behavior of cast iron and concluded that failure could not 

be described by the Griffith theory, but was fairly consistent with theories based on 

maximum strain energy and maximum distortional strain energy. This was thought to be 

due to the large amount of plastic deformation involved in failure of iron. Murrell [1964a 

and b] determined that the Griffith thermodynamic criterion for crack propagation was not 

an adequate description for the general case of crack propagation. He concluded that a 

necessary and sufficient criterion was that there must be local stresses sufficient to rupture 

the atomic bonds at the edge of the crack. 

A complete description of the theories and concepts of fracture mechanics would fill 

a number of volumes, and is beyond the scope of this paper. An excellent source of 

information for early work in fracture mechanics is the text by Lawn and Wi/shaw 

[1975]. A number of good reviews have been written, including those of Atkinson 

[1979], Irwin and de Wit [1983], Liu [1983], and Atkinson [1987]. In the following few 

paragraphs, a few of the basic concepts of fracture mechanics described by these authors 

will be discussed briefly. 
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One of the primary concerns in fracture mechanics is the consideration of a crack as a 

stress concentrator. The specific attributes of a crack are determined by the type of 

displacement at the crack tip. The simplest type of crack tip displacement, mode I (tensile 

mode), consists of crack opening, resulting in crack propagation along its length. In this 

case, the long dimension of the crack is perpendicular to the direction of tension. Mode 

II, also referred to as the sliding mode, is a shear displacement parallel to the length of the 

crack. Mode III (tearing mode) is a shear displacement perpendicular to the length of the 

crack. Combinations of these modes are also possible. The two most common modes 

are I and II. Mode II displacement is analogous to the shear displacements generally 

associated with fault movement. The zone adjacent to the crack tip is referred to as the 

fracture process zone. This is the region containing the advance separations and the 

deformations directly associated with local separation mechanisms. Outside of this zone, 

the rules of continuum mechanics are assumed to apply. 

Stress intensity analysis is used to analy~e the forces at the crack tip to determine 

whether it will grow or remain stable. In a homogeneous, linear elastic medium, the 

stresses near the crack tip are proportional to r -1/2, where r is the distance from the crack 

tip. The stresses are quantified in terms of the stress intensity factor, K, which represents 

the magnitude of the crack tip stress field for a particular mode. Typically, the analysis is 

done for a two-dimensional crack. 

An alternative to the stress intensity factor method is the crack extension force, G. 

This parameter includes contributions from all parts of the system, and is equivalent to the 

strain energy release rate. This rate is with respect to the crack l_ngth rather than time, 

however, and constitutes the loss of energy per unit of new crack separation area. There 

is a simple relationship between the crack extension force and the stress intensity factor in 

terms of Poisson's ratio and Young's modulus. 
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The two analysis methods (stress intensity factor and crack extension force) 

described above are valid for linear elastic fracture mechanics (LEFM). For inelastic 

deformation the J integral is a useful parameter. This quantity is defined in terms of the 

strain energy density integrated over a path that begins and ends on the crack surfaces and 

encloses the crack tip. For linear elastic behavior, the J integral is identical to the potenti'al 

energy release rate, G; however, it is most commonly used for characterizing crack tip 

conditions for large scale yielding. 

The extension of a crack in fracture mechanics is governed by two types of laws: 

equilibrium laws, which state that crack propagation does not occur until a critical value 

of some parameter is achieved, and kinetic laws, in which the crack can propagate at 

subcritical parameter values. One example of an equilibrium law is the Griffith criterion, 

which states that crack propagation occurs when the crack surface energy is equal to the 

reduction in strain energy due to the presence of the crack. Fracture mechanics analysis 

has shown that the Griffith criterion is not an adequate representation for many cases, 

since for some materials, the actual fracture surface energy is greater than the 

thermodynamic surface energy of Griffith. This is due to several energy dissipation 

processes at the crack tip in addition to the energy associated with surface formation. An 

example of kinetic crack growth is the extension of a subcritical crack due to chemical 

weakening of the crack tip through reaction with its environment. 

Some materials display slow, stable crack extension from a sharp notch. For such 

materials, it is possible to evaluate the fracture toughness by plotting the crack growth 

resistance (usually measured in terms of K or G, and representing the applied load) as a 

function of crack extension before the onset of rapid fracturing (an R curve). Typically 

such a curve will display a steady increase in the rate of crack extension with crack 

growth resistance until a critical value is reached, at which point rapid fracturing occurs. 
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Using such curves, it is possible to find the critical load that will result in unstable 

fracturing. 

Although fracture mechanics has expanded dramatically in the last few years, only 

recently have these techniques been applied to problems in geology and geophysics (see, 

for example, papers in Atkinson [1987], Schultz [1988], and Kemeny [in press, 1990]). 

Although these theories provide a number of useful techniques, their use does not seem 

warranted in this study. The modification of the surface energy tenn in the Griffith 

criterion would not alter the results of this paper as surface energy is not considered, but 

only the concept of minimization of potential energy, which has a finn theoretical basis. 

Furthennore, the macro-scale Anderson theory of faulting used in this work is supported 

by observations of known structures. Thus, although it is possible that certain concepts 

of modem fracture mechanics may provide further refinement of the models in this paper, 

it is unlikely that the results would be changed qualitatively. 

Summary and Conclusions 

Summary 

The previous sections have given a brief summary of work related to fault fonnation 

that is pertinent to the current study. Briefly, this work may be described as follows: 

consideration of the frictional and cohesive properties of intact rock led to the proposal of 

a linear failure envelope characterized by the cohesion of the rock and its angle of internal 

friction. The dependence on friction is a direct result of Amonton's law, which states that 

the frictional force is linearly proportional to the applied nonnal force. The results of 

Archard [1958] provide support for this idea by showing, both experimentally and 

theoretically, that the shear stress necessary for sliding is proportional to a power of the 
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applied normal stress, and that this exponent approaches a value of 1 for geologically 

reasonable materials. A compilation of experimental rock friction results by Byerlee 

[1978a] provides a Mohr-Coulomb criterion that is largely independent ofrock type and 

surface characteristics for large stresses. 

The faulting theory of Anderson [1951] provides a bridge between smaller-scale 

results on rock friction and larger-scale geologic processes. This theory, and 

modifications introduced by others, such as Hubbert and Rubey [1959] have provided the 

basis for most ideas on fault formation in structural geology. The simplicity of the 

theory, combined with its good agreement with observation, makes it a favorite candidate 

for theories of fault formation. 

The smaller-scale aspects of failure were explored by Griffith [1921, 1924], who 

explained crack propagation in terms of the minimization of potential energy and the 

energy of crack formation. Later modifications to this theory included the effects of crack 

closure and friction between the crack walls. The use of crack friction results in a failure 

criterion similar in form to the linear Mohr-Coulomb relationship for rocks under 

compression. For rocks in tension, Griffith theory predicts a parabolic failure envelope. 

These predictions have been supported by laboratory results. Although Griffith-related 

theories provide an adequate description of crack formation and propagation for many 

cases, modem theories of fracture mechanics have devised alternate methods of analyzing 

crack behavior. These methods include calculation of stress intensity factors, evaluation 

of fracture toughness criteria, and the consideration of plastic behavior at the crack tip. 

This is an ongoing field of research, and the results have only recently been applied to 

problems in geology and geophysics. 
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Theoretical Basis/or This Work 

The present study makes use of two main concepts to study the formation of 

secondary faults in tensional and compressional environments. The fIrst of these is the 

Mohr-Coulomb criterion, which may be related to the Anderson theory of faulting. This 

criterion is used for two different purposes. First of all, a proximity to failure (described 

in the next chapter) may be calculated at all points within the fInite element grid. The 

point of likely secondary fault initiation may then be assumed to correspond to the region 

of maximum proximity to failure. Secondly, the dip angle of the secondary fault is 

assumed to be consistent with directions predicted by a Mohr-Coulomb criterion. The 

use of a Mohr-Coulomb criterion for these purposes is fIrmly supported empirically by 

laboratory results on rock friction and by observed dip angles of faults. The effects of 

fluid pore pressure have not been included in this study, but this should not have an effect 

on the results since the effect of pore pressure is simply to shift the Mohr circle (Figure 4) 

to the left, and does not change the predicted failure angle. The greater ease of faulting 

due to the presence of water could be offset by decreasing the amount of compression or 

extension applied to the finite element grid, since the magnitudes of the horizontal 

displacements are not of interest in this study. 

As discussed earlier, although the Anderson theory can correctly predict the dip angle 

of a fault, it cannot determine which of the two conjugate fault planes should form the 

new fault. This diffIculty may be resolved by considering the energy of the system. 

According to Castigliano's theorem and the principle of virtual work [Timoshenko and 

Goodier, 1970], the position of stable equilibrium for any closed system will be that 

which minimizes the total potential energy of the system. GriffIth extended this idea by 

stating that crack propagation is controlled by whether or not the propagation results in a 

smoothly continuous reduc[!on in the potential energy. Extending this idea to Anderson's 
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larger scale theory of faulting, slip will occur on optimally-oriented fractures that produce 

a smooth reduction in the potential energy. This is the basis for the strain energy criterion 

of fault propagation used in this work. The reason for using the total strain energy is as 

follows: in an ordinary tectonic environment, the introduction of a single fault will have 

little, if any, effect on the far-field tectonic stresses for the region. These stresses 

represent the boundary conditions for the problem (the 'surface forces'). Furthermore, as 

we are only interested in the initial stages of fault formation, and the amount of fault slip 

is very small, the variation in gravitational potential energy due to the presence of the fault 

will also be very small. These two components will therefore be second order effects, 

while the primary effect will be the variation in the stress and displacement fields induced 

by slip on the fault, which constitute the variation in the strain energy of the system. The 

strain energy is thus used as the criterion for determining fault propagation, since it is 

relatively simple to calculate. The amount of fault slip and its distribution on the fault 

plane determined using the 'slippery node' technique is also in accordance with the 

minimization of potential energy, since this is the functional that is minimized by the fmite 

element method. 

The two failure ideas used in this study have a firm basis on both theoretical and 

observational grounds. Furthermore, as will be seen in the next two chapters, the two 

methods are consistent with each other. That is, high values of proximity to failure 

determined using the Mohr-Coulomb criterion correlate extremely well with low total 

strain energies, indicating that fault formation is favored. This internal consistency, 

combined with the other factors supporting these two criteria, indicate that the theoretical 

bases for these models of fault formation are well founded. 
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CHAPTER 3 

MECHANICS OF GRABEN FORMATION IN CRUSTAL ROCKS: 
A FINITE ELEMENT ANALYSIS 

Introduction 

Grabens are ubiquitous tectonic features on the surfaces of the terrestrial planets, 

having been observed on Mercury, Venus, Mars, and the Moon as well as on the Earth 

and the icy satellites of Jupiter, Saturn, and Uranus. Large grabens, tens to hundreds of 

kilometers wide, are common on Earth in such regions as the Basin and Range province 

of the western United States, the Rhine river valley in Germany, and the East African rift 

zone. Small grabens ranging from a few hundred meters to a few kilometers wide are 

common on the Colorado Plateau, in volcanic regions such as Hawaii and Iceland, and 

many other places on Earth. Straight and arcuate rilles on the Earth's Moon have been 

interpreted as grabens bounded by steep inward dipping normal faults [Baldwin, 1963, 

1971; Ronca, 1965; Quaide, 1965; Smith, 1966; McGill, 1971]. Grabens have long been 

associated with extensional tectonic environments [e.g., Taber, 1927]. A mechanical 

explanation of their origin was first proposed by Vening Meinesz [1950], who described 

grabens as a result of extension in the upper portion of a brittle elastic layer overlying an 

inviscid substrate. The basic premise of Vening Meinesz's model is that an extending 

elastic layer first fails on a normal fault which cuts the layer with a dip of approximately 

60° in accordance with Anderson's [1951] theory of normal faulting. Slip along this fault 

flexes the adjacent lithosphere, which is treated as a thin floating elastic plate, until a new 

fault forms where the fiber stresses induced by bending are most extensional. As shown 

by Vening Meinesz [1950] and Heiskanen and Vening Meinesz [1958], the new fault 

forms at a distance of approximately 65 km (equal to 1ta/4, where a is the flexural 



57 

parameter a=(4D/pg)l/4 and D is the rigidity of the lithosphere) from the original fault, 

assuming an elastic layer with a thickness of 35 km. The new fault initiates at the 

surface, where extensional stresses are largest, and propagates downward, again with a 

dip of approximately 60°. In this model, the new fault can dip either toward the original 

fault (antithetic orientation) or in a direction parallel to the original fault (synthetic 

orientation). 

Vening M einesz' s [1950] model has been used by many authors to predict the 

characteristics of extensional fault zones [Vening Meinesz, 1950; Heiskanen and Vening 

Meinesz 1958; Bott, 1976; Zandt and Owens, 1980; Solomon and Head, 1984]. Bott 

[1976] and Bott and Mithen [1983] present a hypothesis for continental rifting based on 

this model in which the lower layer is ductile rather than completely inviscid. The Vening 

Meinesz model, however, is valid only so long as the rock unit cut by the initial nonnal 

fault can be approximated by a floating elastic plate. In particular, the small-scale (1-10 

km wide) grabens observed on the surfaces of the Earth and the other terrestrial planets 

and satellites do not extend to such great depths that this approximation is plausible. 

Such grabens are entirely confined to a region whose rheology can be characterized as a 

brittle elastic half-space. 

A model for small-scale lunar grabens was proposed by Golombek [1979] and 

further elaborated by Golombek and McGill [1983]. This model was suggested by the 

work of McGill and Stromquist [1979] on the Canyonlands National Park grabens, 

whose bounding faults apparently intersect at the interface between an upper plate of 

brittle sandstones and shales and the underlying ductile evaporites. In Golombek's model 

the intersection of the two faults at depth is assumed to correspond to a mechanical 

discontinuity in the lunar crust, presumably the base of the megaregolith, on which failure 

initiates. A.graben, rather than a single nonnal fault or two parallel (synthetic) nOlmal 
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faults, develops because the initial failure on the discontinuity is supposed to activate both 

conjugate fault planes, which then propagate independently to the surface. The width of 

the graben at the surface can then be used in conjunction with the fault dip to infer the 

depth to the mechanical discontinuity. 

An alternative model by Solomon [1985] proposes that the graben depth is instead 

equal to the depth at which the Mohr-Coulomb failure envelope and the curve for the 

vertical distribution of stress due to lithospheric flexure intersect. In Solomon's model 

the width of a graben is thus a function of the planet's surface gravity g: for a given 

lithospheric flexural stress curve the intersection with the failure envelope takes place at a 

depth inversely proportional to g. In this model the projected intersection of the normal 

faults bounding the graben does not reveal any information about the depth of rock units 

or mechanical discontinuities in the crust. It is, however, unclear how the graben 

structure can develop in the first place, as failure would be expected to begin at the 

surface, where stresses first reach the failure envelope. This model only makes sense if 

the extensional stresses increase gradually with time, so that failure progresses to greater 

and greater depths as time passes. Progressive failure along conjugate planes in a wedge

shaped region that expands as the depth of failure increases would yield a subsided 

surface trough underlain by a wedge of pervasively shattered rock, but it is difficult to 

understand how the commonly-observed nearly undeformed wedge downdropped 

between two normal faults could develop. 

Any fundamental theory of graben formation should answer the basic question of 

why grabens occur so much more commonly than synthetic normal faults: although 

synthetic normal faults may be common in the Basin and Range province on Earth, 

grabens are the predominant tectonic feature surrounding the mare basins on the Moon, in 

the interior plains of Caloris basin on Mercury, and in the vicinity of Tharsis on Mars. 
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Neither the simple Mohr-Coulomb nor Anderson failure criteria predict whether synthetic 

(parallel) normal faults or antithetic normal faults (grabens) are preferred. Indeed, neither 

of these criteria even suggest thal normal faults should form in pairs. A true theory of 

graben formation must demonstrate why this is so. Such a theory should also indicate the 

factors that control the spacing of the graben-bounding faults. For example, is it correct 

to use graben width and fault dip to infer the depth to some mechanical discontinuity? 

This study attempts to answer these questions by studying a finite element model of brittle 

elastic crustal rocks subjected to extensional stresses. The study deals only with the 

initial stages of fault formation, where the amount of regional extension, and thus the 

amount of slip on the faults, is relatively small. Modeling will also be confined to the 

first pair of faults to form (initial and secondary). As the amount of regional extension 

increases, new fault pairs would be expected to form at some distance from the initial set, 

but these should follow a pattern exactly analogous to the initial pair. 

The sources of the extensional stress necessary for graben formation are varied. 

Neugebauer [1983] proposed a mantle diapir model for continental rifting on Earth, in 

which ascending mantle material deforms the upper layers by necking and doming. 

Grabens surrounding mascon mare basins on the Moon are probably caused by 

peripheral extension induced by loading and depression of the basin interiors by basalt fill 

[Baldwin, 1963; Ronca, 1965; Quaide, 1975; Melosh, 1978; Solomon and Head, 1979]. 

The complex systems of grabens near Alba Patera on Mars are associated with the 

development of the Tharsis rise and may be due to a combination of uplift and loading 

[Wise et al., 1979; Solomon and Head, 1982; Banerdt et al., 1982; Comer et al., 1985]. 

The common feature of all models of graben formation is an extensional 

environment. This is the basis of the model presented in this study. The stresses are 

assumed to be purely extensional, with no vertical stresses other than gravity and no 
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applied shear stresses. This extension could be a result of plate tectonic interactions, of 

planetary expansion, or of stresses arising from regional doming or flexure on a scale 

much larger than either the width of the graben or the thickness of the crust. A second 

assumption is that the rocks deform elastically until stresses reach the Mohr-Coulomb 

failure envelope, after which sliding occurs on discrete faults, a condition that should 

apply to upper crustal rocks. 

The next section in this chapter discusses the state of stress in a uniform and 

homogeneous layer of crustal rocks subjected to both gravity and a horizontal extensional 

stress. The standard Mohr-Coulomb and Anderson failure criteria predict the formation 

of 60°-dipping normal faults in such a stress field but provide no further information 

about grabens. In the next section it is shown that the stress perturbation caused by the 

introduction of an initial normal fault, while generally lowering the proximity to failure in 

the vicinity of the fault, enhances the proximity to failure of a region near the surface of 

the down thrown block and another region near the fault tip. This demonstrates that 

purely elastic interactions favor the formation of a pair of faults over a single fault. It is 

then shown that the total strain energy is lower when the secondary fault is in an antithetic 

configuration (graben) than when it is in a synthetic configuration. This demonstrates 

that graben formation is favored over synthetic fault formation. In the last section the 

stresses in the vicinity of a fault in a layered crust are considered, showing that even 

rather large contrasts in the mechanical properties of the layers have only a small effect on 

the width of the final graben: the major factor controlling graben width is the depth of the 

initial fault. 
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Stress and Failure in the Crust 

Failure of a mass of rock is controlled by the stresses applied to it. It is well 

established [e.g., McGarr and Gay, 1978] that the vertical stress o'zz is nearly equal to the 

weight of the overburden in the crust: 

z 

O'n = f pgdz (23) 
o 

or 

(24) 

when the crustal density p and acceleration of gravity g are effectively constant as a 

function of depth z. The convention used is that compressional stresses are positive. 

Horizontal stresses O'xx and o'yy are more complex. In a rock unit built up by the 

addition of successive layers which are not permitted to expand laterally it can be shown 

that o'x;x and Ciyy are equal and are related to o'zz by [Jaeger and Cook, 1979] 

(25) 

where v is Poisson's ratio, normally equal to about 0.25 in crustal rocks, and the factor 

v/(l - v) is about 1/3. 

This ideal relation is seldom observed in the Earth's crust [McGarr and Gay, 1978; 

McGarr, 1988]. It is frequently taken as more accurate to represent the depth-dependent 

portion of stress in the crust by the less specific fonnula 
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(26) 

where k is a constant that can be less than one (extensional environment), equal to one 

(lithostatic), or greater than one (compressional environment). In addition to these depth

dependent stresses, a unidirectional stress may be added. In an extensional terrane the 

effect of regional extension is represented by a unidirectional extensional stress CTe that is 

independent of depth. This stress is subtracted from the depth-dependent horizontal stress 

to yield a total stress state 

CT1 = pgz 

a; = k ( pgz ) - 0'. 
(27) 

where CT} and 0'3 are the greatest and least principal stresses, respectively. In the absence 

of shear stresses, CT} is vertical, and CT3 and the intermediate principal stress CT2 = k(pgz) 

are both horizontal. The least principal stress CT3 is tensional in the upper part of the 

crust, becoming compressive at depths greater than CTe/kpg. These depth-dependent 

stresses may at times playa significant role in determining the type of fault that results 

from a given applied stress field [Golombek, 1985], but for the stress state in equation 

(27) the failure mode is unambiguously normal faulting, independent of the depth of 

origin of the fault. 

The Mohr-Coulomb failure envelope is shown in Figure 4 of Chapter 2. As 

described in Chapter 2, it is based on a linear relationship between the shear stress ~ and 

the normal stress CT (equations (13) and (15» and failure occurs when the Mohr circle first 

touches the failure envelope. This occurs when the radius of the Mohr circle, (CT)- CT3)/2, 
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is equal to the perpendicular distance from the center of the circle at (O'j + (Y3)/2 to the 

failure envelope, 

(
Y1-

2
03) (Di + 03) 

= c cos ifJ + 2 sin ifJ 
fa;bue 

(28) 

where c is the cohesion and ifJ is the angle of internal friction, as explained in Chapter 2. 

The proximity to failure Pfis defined as the ratio between the actual radius of the Mohr 

circle, «Y] - (Y3)/2, and the radius at failure, 

(29) 

Whenever Pf< 1 the stres~ state is within the failure envelope, but when Pf= 1, failure 

occurs. 

It is easy to show that, depending upon the relative values of k and ifJ, failure in an 

extended terrane may first take place either at depth or at the surface. The criterion 

depends upon the relative rates of increase of «Y] - (Y3)/2 with depth in the crust and the 

rate of increase of the radius of the Mohr circle at failure. Thus, if (1 - k)/(1 + k) > sin ifJ, 

failure first occurs at depth, whereas if (1 - k)/(l + k) < sin ifJ, failure first occurs at the 

surface. If (1 - k)/(1 + k) = sin ifJ, failure is reached simultaneously at all depths. Note 

that if k = vl(l - v), as occurs in laterally confined layers under gravitational loads and in 

the finite element models presented in this chapter, (1 - k)/(1 + k)=1 - 2v. 



This crossover between initial failure at the surface or at depth is within the normal 

range of material properties of rocks. For example, for a Poisson's ratio v = 0.25, the 

critical angle of internal friction for the crossover is t/J = 30°. Most igneous rocks have 

somewhat larger coefficients of internal friction, so failure might be expected to begin at 

the surface (by a small margin). However, loose rock debris typically has Poisson's 

ratios in the neighborhood of 0.05 [Birch, 1966], for which the crossover angle of 

internal friction is t/J = 64°, which is larger than the measured angle of internal friction, so 

such material would be expected to fail fIrst at depth. 

Finite Element Model of Graben Formation 

Metlwd 

A model consisting of an extended homogeneous elastic layer was used to study the 

pattern of stress changes induced by the slip of an initial normal fault, and to determine 

whether adjacent normal faults tend to form in either the synthetic or antithetic 

confIguration. A two-dimensional plane-strain finite element code developed by Melosh 

and Rae/sky [1980] was used to investigate this model. The two-dimensional 

assumption is justified because grabens are generally much longer than they are wide. 

The grid and the applied boundary conditions are shown in Figure 5. The bottom of the 

grid is prevented from moving in the vertical (y) direction while a uniform body force 

(gravity) is applied throughout. Both terrestrial and lunar gravity were used in the 

modeling, with no appreciable difference in the results. For numerical reasons, the lunar 

gravity models provided more accurate total strain energies, as described below, so the 

computations presented here are all based on a lunar gravitational acceleration of 1.67 

m/s2• Horizontal displacements in the positive and negative x directions are applied to the 
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Figure 5. Finite element grid used for the graben problem. The lower section is a view of the entire grid 
showing the imposed boundary conditions. The distance 0 is the amount of extension applied to each side 
of the grid. The total amount of extension is thus 20. The upper section is an expanded view of tJle 
region of interest showing the sense of motion on the initial normal fault Note that the lower grid hI 
shown with a moderate 1.13X vertical exaggeration. 
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right- and left-hand sides of the grid, respectively, to produce horizontal extension, as 

shown in Figure 5. The entire grid is 90 km long and 83.57 km deep, which is much 

larger than the region of interest in the center, which is approximately 30 km wide and 

18.57 km deep. This region is shown in the enlarged section above the rest of the grid. 

This is the part of the grid in which faulting has a significant effect on the stress field. 

The much larger size of the entire grid is chosen to ensure that the results are not 

influenced by artificial boundary conditions. Faulting can occur on any portion of the 

diagonal lines in the grid, which all dip at an angle of 65° (based on an assumed angle of 

internal friction of 40°, appropriate for basalt). The initial fault shown in Figure 5 

extends from the surface to a depth of 18,570 m. The values used for Young's modulus, 

Poisson's ratio, and density are as follows: E = 7.0 X 1010 Pa, v = 0.33, and p = 2700 

kg/m3, parameters chosen to simulate a basalt layer [Birch, 1966]. 

Fault slip is introduced by inserting an extra degree of freedom for each node on the 

fault in the direction of fault slip (see the Appendix of Melosh and Williams [1989]). The 

slip distribution on the fault thus satisfies the constitutive relations of the finite element 

method, namely, the minimization of potential energy. This is equivalent to a state of 

zero resolved shear stress along the fault. Friction on the fault would cause some 

deviation from a state of zero shear stress, but these effects are not well-known and 

would depend on a large number of factors such as rock type and pore fluid pressure. It 

is unlikely that such factors would qualitatively change the results. 

The position and depth of the initial fault are not determined by the model presented 

here. Since the material is assumed to be homogeneous, the stress field is uniform until 

slip begins at some location. Physically, this location is determined by some small 

inhomogeneity or weakness that localizes the initial slip. For the purposes of the 

numerical computations faulting was chosen to begin at a convenient location in the grid. 
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Similarly, the initial depth of the fault was chosen to be some convenient value that is 

deep enough to extend over many cells of the grid, but not so deep that large stress 

gradients occur outside the region where the cells are small. Changes in the initial fault 

depth by a factor of 4 have no effect on the results within numerical resolution, so it is 

unlikely that the arbitrary choice of initial fault depth has a significant effect on the overall 

results. Note that in these computations the fault does not actually propagate along its 

length. The code is quasi-static and does not include inertia, so both elastic waves and 

cracks effectively propagate at infinite velocity. Thus, no special assumptions are made 

about whether the initial fault propagates from the surface down or from depth up: these 

. two cases cannot be resolved in an inertialess and frictionless model. 

In these computations the grid is extended until failure is reached in some portion of 

the grid (at the top, for basalt) according to the Mohr-Coulomb criterion. At this point the 

proximity to failure PI (equation (29» reaches 1. A planar normal fault of the preselected 

downdip length L and dip 65° is then permitted to slip (the depth of the fault is thus Lsin 

65°). Slip on this fault is modeled by inserting an extra degree of freedom in the direction 

of fault slip, as described above. The nodal displacements resulting from slip on the 

initial fault are shown in Figure 6. 

After allowing slip on the initial fault, the resultant stresses are calculated. Figure 7 

shows contours of mean pressure following movement on the initial fault. Two regions 

of low pressure may be observed. The first of these occurs in the upthrown block, and 

the second occurs near the surface on the downthrown block, where the stresses have 

become more extensional due to local bending. This second region occurs at a distance 

slightly less than one initial fault depth from the surface expression of the initial fault. A 

region of relatively high pressure occurs near the tip of the initial fault. The maximum 

shear stresses for the same case are shown in Figure 8. The highest shear stresses occur 
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Figure 6. Defonnation of the grid due to slip on the initial fault shown in an exaggerated manner. Nodal 
positions plotted above are the actual positions plus the elastic displacements multiplied by a factor of 
50. The parameters used are Young's modulus. E = 7x1010 Pa; Poisson's ratio. v = 0.33; density. p = 
2700 kg/m3• 
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Figure 7. Contours of pressure (positive values represent compression) due to the displacemems shown 
in Figure 6. Contour values are in megapasca1s. 
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Figure 8. Contours of maximum shear stress for the same case as Figure 7. Contour values arc in 
megapascals. 
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below the tip of the initial fault, in approximately the same location as the region of high 

pressure shown in Figure 7. The lowest shear stresses occur near the fault on the 

upthrown side. Relatively high shear stresses are observed near the surface on the 

downthrown side, where low pressures were observed in Figure 7. 

Since pressure and shear stress values are known, the proximity to failure P f 

(equation (29)) may be calculated for each element. These results are shown in Figure 9. 

There are two regions of high proximity to failure. The fIrst of these occurs near the tip 

of the initial fault, where extremely high values of shear stress have overcome the effect 

of increased pressure. The second region, with a proximity to failure greater than 1, is 

the area near the surface of the downthrown block, where relatively high shear stresses 

have interacted with relatively low pressures, resulting in even higher values of proximity 

to failure. Inspection of Figure 9 suggests an intuitive argument that a secondary fault 

might be likely to form in such a way as to join these two regions of high proximity to 

failure, resulting in an antithetic secondary fault, or graben. This is not conclusive 

evidence in favor of graben formation, however, but it does provide some insight into 

why grabens might be more likely to form than synthetic normal faults. 

Comparison of the contours in Figure 9 to the proximity to failure before initial 

faulting has occurred yields another interesting result. The dashed lines in Figure 9 show 

several contours of the proximity to failure before the introduction of the initial normal 

fault. The contour of greatest proximity to failure occurs along the surface, and the 

contours decrease progressively with depth in accordance with the material properties of 

basalt (see the discussion following equation (29)). Figure 9 shows that when slip 

occurs along an initial normal fault, the contours generally shift upward, decreasing the 

proximity to failure in the fault's vicinity. The exceptions are a small region on the 

downthrown block and another region in the complex stress fIeld near the fault tip, which 
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Figure 9. Contours of proximity to failure using the Mohr-Coulomb criterion for the same case as 
Figures 7 and 8. The values used for cohesion (c) and angle of internal friction (l/J) are c = 4 x 107 Pa 
and l/J = 40.4°. The dashed lines represent proximity to failure contours before the introduction of the 
initial nonnal fault. 
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are driven closer to failure. This means that once an initial normal fault has formed, 

secondary fault formation is suppressed adjacent to the main fault, with the exception of a 

small region on the downthrown side of the initial fault and a region below the tip of the 

initial fault, where proximity to failure is increased. The proximity to failure is greatest in 

the region near the surface on the downthrown side, and it is therefore in this area that a 

secondary fault will initiate. 

Although these considerations determine the most likely place of origin of a 

secondary fault, they do not uniquely determine the dip of the secondary fault. The 

principal stress directions in the down thrown block show little rotation at this location 

(Figure to), so it only remains to determine which of the two 65°-dipping conjugate fault 

directions is most favored. This is done by analyzing the total strain energy of the 

system. In the spirit of Griffith's energy criteria of failure, the orientation of the 

secondary fault should be that direction which results in the minimum total strain energy. 

The total strain energy of the grid may be calculated as follows. 

The strain energy Wi for each element i is calculated using the equations of Jaeger 

and Cook [1979], adapted for plane strain: 

(1 + v) { ( J 2 ) 2 } Wi = 2E (1- v) Uu + ayy -2vaxxGyy +2G.zy Ai (30) 

where Ai is the area of element i and the aij are the indicated stresses in the element 

(assumed to be uniform in the finite element computations). The total strain energy is 

simply the summation of the strain energy for each element. Since the grid is two

dimensional, all energies are understood to be per unit length perpendicular to the grid. It 

might be argued that it is more appropriate to minimize the total potential energy of the 
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Figure 10. Principal axes of stress due to slip on the initial normal fault Triangles represent 
compressional stress, and straight lines represent tensional stress. 
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grid, rather than the total strain energy. This would include another tenn which describes 

the work done by gravity on vertical displacements. It is important to remember, 

however, that only the initial stages of fault formation are of interest, and the 

corresponding vertical displacements on the fault are relatively small. The gravitational 

potential energy will therefore be a minor component of the total potential energy. 

No provision has been made for energy dissipated on the fault plane during slip. 

Although this term could potentially dominate the energetics of slip, numerous recent 

investigations have shown that the mean stress drop during earthquake events is only o£ 

the order of 10-100 bars [Raleigh and Everenden, 1981]. This contention is supported 

by the low observed stress drop in earthquakes [Kanamori, 1980], the lack of a heat 

flow anomaly along the San Andreas fault [Lachenbruch and Sass, 1980], and most 

recently by direct measurements of stress orientations near the San Andreas fauh [Mount 

and Suppe, 1987; Zoback et al., 1987]. Bott [1976] and Bott and Mithen [1983] found 

that if a large amount of energy is consumed by fault slip, grabens do not form in their 

crustal extension models. The energy dissipated by fault slip is also neglected, although 

the Mohr failure criterion is still used as an indication of where the initial failure occurs. 

Once failure has begun, slip is assumed to take place under low driving stresses. This 

approach, while not yet wholly justifiable from a physical standpoint, js rather similar to 

that advocated by Kanamori [1980]. Further clarification must await a fundamental 

understanding of the physics of earthquake processes and the resolution of the low stress 

paradox. 

These calculations were done using both terrestrial and lunar gravity, as mentioned 

above; however, the magnitude of the total strain energy W in the grid is of order a2/E, 

and since the stress CT is of order pgH, where H is the depth of the grid, it is clear that W 

depends on the square of the acceleration of gravity, while the change in the strain energy 
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due to slip, ai1a/E, depends on the constant imposed stress plus a term linearly 

proportional to the acceleration of gravity. Therefore, when small differences in total 

strain energy due to slip are evaluated numerically, more accurate results are obtained by 

using smaller values for the acceleration of gravity. The calculations done using Earth 

gravity produced results nearly identical to those using lunar gravity, but with fewer 

significant figures. Since the calculation of small differences in total strain energy is 

fundamental to this study, only the lunar gravity results will be shown, with the 

understanding that nearly identical results may be obtained using Earth gravity. 

The total strain energy is first calculated for the case of a single initial fault and is 

used as a reference value. Introduction of secondary fault segments into the grid will 

further reduce the total strain energy. Both synthetic and antithetic secondary fault 

segments of different lengths at various distances from the initial fault were included in 

the model (see Figure 11) and the total strain energy calculated for each case. Figure 12 

shows the displacements resulting from slip on an initial fault and an antithetic secondary 

fault segment. The minimum secondary fault depth used was slip on a single node, 

corresponding to a length of about 1 km. The maximum depth was seven nodes, or 7 

Ian. The total strain energy for each fault depth was plotted against distance from the 

initial fault. The favored configuration should be that which results in the lowest total 

strain energy in the region of maximum proximity to failure. 

Results 

The distance between the secondary fault segments and the initial fault are varied as 

well as the fault configuration. The total strain energies are compared with each other in 

Figures 13a, 13b and 13c. In these plots the abscissa is the horizontal distance w 

between the initial normal fault and the secondary fault segment (See Figure 11), 
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a. 

Initial fault 

b. 

Initial fault 

Figure 11. Schematic representation of models in which slip occurs on (a) antithetic and (b) synthetic 
secondary fault segments. The distance D is the depth of the initial fault measured from the surface. The 
distance w is the surface distance from the initial normal fault to the surface expression of the secondary 
fault segment 
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Figure 12. Defamation of the grid due to slip on the initial fault and an antithetic secondary fault 
segment shown in an exaggerated manner. The secondary fault in this case is five nodes (5 km) deep. 
Nodal positions plotted above are the actual positions plus the elastic displacementS multiplied by a factor 
of 50. The parameters used are Young's modulus, E = 7:d010 Pa; Poisson's ratio, v = 0.33; density, p 
= 2700 kg/m3• 
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a. Total Strain Energy vs. Distance from Initial Fault 
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Figure 130. Totai strain energy vs. surface distance from the 18.57-kril-deep initial normal fault for 
secondary fault segments represented by slip on a 1 km-deep segment (one node). Total strain energy is 
referenced to the amount of strain energy due to slip on the initial fault only. Distance is normalized by 
the depth of the initial fault 
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b. Total Strain Energy vs. Distance from Initial Fault 
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Figure 13b. Total strain energy vs. surface distance from the 18.57-km-deep initial nonnal fault for 
secondary fault segments represented by slip on a 5 km deep segment (five nodes). 
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c. Total Strain Energy vs. Distance from Initial Fault 

0 • • • a Antithetic (7 nodes) 

E -100 • • Synthetic (7 nodes) --, 
CJ • - Maximum Proximity 
c -200 
0 

• to Failure 
;:: • 

~ 
() 

::J • "0 
CD -300 • a: • a a 
>- • • a 
C) • tll "-
CD -400 a c 
w a 
c a 
iU -500 a 
"- III - a en 

a 
-600 

0.0 0.5 1.0 1.5 

Distance/Initial Fault Depth 

Figure 13c. Total strain energy vs. surface distance from the 18.57-km-deep initial nonnal fault for 
secondary fault segments represented by slip on a 7-km-deep segment (seven nodes). 
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nonnalized by the depth of the initial fault. The ordinate of the plots is the total strain 

energy (per unit length into the plane of the grid) minus the reference value (total strain 

energy with only an initial fault). The region of maximum proximity to failure is shown 

by an arrow. The results for the shortest secondary fault segments (slip on a single node) 

are shown in Figure 13a. For this case, the region of maximum proximity to failure 

corresponds to the region in which total strain energy is minimized for both types of 

secondary faults, a reasonable result. For these extremely short secondary fault 

segments, neither orientation is significantly more effective in reducing the total strain 

energy. It is not until the fault length is increased that the stress perturbations due to slip 

on the initial fault are felt by the secondary fault 

As the length of the secondary fault is increased to 5 km using five nodes (Figure 

13b), the differences between the different fault orientations become more apparent. For 

the synthetic fault segments, the minimum point of the total strain energy curve moves 

farther away from the initial fault, while the minimum point for antithetic fault segments 

moves closer to the initial fault. As a result, the antithetic segments result in a lower total 

strain energy in the region of maximum proximity to failure. This is even more obvious 

for a 7-km-deep seven-node secondary fault segment (Figure 13c), where the difference 

in total strain energy for synthetic and antithetic segments has increased still more. Note 

that very little strain energy change occurs for synthetic fault segments very close to the 

main fault (distance near zero in Figures 13a-13c). This is to be expected, since the main 

fault has already relieved most of the resolved shear stress in its vicinity and little is 

gained by adding a second nearby slip surface parallel to the main fault. 

These results may be interpreted in the following manner. Given an initial nonnal 

fault in an extensional environment, the stress field due to slip on the initial fault 

immediately enhances the probability of secondary fault initiation at a point on the surface 
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of the downthrown side of the initial fault. This point occurs at a distance from the initial 

fault slightly less than the depth of the initial fault. Once initiated, the new fault can 

propagate in either of two directions (antithetic or synthetic); however, the direction 

which will most effectively reduce the total strain energy will always be antithetic to the 

initial fault. This preference becomes more pronounced as the length of the fault 

increases. Therefore, on the basis of these considerations, antithetic secondary fault 

fonnation (grabens) is favored over the fonnation of synthetic nonnal faults in purely 

extensional environments. 

Discussion 

The lower strain energy of the antithetic fault configuration is the result of detailed 

numerical computations; however, it is also possible to see intuitively that this condition 

is the most favorable. Although both orientations reduce the strain energy near the 

surface, antithetic fault segments result in the lowest net strain near the fault tip. In this 

configuration the wedge bounded by the initial fault and the secondary fault is nearly 

unstrained. The compressional and extensional regions near the adjacent fault tips 

overlap one another in such a way as to partly cancel each other out, leading to a net 

lower strain energy. In contrast, in the synthetic orientation the secondary fault segment 

not only fails to lower greatly the strain energy near the tip of the initial fault because it is 

too far away for effective overlap, but it also introduces high strain energies near the tip 

of the secondary fault segment itself. Furthennore, in the antithetic configuration, the 

near-surface bending stresses induced by the secondary fault slip are located at the 

original fault (which is on the downthrown block of the secondary fault), where they can 

be relieved by further slip. In the synthetic configuration these bending stresses appear 
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farther to the left in Figure 10, inducing a new region of strained near-surface rocks and 

hence resulting in a larger total strain energy. 

The antithetic fault configuration is thus strongly favored energetically over the 

synthetic configuration, which explains the prevalence of the graben structure in nature. 

The formation of a graben locally relieves the extensional stresses for a horizontal 

distance of a few to 10 times the depth of the initial fault This suppresses the formation 

of other nearby grabens, which must form at a greater distance from the initial structure, a 

result qualitatively similar to that found by Laehenbrueh [1961] for vertical tension 

cracks. Most of this suppression appears as soon as the initial fault forms, except for the 

region on the downthrown block where the secondary fault originates (see Figure 9). In 

this special region, slip on the initial fault actually increases the proximity to failure, 

leading to the final pair of faults. This observation explains why normal faults seldom 

occur singly: Slip on one such fault increases the probability that an adjacent region on the 

downthrown block will fail. When this region does fail it results in a net lower strain 

energy than even the optimum slip on the single initial fault. It is noteworthy that failure 

on the downthrown block was reached despite the relatively small amount of slip on the 

initial fault (of the order of 10 m), which is a very small fraction of the slip typically 

observed in grabens. This indicates that the secondary antithetic fault forms essentially at 

the same time as the initial fault, so that the graben is born as a complete structure in a 

single failure event. 

It is reasonable to assume that the antithetic and synthetic curves of Figures 13a, 13b 

and 13e will merge at some distance from the initial fault since the initial fault will only 

perturb the regional extensional stress field for a limited distance. Any faults forming 

beyond this distance may therefore be considered as new initial faults which should have 

no preferred orien tation. 
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Factors Controlling Graben Width 

Method 

One factor that may control graben width has already been mentioned, namely, the 

depth at which a layer discontinuity in material properties occurs [Golombek, 1979]. 

However, there is no reason to assume that the initial normal fault will always terminate 

(or begin, if it propagates upward) at such a discontinuity, although this may occur in 

some situations. Local inhomogeneities, planes of weakness, or stress concentrations 

may be more important in fault initiation than the presence of regional layers. It seems 

likely that the most fundamental factor is the depth to which the initial normal fault 

penetrates. Although the depth of this fault may be controlled to some extent by the depth 

at which some layer discontinuity occurs, many other factors may be imagined that could 

control the depth of the fault. The problem, then, is to determine whether the depth to a 

layer discontinuity plays an important role independent of the depth of the initial normal 

fault To do this, a two-layer model is used in which both fault depth and layer thickness 

were varied. The two layers are given a large contrast in material properties to maximize 

the influence of the thickness of the surface layer on the width of the graben. The 

stronger layer has the same material properties as the single-layer model described 

previously. These properties approximate those of basalt, the stiffer rock unit on the 

lunar mare. The weaker layer has properties simulating loose granular debris, similar to 

lunar regolith, with Young's modulus E = lxlOlO Pa, Poisson's ratio v = 0.05, and 

density p = 2300 kg/m3 [Birch, 1966]. 

It has already been shown that the region of greatest proximity to failure due to slip 

on an initial fault occurs near the surface. It therefore seems reasonable to assume that the 
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width of the resulting graben is controlled by the distance of this region from the initial 

fault. The proximity to failure was therefore calculated for the top row of elements, as 

shown in Figure 14. Figure 14 shows the proximity to failure for a homogeneous half

space; the case of a weak layer overlying a strong layer, or the inverse, is qualitatively 

similar, except that the position of the maximum proximity to failure may shift depending 

upon the detailed structure. In all these cases, the secondary fault is presumed to 

originate in the element in which the proximity to failure is largest. This is in accordance 

with the results of the previous section, in which the region of maximum proximity to 

failure at the surface corresponds with the region in which strain energy is minimized by 

slip on a secondary fault. Since the proximity to failure is referred to the center of each 

element, the uncertainty in the x position of maximum proximity to failure is ±1/2 the 

width of an element. The width of the graben is simply the surface distance betwe~n the 

maximum proximity to failure and .the surface expression of the initial fault. It is 

therefore possible to compute graben width for various combinations of initial fault depth 

and surface layer thickness. 

Results 

The results of this portion of the study are shown in Figures 15a and 15b, where the 

thickness of the surface layer is plotted against graben width. Both quantities are 

nonnalized by the depth of the initial nonnal fault. Any deviation of the points from a 

horizontal line thus represents the effect of layer thickness on the width of the graben. 

Figure 15a shows the results for the case of a strong layer overlying a weaker layer, 

while Figure 15b depicts the opposite situation of a weak layer overlying a strong layer. 

Although the points deviate somewhat from a horizontal line, the presence of the surface 

layer is unable to change the width of the graben by more than about 25%. In addition, 
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Figure 14. Proximity to failure in the top layer of elements due to slip on an initial normal fault in a 
homogeneous elastic medium. The values of cohesion and angle of internal friction for the medium are c 
= 4x107 Pa and tP = 40.4°. The position of the initial fault is shown by the arrow. The dotted line 
indicates failure. The fact that the computed curve exceeds the failure line merely indicates that failure is 
reached before the slip on the primary fault reaches its maximum value. Primary and secondary faults are 
thus predicted to form together. 
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Figure 15a. Graben width vs. surface layer thickness for models with a strong layer overlying a weak 
layer. All dimensions are normalized by the depth of the primary fault The material properties of the 
two layers are fiven in the text. The values of cohesion and angle of internal friction for the strong layer 
are c = 4 x 10 Pa and r/J = 40.4°. For the weak layer these values are c = 5 x 106 Pa and r/J = 40.4°. 
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b. Weak Layer Over Strong Layer 
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Figure 15b. Graben width vs. surface layer thickness for models with a weak layer overlying a strong 
layer. 
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the correlation between layer thickness and graben width is by no means clear. Figure 

15a may even indicate a slight negative correlation between graben width and surface 

layer thickness, although a more detailed study would be required to determine whether 

this correlation is significant. A weak positive correlation might be deduced from Figure 

15b, but in neither case is the effect of layer thickness on graben width profound. On 

average, the graben width is slightly less than the depth of the initial normal fault. Some 

of the apparent jumps in the graben width are artifacts of the finite element discretization. 

Since the proximity to failure is only known at discrete points, a jump occurs when the 

point of maximum proximity to failure moves from one point to the next. If some sort of 

interpolation scheme were used, the points would follow a smoother curve. The error 

bars in these figures correspond to ±1/2 the width of an element. The error bars become 

larger to the right of the plots since the values were calculated with smaller initial fault 

depths. From a physical standpoint, in Figures 15a and 15b, points near zero layer 

thickness should be the same as for a uniform half-space with the properties of the lower 

layer, whereas points with a large layer thickness/fault depth ratio should be the same as 

for a uniform half-space with the properties of the upper layer. 

Discussion 

There appears to be no more than a slight negative correlation between graben width 

and layer thickness for the case of a strong layer overlying a ~eaker layer (Figure 15a). 

This would be hard to understand on the basis of Vening-Meinesz-type flexure models, 

as a thicker upper layer has a larger flexural parameter, thus producing a wider graben. 

Such models thus predict a strong positive correlation between graben width and layer 

thickness. The behavior of graben width in the model investigated here is evidently a 

complex function of the details of the geometry of the dipping faults and cannot be 
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correctly predicted by thin-plate flexure models. Indeed, thin plate theory is not expected 

to work when the flexed layer's thickness is comparable to the horizontal extent of the 

stress field. Even when the stiff layer is very thin, the underlying weaker layer is still 

deformed elastically and evidently has a strong influence on the location of the highest 

proximity to failure. Only when the underlying layer is viscoelastic, so that stresses in it 

eventually die away, does this model approach that of Vening-Meinesz. The behavior of 

crustal grabens, in which faulting takes place in rocks sufficiently cold that viscous 

relaxation can be ignored on a geologic time scale, is thus evidently quite different from 

that of grabens whose faults penetrate into the asthenosphere or some other ductile layer 

that cannot maintain stress differences for long periods. 

Conclusions 

Two principal arguments have been advanced to explain why grabens, rather than 

synthetic normal faults, should be expected to form in brittle rocks in a purely extensional 

environment. The first of these is an intuitive argument, based on the results shown in 

Figure 9. Given the occurrence of an initial nonnal fault, one would expect a secondary 

fault to form in the areas where proximity to failure is highest. It seems likely that the 

direction of propagation should also be toward regions of higher proximity to failure, 

which, according to Figure 9, would result in a graben. This argument is not rigorously 

valid, however, as the proximity to failure at each stage of secondary fault formation has 

not been calculated. A second, more quantitative, argument explains graben formation in 

terms of the total strain energy of the system. Once an initial fault has formed, 

antithetically oriented fault segments result in a lower total strain energy, particularly in 

the region of highest proximity to failure, where a secondary fault would be expected to 

initiate. This is due to the efficiency with which antithetic fault segments relieve shear 
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stress, as compared to synthetic fault segments. Both arguments indicate that a pair of 

faults in the graben configuration is favored over the formation of a single normal fault, 

which explains the prevalence of this structure. 

The width of grabens is shown to be primarily controlled, not by the depth of some 

mechanical layer discontinuity in the crust but by the depth to which the initial normal 

fault penetrates (or from which it propagates to the surface). This depth itself may be 

controlled by the presence of a discontinuity between layers of different stiffness, but 

other factors may be equally, if not more, important. Thus, it appears that attempts to 

map variations in the thickness of a hypothetical layer underlying the surface are not well 

founded in the absence of a strong justification for presuming that all normal faults should 

penetrate to constant depth and that this depth is related to the hypothetical discontinuity in 

layer material properties. 

Since synthetic normal faults do exist, there must be some situations in which graben 

formation is not favored. Although these situations have not yet been explored in detail, 

there are several possibilities which might lead to the formation of synthetic faults. For 

example, there may be pre-existing planes of weakness or other inhomogeneities in the 

rock which might favor synthetic fault formation. Another possibility, which will be 

explored in the future, is the effect of a stress field other than purely extensional. Shear 

stresses in addition to the extensional stresses considered in this work develop beneath 

sloping rock terranes. Convection currents in the mantle below the crust may also exert 

shear stresses that could cause synthetic normal faults to be favored. Since synthetic 

faults are less commonly observed, an analysis of the factors which encourage their 

formation could shed new light on the geologic history of regions in which they are 

found. 



CHAPTER 4 

THE MECHANICS OF MULTIPLE THRUST FAULT FORMATION 
IN BRITTLE CRUSTAL ROCKS 

Introduction 
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Thrust faults have long been recognized as distinctive features of compressional 

tectonic environments. Thrusts were first described as geologic features by Geikie 

[1884] in reference to structures observed in Scotland. Since then, thrust faults have 

been observed in numerous regions on the Earth, and also on Mercury [Strom, 1984]. 

On the Earth, thrust faults generally occur at compressive plate boundaries or as 

secondary features forming in response to folding, flexure, igneous or sedimentary 

intrusion, or large-scale landsliding [Suppe, 1985]. Typically, the total contraction in a 

region is not taken up by a single fault, but by a series of faults. Suess [1904] recognized 

the existence of sets of parallel faults, which he termed schuppen structure. Now known 

as imbricate structure, this fault configuration is commonly observed in regions of 

compression [Suppe, 1985]. There are numerous types of thrust systems, of varying 

degrees of complexity, a number of which have been described by Boyer and Elliott 

[1982]. Although high angle normal faults commonly form in antithetic pairs (grabens), 

this is not generally true of thrust faults. There appears to be a fundamental difference 

between the formation of thrust faults in a compressional environment and the formation 

of normal faults in an extensional environment. Unlike normal faults, thrust faults are 

rarely observed in conjugate sets [Suppe, 1985]. There must be some mechanical basis 

for this difference. 

In an earlier paper (and in Chapter 3), Melosh and Williams [1989] demonstrated, on 

the basis of energy considerations, that graben formation is mechanically favored over the 
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formation of synthetic normal faults in a purely extensional environment. These results 

showed that slip on an initial nonnal fault created a stress field conducive to the formation 

of an antithetic secondary fault; however, once the secondary fault had developed, the 

stress field inhibited the formation of additional faults. The formation of grabens thus 

seems to be a direct result of the interaction of faults through their stress fields. In this 

chapter similar methods are used to determine whether slip on an initial thrust fault has a 

dominating effect on the formation of subsequent faults. 

Early work on the problem of thrust fault formation included analytical solutions of 

the stress field for simple plane strain models [ego Hafner, 1951] and sandbox 

experiments [ego Hubbert, 1951]. Hafner [1951] used a two-dimensional elastic 

rectangular model, simulating a cross section of the Earth. A variety of boundary 

conditions were applied to the edges of this rectangular model, and the resultant stresses 

were calculated. Through analysis of the stresses, complementary sets of fault planes 

were determined, but no explanation was found for the preference of one set over the 

other. One of the problems with analytical solutions of this type is that the stress field 

cannot be calculated once slip has occurred on a fault. The analytical solutions are 

therefore only valid before the onset of faulting. A more recent technique involves the 

assumption of a critical Coulomb wedge; however, these models assume uniformly 

distributed slip throughout, and thus effectively bypass the effects of stress field 

perturbations due to slip on discrete faults [ego Chapple, 1978; Davis et al., 1983; 

Stockmal, 1983; Dahlen et a/., 1984; Suppe 1985; and Zhao et al., 1986]. 

Synthetic thrust faults developed in the sandbox experiments of Hubbert [1951]. He 

explained this as follows: "In asymmetrical cases, the integral of any stress quantity over 

one surface or family of surfaces will in general be different from that over the conjugate 

surface or family. Because of this inequality, slippage should occur on one set before on 
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the other, or on only one of the two sets." The asymmetry referred to was in the system 

of stresses acting on the model. Horizontal stresses were applied to the vertical edges of 

the model which were greater on one side than the other. Counterbalancing these 

stresses, a linearly-varying shear stress developed on the base. This explanation for the 

synthetic fault orientation relates the asymmetry of the synthetic fault system to the 

asymmetry of the applied stress field. An alternative to this explanation is the possibility 

that the observed fault configuration is a result of interactions among the stress fields due 

to slip on the faults themselves. This possibility is explored in the present study. 

The modeling presented here begins with the formation of an initial planar thrust fault 

in a compressional environment, followed by the formation of a secondary fault. The 

location and orientation of the secondary fault is assumed to be controlled by the stress 

regime induced by slip on the initial fault, provided the two faults are sufficiently close 

together. We here neglect the locally important effects of inhomogeneities and zones of 

weakness always present in the real Earth. We focus only on the universal stress 

interactions of the faults. Additional faults should form in a similar manner as the 

secondary fault. The purpose of the analysis is to determine how secondary fault 

formation is influenced by slip on an initial thrust fault. It is to be expected that the dip of 

the initial fault should affect the orientation of the secondary fault. The preferred 

secondary fault configuration is therefore determined for a variety of fault angles. 

The model is based on the premise that rocks deform either elastically or by brittle 

failure -- an appropriate assumption for upper crustal rocks. The results should therefore 

be valid in regions where the depth of thrusting is relatively shallow or where the elastic

brittle crust extends to a great depth. The boundary conditions of the problem do not 

include forces other than regional compression and a gravitational body force. No shear 

stresses are applied to the base of the crust, so the initial stress field is symmetrical: only 
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the effects of fault interactions are studied, eliminating effects due to stress field 

asymmetry. Faults are assumed to be planar and fault friction is not included. 

Cross-sections of most present-day thrust belts reveal a series of synthetic thrust 

faults which sole into a decollement, in accordance with the thin-skinned style of thrust 

faulting described by Boyer and Elliott [1982]. Although the presence of a decollement 

almost certainly has a large influence on the formation of both the initial and subsequent 

faults, it is not included in the models. This study is thus not an attempt to exactly 

duplicate the characteristics of observed thrust systems, but rather to isolate the 

contribution of movement on individual faults to the formation of subsequent faults. Any 

departure of actual thrust fault configurations from the predicted results is therefore due to 

additional factors which have not been included in this study. These factors may include 

features such as a basal decollement and associated shear stresses, nonplanar faults, 

nonelastic behavior, and fluid pore pressure. While these are all important factors, they 

introduce a much larger degree of complexity, and might tend to obscure the fundamental 

characteristics of the problem. 

The analysis proceeds in a manner similar to that of Melosh and Williams [1989]. 

First, the stresses are determined for a homogeneous elastic layer subjected to the vertical 

force of gravity and a horizontal contraction. The contraction is adjusted until it attains a 

magnitude which is just sufficient to initiate failure somewhere in the layer, according to 

the Mohr-Coulomb (or Anderson) failure criterion. An initial thrust fault is then 

introduced into the model, and the stresses recalculated. The proximity to failure is then 

calculated at every point in the layer, and the most likely location of secondary fault 

initiation is determined. Once the probable location of secondary fault formation has been 

found, the orientation has to be determined. This is accomplished by introducing 

secondary fault segments of different lengths into the model and calculating the total strain 
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energy for each case. Following arguments similar to those of Griffith [1921, 1924], the 

fault orientation which results in the lowest total strain energy should be preferred. The 

calculations are done for fault dip angles of 15°, 30°,45°, and 60°, which covers the 

range of dip angles likely to be encountered in a simple thrust system. All calculations are 

performed using a two-dimensional elastic plane-strain finite element code. Although the 

finite element method employed in this work is capable of determining the stresses due to 

fault movement, it should be emphasized that the results are only applicable to the initial 

stages of fault formation, as the total displacement along the faults (and the total strain) is 

relatively small. 

Finite Element Modeling of the Stress Field 

Method 

Model results are obtained through the use of a two-dimensional plane-strain finite 

element code developed by Me/osh and Rae/sky [1980]. Fault segments are introduced 

into the grid by means of the 'slippery node' technique (described in the Appendix of 

Me/osh and Williams [1989]). The grid used in the calculation of results for 30° faults, 

and the applied boundary conditions, are shown in Figure 16. The grids used for other 

fault dip angles are exactly equivalent except that the vertical dimensions are shortened or 

stretched accordingly. All grids have a horizontal extent of 90 km. The vertical 

dimensions are as follows: 10.44 km for 15° faults, 22.5 km for 30° faults, 38.97 km 

for 45° faults, and 67.5 km for 60° faults. These dimensions are greater than those of the 

region of interest, which is shown in the enlarged section above the rest of the grid in 

Figure 16. This region represents the area where faulting would be expected to have an 

appreciable effect on the stress field. This area, which will be the region shown in 
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Figure 16. Grid used for finite element calculations for 30° thrust faults. The lower section is a view of 
the entire grid with the imposed boundary conditions. The distance 0 is the amount of contraction applied 
to each side of the grid. The total amount of contraction is thus 20. The upper section is an expanded 
view of the region of interest. 
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subsequent plots unless specified otherwise, is 20,000 km wide and 10,000 km deep. 

The large dimensions of the grid were chosen to prevent the results from being influenced 

by the boundary conditions. 

As shown in Figure 16, the bottom boundary of the grid is prevented from moving 

in the vertical (y) direction, horizontal contraction of amount 20 is applied to the vertical 

edges of the grid, and a uniform body force corresponding to gravity is applied 

throughout Two different values are used for the body force (gravity), corresponding to 

two different lengths of initial faults used in the strain energy calculations. A body force 

equivalent to a gravitational acceleration of -9.8 m/s2 is assumed for one set of models. 

In a second set of models, the length of the initial fault is only 1/3 that of the first set. To 

insure that the slip distribution on the shorter fault scales to that of the longer fault, it is 

necessary that the gravitational stress be equal at equivalent points on the two faults. For 

example, if the depth of the longer fault is given by D, then the gravitational stress in the 

middle of the fault is given by pgD/2. To attain the same stress at the middle of the 

shorter fault, which penetrates to a depth of D/3, either the gravity or the density must be 

increased by a factor of 3. If this is done, the gravitational stress at the midpoint of the 

shorter fault is also given by pgD/2. To accomplish this scaling, the gravitational 

acceleration for the shorter fault models was assumed to be -29.4 m/s2• The modeling 

results actually proved to be relatively insensitive to the assumed value of gravitational 

acceleration, so the scaling may not have been necessary. The material properties used in 

the models are as follows: Young's modulus (E) = 6.0 x 1010 Pa, Poisson's ratio (v) = 

0.25, and density (p) = 2700 kg/m3. 

Faulting can occur along any portion of the diagonal lines shown in Figure 16 

through the use of the 'slippery node' technique [Melosh and Williams, 1989]. This 

method introduces an extra degree of freedom for each node on the fault in the direction 
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of fault slip, so that the slip distribution on the fault is that which minimizes the potential 

energy of the grid, in accordance with the constitutive equations of the finite element 

method. This results in a state of zero resolved shear stress along the fault, meaning that 

one of the principal stress axes is oriented parallel to the fault. This method is also 

capable of including the effects of fault friction, which would result in a nonzero shear 

stress state; however, the factors controlling fault friction are not well known, and its 

inclusion is unlikely to qualitatively change the results of the calculations. 

Initially, the amount of contraction (28) applied to the grid is varied until failure is 
., 

achieved in some portion of the grid. To determine which regions are closest to failure, a 

proximity to failure, PI' may be defined [Melosh and Williams, 1989], as in the previous 

chapter (equation (29)). The amount of contraction necessary to achieve failure for the 

models in this study is 150 m, assuming a cohesion c = 2 x 107 Pa and an angle of 

internal friction f/J = 30°. The exact values used are not particularly important, as this 

analysis does not attempt to determine the angles at which faults should form, nor the 

stresses necessary for fault formation. For a grid with a horizontal dimension of 90 km, 

this yields a strain of 1.67 x 10-3• Failure occurs first at the surface, since this is the level 

at which the horizontal stress most greatly exceeds the vertical stress. The stress state 

near the surface is given by 

(31) 
0; = (Iyy = pgy 

where (Ie is the constant compressional stress due to contraction of the grid. If the width 

of the grid is given by w, and the total contraction is 20, then O"e = 20E/[w(1 - v2)]. As 
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depth (y) increases, the difference between O'j and O'j decreases until a depth of y = O'c(1 -

v)/[pg(1 - 2v)], where the two stresses are equal. Below this depth, any faults that form 

will be normal faults, since the greatest compressive stress is vertical. At the surface, y = 

o and O'j = 0, resulting in a maximum value for the shear stress and a minimum value for 

the pressure (both are equal to O'cI2). This maximizes the proximity to failure at the 

surface. The enhanced proximity to failure at the surface is a direct result of the assumed 

boundary conditions. There are a number of factors which might encourage fault 

formation at depth, including nonelastic behavior at depth, the presence of stresses other 

than uniform compression, and high fluid pore pressure. Some current models of 

earthquake occurrence assume that faulting is initiated at depth, near the brittle-ductile 

transition; however, the results of Langston [1987] indicate that this may not be the case 

in regions where the elastic crust is exceptionally strong and thick. His analysis of the 

1968 Meckering, Australia, earthquake indicated that the seismic rupture propagated 

downward from the surface. The explanation for this behavior was that the strength of 

the Australian shield exceeded the deviatoric stresses everywhere except near the surface, 

since the brittle-ductile transition occurred at such a great depth. Rupture then proceeded 

downdip until dynamic frictional resistance exceeded the stresses induced by faulting at 

the crack tip. Thus, the model presented here may have some applicability to shield areas; 

however, as mentioned before, this analysis is an attempt to isolate the stress 

perturbations due to slip on the faults themselves, and is not intended to provide a 

complete description of thrust fault formation. 

After determining the proper amount of contraction, an initial thrust fault is 

introduced into the model. Figure 17 shows the nodal displacements resulting from slip 

on an initial 30°-dipping fault. This figure, and those following, show the results for an 

initial fault in which slip is allowed on 9 nodes, assuming a gravitational acceleration of 
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Figure 17. Defonnation of the grid due to slip on an initial 30°-dipping thrust fault with a length of 9 
nodes shown in an exaggerated manner. Nodal positions plotted above are the actual positions plus the 
elastic displacements multiplied by a factor of 50. The parameters used are Young's modulus, E = 6 x 
1010 Pa; Poisson's ratio, V= 0.25; density, p = 2700 kg/m3. 
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9.8 m/s2. The set of models using 3-node initial faults and an acceleration of -29.4 m/s2 

produce very similar results; however, the region of interest for these models is 

considerably smaller than for the first set, and the resolution is lower. 

Results 

The stresses are calculated after slip has occurred on the initial fault. Once the 

stresses are known, the proximity to failure (PI), as defined by equation (29), may be 

calculated for each element. These results are contoured in Figures 18a-d for fault dip 

angles of 15°, 30°,45°, and 60°. In general, there are two regions of high proximity to 

failure observable for each fault angle. The first of these occurs at the surface. For dip 

angles of 15° and 30° (Figures 18a and 18b), the proximity to failure is fairly uniform 

along the surface, except for a small region near the initial fault, where PI is decreased. 

For angles of 45° and 60° (Figures 18c and 18d), Plat the surface appears to be slightly 

higher on the upthrown (left-hand) side of the initial fault. This contrasts strongly with 

the results of the previous chapter and Melosh and Williams [1989], where a large 

increase in proximity to failure occurs on the downthrown block. The second region of 

high proximity to failure occurs near the tip of the initial fault. This region is much more 

pronounced for the lower dip angles (Figures 18a and 18b) than for the higher dip angles 

(Figures 18c and 18d). This area of high PI is related to propagation of the initial fault. 

Since the steeper faults extend to a greater depth, the pressure at the fault tip is greater, 

and the proximity to failure is decreased relative to the shallower faults. 

Since any secondary fault should initiate at the surface for this model, it is instructive 

to examine the proximity to failure at the surface of the grid. In Figures 19a-d the 

proximity to failure at the surface is plotted as a function of distance for the four different 

fault dip angles. The first thing to observe in these figures is the absence of any sharp 
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Figure 18a. Contours of proximity to failure using the Mohr-Coulomb criterion for an initial 15° thrust 
fault wilh a length of 9 nodes. The values used for cohesion (c) and angle of internal friction (l/J) are c = 2 
x 107 Pa and I/J = 30°. 
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Figure ISb. Contours of proximity to failure using the Mohr-Coulomb criterion for an initial 300 thrust 
fault with a length of 9 nodes. 



c. 
a 

zO 
CO 
.... 0 

I-~ .... 
U] 
C 
a. 
>-

a 
o 
o 
o ... 
I 

106 

~=======:~I.O~-=-~~--~~(---------------=~I~.O~ 

~ _______ ----O_.5--------

_L-'~~'--~~~'w=~'--~--~'~~'--~--~~~'--~--~'~~'~~--~'~~'--~~', :!!Doo 38333 dB67 <45000 48333 slaB7 55000 
X POSITION. M 

Figure 18c. Contours of proximity to failure using the Mohr-Coulomb criterion for an initial 45° thrust 
fault with a length of 9 nodes. 
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Figure 18d. Contours of proximity to failure using the Mohr-Coulomb criterion for an initial 60° thrust 
fault with a length of 9 nodes. 
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Figure 19a. Proximity to failure in the top layer of elements due to slip on an initial 150 thrust fault 
with a length of 9 nodes, using the same values for cohesion and internal friction as before. The surface 
position of the initial fault is indicated by the arrow, and the dotted line indicates failure. 
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Figure 19b. Proximity to failure in the top layer of elements due to slip on an initial 30° thrust fault 
with a length of 9 nodes. 
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Figure 19c. Proximity [0 failure in the top layer of elements due [0 slip on an initial 450 thrust fault 
with a length of 9 nodes. 
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Figure 19d. Proximity to failure in the top layer of elements due to slip on an initial 60° thrust fault 
with a length of 9 nodes. 
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peaks in the proximity to failure that would indicate a likely starting point for a secondary 

fault. This is considerably different from the results of Me/osh and Williams [1989], in 

which a sharp peak was found on the downthrown side of an initial nonnal fault. For 

fault angles of 15° (Figure 19a) the region of low Pfi where secondary faults would not 

be expected to initiate, lies on the upthrown side of the initial fault. As the angle of the 

initial fault increases (Figures 19b, c, and d), this region shifts toward the downthrown 

side of the fault. For initial fault angles of 60°, secondary fault fonnation appears to be 

completely suppressed on the down thrown side. For all other fault angles, secondary 

fault fonnation seems to be possible on either side of the initial fault 

Discussion 

The results of the previous section may be understood more clearly by analyzing the 

system of stresses arising from slip on the initial thrust fault. Figures 20a-d show the 

principal axes of stress resulting from slip on the initial fault for the four different dip 

angles. Note that the area shown in these plots is slightly smaller than that of other plots. 

Along the initial fault, the principal axes are either parallel or perpendicular to the fault, by 

construction. On the upthrown side of the fault near the fault tip, the shallower fault dips 

(Figures 20a and 20b) produce tensional components which are of similar or greater 

magnitude than the compressional stresses. For the steeper dip angles (Figures 20c and 

20d), the compressional components dominate in this region, due to the greater depth at 

which they occur. This explains the much higher proximity to failure at the fault tip for 

faults with shallower dip angles (see Figures 18a-d). 

The difference in proximity to failure at the surface is explained by the relative 

efficiencies with which the different fault angles relieve the horizontal compressive stress. 

The 15° and 30° faults (Figures 20a and 20b) relieve this stress by approximately equal 
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Figure 20a. Principal axes of stress due to slip on an initial 150 thrust fault with a length of 9 nodes. 
Triangles represent compressional stress, and straight lines represent tensional stress. Note that the 
dimensions of the region of interest are slightly smaller than in other plots. 
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Figure 20b. Principal axes of stress due to slip on an initial 30° thrust fault with a length of 9 nodes. 
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Figure 20d. Principal axes of stress due to slip on an initial 60° thrust fault with a length of 9 nodes. 
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amounts on both sides of the initial fault. Directly above the initial fault (corresponding to 

the up thrown side) the horizontal stress has been greatly reduced, accounting for the low 

proximity to failure in this region. For a 30° initial fault (Figure 20b), the region of 

greatly reduced compressive stress extends to the downthrown side of the fault. As the 

fault angle is increased (Figures 20c and 20d), this region shifts further to the 

down thrown side of the initial fault. 

The region in which the horizontal compressive stress is relieved corresponds to low 

proximity to failure. Secondary fault formation would not be expected in this area. 

Outside of this region, where secondary faults would be expected to form, the maximum 

compressive stress is oriented horizontally, as it was before the introduction of the initial 

fault. The stress regime in which the secondary fault forms is therefore similar to that in 

which the initial fault formed. With this in mind, it seems reasonable to suppose that the 

secondary fault would form in a similar manner, and would thus have a dip similar to the 

initial thrust fault. The orientation of the secondary fault with respect to the initial fault 

has yet to be resolved, however, since the new fault could form along either of two 

conjugate planes. To determine which of the two planes is favored, we examine the total 

strain energy of the system. 

Total Strain Energy Calculations 

MetJwd 

Given an initial thrust fault, there are four possible configurations for the secondary 

fault, as shown in Figure 21. The new fault can form on either the upthrown or 

downthrown side of the initial fault, and may have either an antithetic or synthetic 

orientation with respect to the initial fault. The calculations to this point have not 
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Figure 21. The four possible orientations of a secondary fault with respect to an initial thrust faulL 
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determined which of these configurations is more likely. They have simply resolved the 

regions in which secondary fault formation is unlikely to occur. To determine the most 

likely configurations, the total strain energy is calculated for all the possible cases. The 

preferred configuration will be that which minimizes the total strain energy of the grid. 

The total strain for plane strain problems, as in Chapter 2, is given by equation (30). 

The total strain energy is first calculated for the case of an initial thrust fault, 

determining a reference state. Secondary fault segments of different lengths and 

orientations are then introduced into the grid and the total strain energy calculated for each 

case. The displacements arising from one such case are shown in Figure 22. This 

represents the case of a 9 node initial fault with a synthetic 3 node secondary fault 

segment, both dipping at an angle of 300
• The introduction of the secondary fault 

segments serves to reduce the total strain energy from its reference state. The 

configuration that results in the lowest values of total strain energy are mechanically 

favored over those with higher values. 

As mentioned before, two different lengths of initial thrust faults have been used in 

the strain energy calculations. To insure that the faults are acted upon by equivalent 

stresses along their length, it is necessary that the lithostatic stresses be equal at 

corresponding points on the two sets of faults. This is accomplished by using a larger 

assumed gravitational acceleration for the shorter initial faults, as explained earlier. As it 

turns out, the results are extremely insensitive to the assumed value of gravitational 

acceleration. Test cases using values of 0 rn/s2 and -29.4 m/s2 provided results which 

were virtually indistinguishable. 

Since the reduction in strain energy is related to the length of the fault, it is necessary 

to scale the total strain energy calculations for the two different fault lengths so that the 

results compare. Furthermore, the proximity to failure at the surface for the two fault 
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Figure 22. Displacements exaggerated in the same manner as before resulting from slip on an initial 9 
node thrust fault and a synthetic 3 node secondary fault, both dipping at an angle of 30°. 
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scales will also be slightly different, primarily due to the difference in the assumed 

gravitational acceleration. It is therefore necessary to scale both the total strain energy and 

the proximity to failure for the two different fault lengths so that the results may be 

compared. The methods used in scaling the results are explained in Appendix A. 

Results 

A typical set of results from the strain energy analysis is shown in Figures 23a-c, 

where the reduction in the total strain energy due to the presence of secondary fault 

segments is plotted as a function of distance from the surface expression of the initial 

fault. In this sequence of plots, the faults dip at 300 and the initial fault consists of slip on 

three nodes. The distance has been normalized by the depth of the initial fault, and the 

total strain energy is referenced to the total strain energy due to slip on a single initial 

fault. Each point on the plots represents the total strain energy due to slip on the initial 

fault and a secondary fault segment minus the total strain energy due to slip on the initial 

fault alone. The length of the secondary fault segment is varied from slip on a single 

node at the surface (Figure 23a) to slip on a 3 node segment -- equivalent to the length of 

the initial fault (Figure 23c). Points to the left of zero on the horizontal axis are on the 

up thrown side of the initial fault, while points on the right are on the downthrown side. 

Analysis of Figure 23a shows that synthetic secondary fault segments result in a 

slightly lower total strain energy on the upthrown side of. the fault, while antithetic 

segments produce a slightly lower total strain energy on the downthrown side. One 

feature worth noting is the equivalence of the results for the two orientations at distances 

greater than about 7 initial fault depths from the initial fault. This is due to the fact that 

stress perturbations resulting from slip on the initial fault extend to only a limited 
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Figure 23a. Total strain energy vs. surface distance from a 3 node initial thrust fault dipping at an angle 
of 30°. The plots show the total strain energy for secondary fault segments represented by slip on a 
single node at the surface. The total strain energy is referenced to the amount of strain energy due to slip 
on the initial fault only. Distance is nonnalized by the depth of the initial fault. Negative distances 
correspond to the upthrown side of the fault and positive distances correspond to the down thrown side of 
the fault 
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Figure 23b. Total strain energy vs. surface distance from a 3 node initial thrust fault dipping at an angle 
of 30°. The plots show the total strain energy for secondary fault segments represented by slip on 2 
nodes. 
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Figure 23c. Total strain energy vs. surface distance from a 3 node initial thrust fault dipping at an angle 
of 30°. The plots show the total strain energy for secondary fault segments represented by slip on 3 
nodcs. 
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distance. Beyond this distance, the stress field returns to its original state and the initial 

fault has no effect on the orientation of subsequent faults. 

As the length of the secondary fault is increased to two nodes (Figure 23b) the 

difference in the resulting strain energy for synthetic and antithetic segments is increased. 

The curves for the two different fault orientations appear to be shifting in opposite 

directions. The curve for antithetic secondary fault segments is shifting to the left, and 

that for synthetic segments is shifting to the right. The result is a markedly lower total 

strain energy for synthetic secondary segments on the upthrown side of the initial fault 

and for antithetic segments on the down thrown side. The difference becomes even more 

apparent when the length of the secondary fault reaches that of the initial fault (Figure 

23c). It will be noted that the curve for synthetic secondary fault segments is completely 

symmetric about the initial fault location. This is due to the fact that there is no longer any 

difference between the two faults. Since both faults have the same orientation, either one 

could equally well be considered to be the initial fault, and the distance between the two 

faults is the only important factor. This is not the case for antithetically oriented faults. 

Points to the left of the x-origin in Figure 23c represent faults which dip into each other, 

while points on the right signify faults which dip away from each other. Since this 

represents two very different situations the resulting strain energies should obviously be 

different. 

In a purely elastic problem, the relative fault lengths are the only means of 

differentiating between initial and secondary faults. In a certain sense, the actual 

sequence of fault formation is not known; however, by assuming that the secondary fault 

propagates downward from the surface, a reasonable sequence may be developed, as in 

Figures 23a-c. It is recognized that many faults actually propagate upward, but this 

would require a different stress regime than that assumed for this problem. In any case, 
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the final state (Figure 23c) would be the same, assuming that both faults originated at 

similar depths. Thus, the final results, which indicate that synthetic fault fonnation is 

favored on the upthrown side and antithetic fonnation on the down thrown side for 30° 

faults, are unaffected by any assumptions about the depth of fault initiation. 

The results shown for 30° faults are typical of those for other fault angles. 

Differences in the total strain energy which are relatively small for shorter secondary fault 

segments become more pronounced as the length of the fault increases. One prominent 

feature of Figures 23a-c is the lack of any sharp minima in the strain energy, which 

would indicate a preferred configuration. This also contrasts strongly with the results of 

Chapter 3 and Me/osh and Williams [1989], where a distinct minimum in the strain 

energy was found, corresponding to antithetically-oriented faults on the down thrown side 

of the initial fault. 

This characteristic of thrust faults may be seen clearly in Figures 24a-d, where the 

strain energy reduction and the proximity to failure are shown on the same plot. In these 

figures, the results for both fault lengths have been combined. For both sets of models, 

the secondary fault segments have lengths that are 1/3 the length of the initial fault. For a 

9 node initial fault, the secondary fault segments thus have lengths of 3 nodes, while for a 

3 node initial fault, the secondary fault segments have lengths of 1 node. Superimposed 

on these plots is the proximity to failure at the surface due to slip on the initial thrust fault, 

shown with a dashed line. The scale for proximity to failure is shown on the right, and 

that for total strain energy is shown on the left 

The most striking feature of Figures 24a-d is that, except for the case of a 60° fault 

(Figure 24d), secondary fault fonnation is not favored close to the initial fault. This is 

demonstrated both by the low proximity to failure near the fault and the relatively high 

values of total strain energy near the initial fault. This is also a good check on the 
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Figure 24a. Total strain energy vs. surface distance from the initial thrust fault for secondary fault 
segments with lengths equal to 1/3 the length of the initial fault. Also shown is the proximity to failure 
at the surface due to slip on an initial thrust fault (dotted line). The results for 9 node and 3 node initial 
faults have been spliced together. Models with an initial fault length of 9 nodes have secondary fault 
segments with a length of 3 nodes, while models with an initial fault length of 3 nodes have secondary 
fault segments with a length of 1 node. Distance is normalized by the initial fault depth and the strain 
energy is referenced to the energy due to slip on the initial fault. Negative distances correspond to the 
upthrown side of the fault and positive distances correspond to the downthrown side of the fault. Results 
are shown for fault dips of 15°. 
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consistency of the two methods, since the curves for proximity to failure and strain 

energy reduction are nearly mirror images of each other. This simply means that the 

introduction of secondary faults into regions of high shear stress (which are also regions 

of high proximity to failure) results in a greater reduction in the total strain energy. 

The low values of proximity to failure and high values of strain energy reduction 

near the initial fault indicate that, in the absence of other factors such as local weaknesses 

in the rock, the presence of an initial thrust fault tends to suppress the formation of 

secondary faults for a significant distance on either side of the fault. This is true for all 

cases except for 60°-dipping faults, where a minimum in the strain energy reduction 

occurs at a distance of approximately one initial fault depth on the upthrown side of the 

initial fault. Thus, except for steeply-dipping faults, the presence of an initial thrust fault 

is not likely to result in secondary fault formation in the immediate vicinity of the fault. If 

other factors cause a secondary fault to initiate close to the initial fault, however, the 

stress perturbations due to slip on the fault could influence the direction of propagation of 

the secondary fault. 

For example, in the case of 15° faults (Figure 24a), if a secondary fault initiated on 

the upthrown side of the initial fault (left-hand side of Figure 24a) at a distance of less 

than 5 initial fault depths, the direction of propagation that would most greatly reduce the 

strain energy would be synthetic to the initial fault. An antithetic orientation would be 

preferred on the downthrown (right-hand) side. A similar situation exists for 30° faults 

(Figure 24b) if the secondary fault initiates within 2 or 3 initial fault depths of the initial 

fault. 

For the case of 45° faults (Figure 24c), the difference in strain energy reduction for 

the two different orientations is extremely small, and is virtually zero at distances greater 

than about 1 or 2 initial fault depths from the initial fault. Thus, for faults dipping at 45°, 
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it is very unlikely that slip on the initial fault has a significant effect on the fonnation of 

subsequent faults. It appears that 45° dip angles represent a crossover point for preferred 

orientations. For faults with a dip of 60° (Figure 24d), there is a minimum in the strain 

energy on the upthrown side of the fault, but it is not possible to detennine which 

configuration is preferred. This is a result of the scaling of the strain energy reduction 

with fault length. The scaling is based on the assumption of noninteracting faults (see 

Appendix A). In this particular case, the region of strong fault interaction occurs in the 

region where the results for different fault lengths are spliced together. Since the 

assumption of noninteraction is not valid in this region, it is necessary to look at the 

results for the two different fault lengths separately to determine the preferred fault 

configuration. Figures 25a and b show the results for 9 node initial faults (3 node 

secondary faults) and 3 node initial faults (1 node secondary faults), respectively. Figure 

24d and Figures 25a and b indicate th~t the preferred orientations for 60° faults are 

opposite those for shallower dip angles. In this case, antithetic orientations are favored 

on the upthrown side of the initial fault and synthetic orientations are preferred on the 

downthrown side. 

The most distinctive feature of Figure 24d and Figures 25a and b is the presence of a 

distinct minimum in the reduction of strain energy for secondary faults, occurring at a 

distance of about 1 initial fault depth on the upthrown side of the initial fault. This 

minimum point occurs for both antithetic and synthetic fault orientations, with the 

smallest value occurring for antithetic secondary faults. This type of fault configuration 

probably has little relationship to actual situations, however, since such steeply-dipping 

faults are rarely, if ever, observed in purely compressional environments. At distances 

greater than about 2 initial fault depths, 60°-dipping initial faults have little influence on 

the development of subsequent faults. 
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Figure 25a. Total strain energy vs. surface distance from the initial thrust fault for an initial fault with a 
length of 9 nodes and secondary fault segments with lengths of 3 nodes, all dipping at 60°. Also shown 
is the proximity to failure at the surface due to slip on an initial thrust fault (dotted line). Distance is 
nonnalized by the initial fault depth and the strain energy is referenced to the energy due to slip on the 
initial fault Negative distances correspond to the upthrown side of the fault and positive distances 
correspond to the down thrown side of the fault 
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Figure 25b. Same results as Figure 25a for an initial fault with a length of 3 nodes and secondary fault 
segments with lengths of 1 node. 



135 

Conclusions 

This study has proceeded by introducing an initial thrust fault into a unifonn elastic 

layer. It was then possible to calculate the proximity to failure, thus restricting the 

possible locations for secondary fault initiation. These results determined the probable 

location of the secondary fault, but not its attitude with respect to the initial fault. 

Secondary fault segments of different orientations and distances from the initial fault were 

then introduced into the grid, and the total strain energy calculated for each case. 

Following the method of Me/osh and Williams [1989], the configuration resulting in the 

lowest total strain energy should be the preferred orientation for the secondary fault. The 

consistency of the two techniques is demonstrated by the mirror-image behavior 

observable in Figures 24a-d and Figures 25a and b. 

The strain energy results may be briefly summarized as follows: for 15° faults, if a 

secondary fault initiates within approximately 5 initial fault depths of the initial thrust 

fault, the stress regime induced by slip on the initial fault is favorable for synthetic 

orientations on the up thrown side of the initial fault and antithetic orientations on the 

downthrown side. The same is true for 30° faults if the secondary fault initiates within 2 

or 3 initial fault depths of the initial thrust fault. Fault dips of 45° represent a crossover 

point for preferred fault configurations, since neither antithetic or synthetic orientations 

are strongly favored on either side of the initial fault. For dip angles of 60°, antithetic 

fault fonnation is favored on the up thrown side of the fault and synthetic fault fonnation 

is preferred on the downthrown side. Furthennore, there is a distinct minimum in the 

strain energy reduction for secondary faults occurring at a distance of about 1 initial fault 

depth on the up thrown side of the initial fault. This minimum is more pronounced for 
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antithetic fault orientations, indicating that, for 60° faults, the favored defonnational mode 

is the fonnation of antithetic secondary thrust faults at this location. 

The most striking feature of this study, supported by both proximity-to-failure 

analysis and strain energy considerations, is that the presence of an initial thrust fault 

suppresses the fonnation of secondary faults in its vicinity except for extremely steep dip 

angles. This contrasts strongly with the results of the previous chapter, which 

demonstrated that secondary fault fonnation was favored in a well-defined region on the 

downthrown side of the initial nonnal fault. The absence of such a region in the present 

study indicates a fundamental difference in the role of initial faults in compressional and 

extensional environments. In extensional environments, the stresses due to slip on the 

initial fault strongly control both the location and orientation of secondary faults, whereas 

in compressional environments the initial fault will only control the orientation of the 

secondary fault if some other factor causes the secondary fault to initiate in its realm of 

influence. 

This analysis should be interpreted as an investigation into one of the many complex 

factors that are involved in the fonnation of multiple thrust faults. The study has 

essentially been an analysis of how slip on a single fault affects the existing stress field 

under conditions of simple contraction. In a number of previous studies these effects 

have been ignored because of the difficulty of including fault slip in the calculations. The 

results of the present study indicate that fault slip has a significant effect on the stress field 

over a region which extends to a distance greater than the depth of the initial fault. In 

general, the initial fault tends to suppress subsequent fault fonnation in its immediate 

vicinity; however, if a secondary fault originates near the initial fault, the direction of 

propagation of the new fault is also affected. The suppression of fault fonnation due to 

slip on an initial fault has important implications in studies of thrust fault fonnation. For 



137 

instance, in regions where thrust faults are found in close proximity to each other, some 

mechanism for overcoming this suppression must be determined. The stresses due to 

fault slip thus represent an important consideration when examining the formation of 

complex systems of thrust faults. The results of the present study provide a good basis 

for determining which additional factors are important in the formation of actual thrust 

systems. A detailed comparison of the model results with different thrust systems could 

help to provide a much more accurate picture of the conditions which result in the 

formation of thrust faults. 
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CHAPTER 5 

HISTORICAL PERSPECTIVE ON THE THEORY OF MOVEMENT ON 
EXISTING FAULTS 

Introduction 

The first part of this study was concerned with the factors influencing fault 

formation. In the second part of the study, the existence of the fault is given, and the 

emphasis is on fault slip and the resulting deformation. In particular, we are interested in 

the deformation resulting from episodes of abrupt slip on the San Andreas fault in 

southern California. Although the seismic behavior is (obviously) important to anyone in 

the vicinity of the fault, there are other aspects of the fault's behavior that are subject to 

analysis. In addition to the short-term seismic deformation due to the occurrence of an 

earthquake, there is a long-term time-dependent deformation that results from the 

superposition of coseismic slip, aseismic slip, and the elastic and nonelastic response of 

the Earth to tectonic forces and fault movement 

Numerous models have been proposed to explain the deformation associated with 

movement on the San Andreas fault, beginning with the elastic rebound theory of Reid 

[1910, 1911]. Although plate tectonics did not yet exist as a theory, Reid realized that 

observed deformation patterns before and after the 1906 San Francisco earthquake could 

be explained in terms of two elastic blocks moving past each other. Initially, even though 

there was a discontinuity between them, the two blocks would remain locked together as 

a result of friction, allowing the buildup of elastic shear strain. Eventually, the 

accumulated strain would be sufficient to overcome the force of friction, and abrupt 

seismic slip would occur. Reid was able to validate his conclusions with a model 
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consisting of two blocks of elastic jelly sliding past each other. This theory, despite its 

simplicity, remains the basis for modern theories of movement on the San Andreas fault 

A large number of more quantitative fault models have been developed since Reid's 

work. The fIrst such models considered the deformation and stress produced by abrupt 

slip on a rectangular fault [Chinnery, 1961, 1963, 1966a and b, 1969; Weertman, 1964, 

1965; Press, 1965; Savage and Hastie, 1966; Chinnery and Petrak, 1968; Mansinha and 

Smylie, 1971; Freund and Barnett, 1976]. These models were primarily concerned with 

determining the conditions for slip on faults and calculating the el,astic stresses and 

deformations that resulted from seismic slip on both dip-slip and strike-slip faults. With 

the recognition that the San Andreas fault represented a major transcurrent boundary 

between two plates [Morgan, 1968; McKenzie and Parker, 1967; Atwater, 1970], the 

necessity of considering the accumulation of tectonic strain was realized [Savage and 

Burford, 1970; Turcotte and Spence, 1974]. These models considered the evolution of 

the deformation and stress regimes associated with fault movement due to both aseismic 

and coseismic displacements along the fault 

Although elastic models were fairly successful in describing a number of aspects of 

the stress and deformation associated with the San Andreas fault, it had been realized 

since at least the time of Haskell [1935, 1936] that the Earth's behavior could not always 

be described as purely elastic. Time dependent (viscoelastic) models were therefore 

considered by Nur and Mavko [1974] and Singh and Rosenman [1974] to account for the 

viscoelastic response of the Earth to a sudden dislocation. A form of the Nur and Mavko 

model was used by Savage and Prescott [1978] to describe the deformation resulting 

from repeated earthquake cycles on a strike-slip fault. Models of this type are kinematic: 

that is, the spatial and temporal distribution of slip on the fault is specifIed, without 

considering the factors that cause fault slip to occur. This problem has been addressed 
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recently by Tse and Rice [1986], Li and Rice [1987], Li and Lim [1988] and Rundle 

[1988a and b]. In these models, fault slip is a calculated response to stress and the 

assumed frictional properties of the rock. 

Theories of movement on existing faults comprise an extensive volume of literature, 

and a complete review is not attempted in this chapter. This chapter instead attempts a 

brief review of theories and models related to the one described in this paper, consisting 

primarily of ideas related to strike-slip faults in general, or specific applications to the San 

Andreas fault The section following this one summarizes the elastic models of faulting, 

including both static and kinematic models. The next section provides a similar summary 

of viscoelastic models. This includes descriptions of both kinematic and dynamic models 

and the differences between the two. The final section summarizes the ideas discussed in 

previous sections and outlines the framework for the model described in Chapter 6. The 

primary differences between this model and other current models are the use of power

law viscoelastic rheology (described in Chapter 6) and the calculation of vertical uplift. 

Elastic Models 

Static Models 

Following the elastic rebound theory of Reid [1910, 1911] a number of models were 

proposed to explain the deformation and stress changes resulting from abrupt seismic slip 

on a fault. One of the earliest of these was that of Chinnery [1961, 1963], which 

modeled the fault as a vertical rectangular dislocation in an elastic half-space. This model 

made use of the elastic theory of dislocations presented by Steketee [1958]. In the earlier 

paper [Chinnery, 1961], the surface displacements resulting from a buried rectangular 

dislocation surface of finite length were calculated, and an attempt was made to use the 
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calculated displacements to constrain the depth to the top of the surface. These results 

showed that the displacements associated with the fault were confined to a relatively 

narrow zone and that these could be used to constrain the depth of the fault if its true 

length was accurately known and the depth was relatively shallow. Using the same 

model, Chinnery [1963] calculated the predicted changes in the stress distribution caused 

by slip on a strike-slip fault, thus providing a complete elastic model. In a later paper 

[Chinnery, 1966a and b], the predicted stress distributions were used to determine the 

modes of secondary faulting that would be expected after slip on an initial strike-slip 

fault. . Using a similar model, Press [1965] calculated the displacement, strain, and tilt 

fields at intermediate to large distances from several major earthquakes, and determined 

that these fields were large enough to be detected by existing instruments. In a later 

paper, Chinnery and Petrak [1968] modified the original model to remove the stress 

singularities that occurred at the fault tips. This singularity was a result of the assumption 

of uniform dislocation along the surface of the fault. This problem was avoided by 

incorporating an exponentially-decaying displacement near the ends of the fault. 

Calculations with this model were qualitatively similar to those obtained with the original 

model. Using the formulation of Steketee [1958], Mansinha and Smylie [1971] 

provided closed-form solutions for displacement, strain, and stress fields at any point on 

the surface or at depth for a fault plane of arbitrary orientation. 

The model of Chinnery was modified by Weertman [1964], who replaced the 

discrete dislocations of Chinnery'S model with a continuum of infinitesimal dislocations. 

Weertman felt that this approach, while not necessarily valid when applied to dislocations 

within crystals because of the discrete nature of the atomic lattice, was more appropriate 

for describing the displacements on large-scale faults in the Earth's crust. This model 

was used to explain why dislocations produced by earthquakes were generally shallower 
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than the depths of earthquake foci. To explain this discrepancy, Weertrnan postulated the 

existence of a region on the fault at depth with an anomalously low frictional stress. 

Using this theory in reverse, Weertman [1965] demonstrated that it was possible to 

calculate the frictional stress on a fault if the displacements near the fault were known 

with sufficient accuracy. 

The effects of fault dip were included by Savage and Hastie [1966], who applied the 

elastic theory of dislocations to a number of earthquakes. The predicted deformation was 

compared to obseIVed surface deformation in an attempt to constrain the length and width 

of the fault, as well as the dip and the depth below the surface. The predicted fault 

configurations were, with some exceptions, reasonably consistent with seismic and field 

obseIVations. Freund and Barnett [1976] provided a more general method of analysis by 

calculating the deformation for dip-slip faults of arbitrary dips and slip distributions. 

Various dislocation models were reviewed by Chinnery [1969], in an attempt to 

determine appropriate boundary conditions on the fault surfaces. He concluded that it 

was probably more useful physically to specify the stress on the fault plane, rather than 

the displacement, and emphasized the importance of providing a realistic mechanism for 

incorporating the effects of fault friction. This idea is central to current dynamic models 

of earthquake occurrence. 

Models Incorporating Strain Accwnulation 

The models discussed above provided a useful means of analyzing the stress and 

deformation resulting from sudden seismic slip on a fault; however, with the realization 

that the San Andreas fault was a major transcurrent plate boundary [Morgan, 1968; 

McKenzie and Parker, 1967; Atwater, 1970], it became apparent that the obseIVed 

deformation associated with the fault was not simply a result of seismic deformation, but 
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was a result of longer-term processes as well. Actually, this idea was implicit in the 

model of Reid [1910, 1911], who traced the deformation starting from an initially 

unstrained configuration through a gradual increase in strain to final seismic rupture. In 

the static models, this whole process was simplified so that an elastic solution, 

representing the fmal state, could be found. 

The effects of strain accumulation were considered by Savage and Burford [1970]. 

This model of the San Andreas fault is shown in Figure 26, as well as the expected 

surface shear strains that would be expected for two different situations. The first 

situation (upper part of Figure 26), represents the movement of two blocks that are locked 

to a depth D and slipping below this depth. This was thought to simulate the processes 

occurring in regions where significant seismic activity was observed. The locked portion 

of the fault would be expected to produce a horizontal shear strain, Which would 

accumulate at a constant rate. This strain would then be suddenly released with the 

occurrence of an earthquake. The situation for creeping sections of the fault is shown in 

the lower part of Figure 26. In this case, since the fault walls produce no resistance to 

slipping, the shear strain would be expected to be close to zero. To test this hypothesis, 

the observed geodetic ally-determined shear strains for different portions of the fault were 

analyzed. The absence of strain accumulation near Hollister (on the creeping portion of 

the fault), and the presence of strain accumulation near Cholame and near the Imperial 

fault provided support for the model. 

A more quantitative model, similar to that of Savage and Burford [1970], was 

provided by Turcotte and Spence [1974], who calculated a solution for the two

dimensional stress and strain fields. This model consisted of an elastic plate in which the 

fault was locked to a certain depth between earthquakes, and the shear stress on the fault 

was essentially zero below this depth. The upper and lower boundaries of the plate were 
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Figure 26. Elastic block model of strike-slip faulting and predicted shear sttain vs. distance from the fault 
trace. Upper figure represents two blocks locked to a depth D between earthquakes. Lower figure 
represents two blocks sliding at a constant rate. From Savage and Burford (1970). 
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taken to be free surfaces. These boundary conditions thus ignored the effect of viscous 

drag forces on the lower plate boundary. Using this model, the time necessary to develop 

the estimated stress drop of 74 bars for the 1906 San Francisco earthquake was calculated 

to be about 200 years. Based on the rate of strain energy accumulation, an estimate of 

100 years was obtained. The model was unable to successfully predict observed shear 

strains. A similar method was used to calculate the stress and strain fields for a model 

including two locked zones and a creeping zone, demonstrating that when an earthquake 

occurs on one locked section, a large amount of the relieved stress is transferred to the 

adjacent locked section [Spence and Turcotte, 1976]. 

A somewhat similar model to those described above was used by Thatcher [1975] to 

analyze the 1906 San Francisco earthquake. He found that the observed rate of strain 

accumulation prior to the earthquake was relatively high, and that this rate increased 

following the earthquake, falling to a relatively low value after about 30 years. These 

observations were explained as the result of progressive failure of a long segment of the 

fault over a time period of about 80 years. Accelerated crustal deformation was assumed 

to occur prior to the earthquake, resulting in a stress sufficient to produce seismic rupture. 

Following the earthquake, gradual aseismic strain release for about 30 years was 

postulated, followed by normal rates of strain accumulation. 

In general, most purely elastic models of the San Andreas fault have been superseded 

by viscoelastic models to account for the observed time dependent nature of strain rate 

determinations; however, elastic models have been proposed by Thatcher [1983] and 

Savage [1990] that use time-varying fault slip at depth to simulate the results produced by 

viscoelastic models. 



146 

Viscoelastic Models 

Kinematic Models 

The observed viscoelastic response of the Earth to glacial unloading [Haskell, 1935, 

1936] provided evidence that the assumption of elastic behavior was not always 

completely valid. This issue was addressed by Nur and Mavko [1974] and Singh and 

Rosenman [1974]. The Nur-Mavko model considered the response of a linear 

viscoelastic (Maxwell) half-space to an abrupt dislocation in the overlying elastic plate. 

They found that immediately following an earthquake, the predicted deformations 

resembled those of an elastic half-space model. As time progressed, however, the 

stresses in the half-space induced by the suddenly applied load relaxed viscously, 

resulting in a significantly different deformation pattern. The solution was calculated for 

a dipping thrust fault and for a vertical strike-slip fault The thrust fault solution was then 

applied to the Nankaido earthquake of 1946, yielding an asthenospheric viscosity of 5 x 

1018 Pa-s. They concluded that analysis of post-seismic deformation could provide a 

valuable method of investigating the rheology of the Earth's upper mantle. 

Singh and Rosenman [1974] determined the deformation resulting from a shear 

dislocation surface (vertical dip-slip and vertical strike-slip) contained in a viscoelastic 

half-space. They were able to show that the solution for a vertical dip slip fault was 

equivalent to the elastic solution. The solution for a strike-slip fault, however, displayed 

significant time-dependent effects. Both Voigt and Maxwell viscoelastic models were 

considered in the analysis. Viscoelastic models may be visualized as interconnected 

springs (the elastic behavior) and dashpots (the viscous behavior). In these terms, a 

Maxwell viscoelastic material may be considered as a linear elastic spring in series with a 

linearly viscous (Newtonian) dashpot, while a Voigt model considers the spring and 
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dashpot to be in parallel [Fung, 1977]. The Newtonian fluid contained in the dashpot 

strains at a rate that is linearly proportional to the applied stress. A power-law 

viscoelastic material (described in Chapter 6) also consists of a spring and dashpot in 

series, but the strain rate of the dashpot is proportional to a power of the applied stress 

rather than the linear relationship of a Newtonian fluid. The Maxwell model is the most 

commonly-used representation of viscoelastic behavior in the Earth; however, as will be 

seen in Chapter 6, this may not be a sufficiently realistic model of the actual Earth 

rheology. 

A model similar to that of Nur and Mavko [1974] was used by Rundle and Jackson 

[1977] to model the postseismic deformation following the 1906 San Francisco 

earthquake. In this model, the long-term aseismic surface displacements were explained 

as the sum of transient viscoelastic relaxation following nearby earthquakes, seismic 

episodic fault slip, aseismic steady fault slip below the locking depth, and the steady plate 

driving force. The model was similar to the elastic model of Turcotte and Spence [1974], 

with the addition of a viscoelastic half-space below the elastic plate. These results 

showed that viscoelastic relaxation following an earthquake could contribute a significant 

fraction of the displacement if the elastic plate thickness was less than about 50 km. 

The Nur and Mavko model was adapted by Savage and Prescott [1978] to represent 

the deformational response of the Earth to a number of earthquake cycles on a strike-slip 

fault. A virtually identical model was proposed by Spence and Turcotte [1979], using a 

different mathematical formulation. The characteristics of this model are shown in Figure 

27. The model consists of an elastic layer of thickness H overlying a Maxwell 

viscoelastic half-space of viscosity 1J. The average shear modulus of the layer and half

space is given by J1., the earthquake recurrence time is T, and the coseismic displacement 

is U. Between earthquakes, the fault is locked to a depth D, and slips at plate velocity 
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Figure 27. Representation of elastic-layer-over-viscoelastic-half-space model used by Savage and Prescott 
[1978] and Spence and Turcotte [1979]. 
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below this depth down to the bottom of the elastic layer. At time T, the upper portion of 

the fault abruptly slips by an amount U, and the cycle begins again. The coseismic 

displacement (U) is assumed to keep pace with plate velocity, so that each earthquake 

occurrence completely relieves the accumulated strain. 

Using this model, Savage and Prescott [1978] calculated the displacements near the 

fault at various times during the earthquake cycle. As a result of the mathematical 

formulation of the Nur and Mavko solution, they were able to show that it was always 

possible to duplicate the predicted deformations using a purely elastic model with an 

appropriate time-varying slip distribution. They also demonstrated that the effects of 

viscous relaxation were only important if the fault locking depth was comparable to the 

thickness of the elastic layer. They also concluded that the primary effect of the 

viscoelastic half-space in a sequence of earthquakes was to concentrate strain 

accumulation and relaxation even closer to the fault than for the elastic half-space model. 

This last conclusion was refuted by Thatcher [1983], who, using the same model, 

calculated shear strain changes and rates, rather than displacements. Thatcher was able to 

show that for cases where the locking depth and plate thickness were nearly equal, the 

cumulative strain profile was concentrated close to the fault early in the cycle, but 

migrated outward with time. For cases where the locking depth was less than the plate 

thickness the opposite was true, with the profile being initially broader than for the 

corresponding elastic model, and migrating inward later in the cycle. 

Thatcher also used this model to explain historical shear strain rate observations on 

the San Andreas fault. He found that the data could be fit reasonably well by a model 

with a coseismic slip of 5 m, a locking depth of 10 km, an elastic layer thickness of 10 

km, a recurrence interval of 150 years, and a viscoelastic relaxation time of 30 years 

(yielding a viscosity of 3 x 1019 Pa-s for an assumed shear modulus of 6 x 1010 Pa). 
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Thatcher's compilation of shear strain rate results provided strong support for the idea 

that strain accumulation on the San Andreas fault was not constant with time. He was 

also able to duplicate these results using a modified elastic half-space model in which the 

aseismic slip below the locking depth decreased exponentially with time since the last 

earthquake. This was in accordance with the observation by Savage and Prescott [1978] 

that an elastic model with a suitable slip distribution could duplicate the results of an 

elastic layer over viscoelastic half-space model. As it turns out, the modified elastic half

space model is a special case of a more general model that has recently been presented by 

Savage [1990]. In this model, the slip distribution can be calculated for arbitrarily-sized 

depth increments, with the accuracy of the approximation increasing with the number of 

increments. The model presented by Thatcher [1983] thus represents the first-order 

solution of this model, corresponding to a single layer with a time-varying slip 

distribution overlying a half-space with constant slip. Savage [1990] has shown that 

existing geodetic observations are not sufficient to resolve solutions of order greater than 

2. He also showed that the elastic model could be used to invert for the equivalent 

viscoelastic parameters. The Savage and Prescott [1978] model has also been used 

directly by Williams and Richardson [1988] to invert for several fault parameters on the 

basis of geodetic determinations of shear strain rate. 

A model conceptually similar to that of Savage and Prescott [1978] was proposed by 

Cohen [1979]. This model, however, was completely viscoelastic. The surface layer 

was assumed to have the properties of a standard viscoelastic solid, while the underlying 

half-space was represented by a Maxwell viscoelastic rheology. A standard viscoelastic 

solid is represented as a Voigt element in series with a linear elastic spring. This study 

showed that viscous behavior near the surface could have a significant effect on the 

resulting defonnation and stress. Furthennore, the relaxation of the surface layer could 
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result in stress changes much different from those that would be expected only on the 

basis of strain changes. 

A number of linear viscoelastic models have been reviewed by Cohen and Kramer 

[1984], and these are shown in Figure 28. The ftrst model (Figure 28a) is a simple 

elastic half-space model. The second model (Figure 28b), referred to as the half-space 

asthenosphere model, is equivalent to the model of Savage and Prescott [1978]. The 

model in Figure 28c (the thin channel asthenosphere model) has been proposed by Lehner 

and Li [1982] while the varying lithosphere model (Figure 28d) was presented by Yang 

and Toksoz [1981]. The ftnal model (the inclusion model, Figure 28e) is based loosely 

on the work of Wahr and Wyss [1980]. Using a finite element method, Cohen and 

Kramer [1984] were able to calculate the predicted deformation for all of these models. 

They found that when the viscoelastic material extended to greater than a few times the 

fault depth, all of the models produced deformation patterns similar to the half-space 

asthenosphere model. The best source of information for discriminating between models 

was found to be geodetic determinations immediately following an earthquake. 

The models described above all represent solutions for the case of an inftnitely long 

fault, and fault geometry is not considered. Rundle [1986] extrapolated a version of the 

Savage and Prescott model to three dimensions in order to determine the effects of 

varying fault geometry and slip on adjacent faults. This model included slip on the San 

Andreas fault as well as the San Jacinto, Imperial, Cerro Prieto, Elsinore, and Garlock 

faults. Furthermore, the locking depth and elastic layer thickness were varied along the 

faults. Through a comparison of model results with observed strain rates in southern 

California, Rundle concluded that the data displayed a slight preference for a relatively 

thin lithosphere (elastic layer) in southern California on the order of 20 km. Furthermore, 

he determined that the various models differed primarily in the direction of predicted 
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motion, but not in magnitude. Comparison of model results with observed strain rates 

indicated that the major faults were slipping at depth at approximately the plate velocity. 

Rundle also postulated an active decollement beneath the Transverse ranges to account for 

the observed strain changes in that region. A major consequence of this work was the 

realization that many of the features related to the San Andreas fault could only be 

understood in terms of a three-dimensional model, since geometrical effects were 

demonstrated to play an important role in the deformation near the fault. 

Dynamic Models 

The models described in the previous section are all kinematic -- that is, all 

displacements are completely specified. In general, the displacements on the fault are 

assumed to keep pace with plate velocity over the course of an earthquake cycle. This 

represents an idealization of a perfectly periodic earthquake cycle in which all strain 

accumulated on the fault is completely released with each earthquake occurrence. While 

this idealized cycle provides a useful framework for studying various aspects of the San 

Andreas fault, it is unlikely to represent a completely realistic situation. For example, the 

stick-slip mechanism [Brace and Byerlee, 1966] described in Chapter 2 does not predict 

perfectly periodic abrupt displacements. Furthermore, the slip does not usually 

completely release the accumulated strain (or stress) [Brace and Byerlee, 1966]. To 

account for these features, it is necessary to have the fault slip be a calculated result rather 

than an imposed condition. 

Recently, some attention has been devoted to dynamic models, in which slip on the 

fault is driven by stress. Some of these models have been motivated by the work of Tse 

and Rice [1986], who explored the stability of frictional slip mechanisms as a function of 

temperature. Stability analysis of frictional slip properties indicated that stick-slip 
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behavior was possible at temperatures below 300°C. At temperatures greater than this, 

steady state sliding was stable, and seismic behavior would not be expected. This was 

used to explain the observed seismicity cutoff at about 15 km near the San Andreas fault. 

Using these ideas, Tse and Rice produced a purely elastic model in which slip was 

completely controlled by depth-varying frictional properties. The model predictions, 

which included the confinement of crustal earthquakes to shallow depths, the 

development of locked patches, the recurrence time for the seismic cycle, and the seismic 

stress drop and displacement were all generally consistent with characteristics of large

scale strike-slip earthquakes along the San Andreas fault. Additional support for these 

ideas has been provided by Sanders [1990], through a comparison of seismicity on the 

San Jacinto fault zone with seismicity and creep in the central San Andreas and Calaveras 

fault zones. Sanders also found mixed zones where stick-slip and stable sliding might be 

occurring on adjacent patches. 

Based on these ideas, Li and Rice [1987] produced a viscoelastic model of an 

infinitely long rectangular fault. The upper portion of the fault was locked between 

earthquakes, slipping a prescribed amount at regular intervals. The slip was assumed to 

keep pace with plate velocity. Below the locked portion of the fault, a constant resistive 

shear stress condition was assumed. The conditions on the upper portion of the fault thus 

represented a kinematic condition, while those on the lower part corresponded to a 

dynamic condition. The set of parameters that provided a reasonably good fit to geodetic 

data were as follows: a plate velocity of 35 mm/yr, an earthquake recurrence time of 160 

years, a fault locking depth between 9 and 11 km, a lithosphere (elastic layer) thickness 

of 20 to 30 km, and a viscoelastic relaxation time of 10 to 16 years. This model has been 

extended by Li and Lim [1988] to allow the incorporation of a shallow creeping fault 

segment and two subparallel faults. 
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A three-dimensional dynamic model has been proposed by Rundle [1988a and b], 

based on the idea that earthquakes represent a fluctuation about the long-term motion of 

the plates. The quantities pertaining to earthquakes are all dependent on a parameter 

called the offset phase, which is the difference between the present state of slip on the 

fault and its long-term average. Fault planes are divided into discrete patches to simplify 

the problem. The stresses in the system are derived from an external potential, which 

represents the amount of energy available to do work on the faults. Using a simple 

friction law that included the static and kinetic coefficients of friction, Rundle calculated a 

simple one-dimensional example to investigate the model response. This response was 

found to depend on whether the fault was divided into an even or an odd number of 

patches. He concluded, however, that for faults of sufficient length, the dynamics 

appeared to be chaotic -- that is, there were no recognizable patterns. The model was then 

applied to southern California, including slip on the San Andreas, Imperial, Cerro Prieto, 

San Jacinto, Elsinore, and Garlock faults. The model was allowed to run until a pattern 

was found that resembled recent patterns of earthquake occurrence. The predicted results 

were then compared with geodetic data, with reasonably good agreement 

Summary and Conclusions 

Summary 

The San Andreas fault has been the subject of extensive research for nearly the past 

century. Numerous models have been proposed to explain the process of earthquake 

occurrence and the observed deformation associated with the fault. The flrst fault models 

were completely elastic, beginning with the elastic rebound hypothesis of Reid [1910, 

1911]. This theory, which forms the basis for many modem theories of earthquake 
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occurrence, stated that the fault represented a boundary between two elastic blocks 

moving in opposite directions. When the accumulated elastic strain reached a critical 

limit, the frictional forces holding the blocks together were overcome, resulting in abrupt 

seismic slip. This model provided a good qualitative explanation for geodetic 

observations before and after the earthquake. 

Several more quantitative models were produced after the time of Reid. One class of 

models explored the static deformation that would be expected from an increment of slip 

on a fault. This included models such as those of Chinnery [1961, 1963, 1966a and b, 

1969], Weertman [1964, 1965], Press [1965], Savage and Hastie [1966], Chinnery and 

Petrak [1968], Mansinha and Smylie [1971], and Freund and Barnett [1976]. These 

models were primarily concerned with the types of slip distributions to be expected on 

faults and the stress and deformation fields that would result from either imposed or 

calculated slip on the fault. Another class of elastic models attempted to explain the 

accumulation of strain with time due to both aseismic and coseismic fault slip [ego Savage 

and Burford, 1970; Turcotte and Spence, 1974]. These types of models described the 

earthquake cycle in terms of two elastic blocks or plates moving in opposite directions. 

The upper boundaries of the blocks were locked between earthquakes while the fault 

below this depth was allowed to slide, usually at a rate corresponding to plate velocity. 

These elastic models were fairly successful at predicting several characteristics of the 

observed deformation near the San Andreas fault, but some of the assumptions were 

somewhat unrealistic. For instance, the model of Savage and Burford [1970] used an 

elastic half-space, which was not consistent with the idea that the Earth's behavior at 

depth is not purely elastic. The model of Turcotte and Spence [1974], on the other hand, 

consisted of two elastic plates that were assumed to be decoupled from the asthenosphere. 
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This would only be valid if the viscosity of the asthenosphere were low enough to be 

treated as an inviscid fluid over the time period of interest 

Viscoelastic models were introduced to compensate for the shortcomings of the 

purely elastic models. Most current viscoelastic models are based on the work of Nur 

and Mavko [1974], whose model included an elastic layer overlying a Maxwell 

viscoelastic half-space. Many of these models are not significantly different from the 

purely elastic models [Rundle and Jackson, 1977; Savage and Prescott, 1978; Spence and 

Turcotte, 1979], but the predicted deformation varies with time, unlike the elastic models. 

A three-dimensional analog of these models has also been proposed by Rundle [1986]. 

The incorporation of fault geometry into the problem represented a significant step 

forward in San Andreas fault modeling. 

Several workers have recently focused on the dynamic aspects of earthquake 

occurrence on the San Andreas fault. In contrast to kinematic models, in which the fault 

slip is completely specified, dynamic models determine the appropriate fault slip as a 

result of the calculations. Models of this type include those of Tse and Rice [1986], Li 

and Rice [1987], Li and Lim [1988], and Rundle [1988a and b]. These models are, in 

essence, attempting to establish criteria for seismic and aseismic fault slip. This includes 

a number of complex considerations such as the variation of frictional properties on the 

fault and the influence of abrupt slip on one part of the fault on adjacent sections. These 

factors, which are not well understood at present, represent an important area for future 

work. 

Motivation/or the Present Model 

One feature that is nearly universal among current fault models is the assumption of 

an elastic layer overlying a Maxwell viscoelastic half-space. A large volume of work 
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exists, however, indicating that actual Earth structure is considerably more complex (eg. 

Meissner and Strehlau [1982]; Chen and Molnar [1983]; Strehlau and Meissner [1987]). 

Furthennore, laboratory measurements show that actual rock rheology is better 

r~presented by a power-law, rather than a linear viscoelastic relationship [Kirby, 1983; 

Kirby and Kronenberg, 1987a and b]. Thus, even though many current models provide 

reasonable agreement with geodetic data, the elastic and viscoelastic parameters used do 

not necessarily have any physical meaning. For instance, the 'elastic layer' of most 

current models usually extends to a depth greater than would be expected for purely 

elastic behavior (see the discussion on power-law rheology in the next chapter). 

Viscoelastic properties would also not be expected to remain constant with depth. Some 

attempts have been made to address this problem, such as the thin channel asthenosphere 

model [Lehner and Li, 1982; Cohen and Kramer, 1984]; however, this model assumes 

purely elastic behavior in the upper crust and upper mantle, and a linearly viscoelastic 

lower crust. Under certain conditions a model of this type might provide a reasonable 

approximation to actual Earth rheology. In general, however, the rheological layering of 

the Earth would be expected to be much more complex. 

Layer-over-half-space models provide a useful framework for exploring various 

aspects of San Andreas fault behavior. It should be recognized, however, that such 

models can only represent an approximation of actual Earth structure and composition. 

These models could not be used, for instance, to infer the composition, water content, or 

temperature at depth. Power-law rheology, on the other hand, may be related to all of 

these parameters. While this may introduce some additional complexity into the problem, 

it also provides a new means of constraining the parameters. The models in this study are 

three-dimensional time dependent models that include a layered structure and power-law 

viscoelastic behavior. This allows knowledge of Earth structure to be incorporated into 
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the models in a physical way. It is to be hoped that models considered to be geologically 

reasonable will provide results that are consistent with current geodetic obselVations. If 

so, then the potential utility of this approach has been demonstrated. 

Another feature missing from current models of the San Andreas fault is the 

prediction of vertical uplift. Historically, uplift has not been used as a constraint on San 

Andreas fault models because of the lack of resolution in geodetic obselVations (see the 

discussion on vertical uplift in Chapter 6). Recently developed geodetic techniques, such 

as satellite laser ranging (SLR), very long baseline interferometry (VLBI), and the global 

positioning system (GPS) promise to alleviate this problem, however. These sources of 

information will only be useful for models that are capable of detennining vertical uplift 

rates. The present models therefore include calculations of vertical uplift, to determine 

how the uplift varies with time and to see how the various models differ from each other. 

Of particular interest is the difference in uplift rates predicted by linear and nonlinear 

models. Most of the linear models described in the previous sections are reasonably 

consistent with current horizontal geodetic obselVations. It is quite possible, however, 

that linear models will predict uplift rates that are significantly different from nonlinear 

models, thus providing a means of discriminating between the two. 

The models in this study are completely kinematic, such that the fault displacements 

are specified. This provides a simpler means of approaching the problem. The features 

of interest in this problem are the assumed rheological properties and the depths of 

seismic and aseismic slip. A kinematic approach allows these parameters to be explored 

without having to consider the complex conditions necessary to produce slip on the fault. 

This study seeks to determine the regions where the models predict significantly different 

deformation patterns at different points in the earthquake cycle. This selVes the two-fold 

purpose of constraining the models with current obselVations and determining the regions 
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where future observations would be most useful in resolving the differences between 

competing models. 
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CHAPTER 6 

A THREE-DIMENSIONAL, RHEOLOGICALL Y LAYERED MODEL OF 
THE SAN ANDREAS FAULT IN SOUTHERN CALIFORNIA 

Introduction 

There are two features which have thus far received little consideration in models of 

the San Andreas fault. These are the effects of layered, power-law viscoelastic rheology 

and the calculation of vertical uplift. This study attempts to incorporate these features into 

fully three-dimensional kinematic finite element models of the San Andreas fault in 

southern California. Laboratory results on rock rheology [Kirby, 1983; Kirby and 

Kronenberg, 1987 a and b] provide a means for assigning properties to rocks at various 

depths in a physically meaningful way. Furthermore, the calculation of vertical uplift 

provides a new method for constraining fault models. The purpose of this study is to 

determine whether the current models are reasonably consistent with existing geodetic 

data, and if the predicted deformation is sensitive to the assumed rheological parameters. 

If so, models of the type presented here provide a powerful tool for investigating the San 

Andreas fault. In addition to providing information on conventional fault parameters such 

as fault locking depth, depth of aseismic slip, coseismic offset, and average recurrence 

time, these models would also yield detailed knowledge on Earth rheology, which can be 

related to composition and temperature at depth. 

The calculation of vertical uplift provides an additional means of constraining the 

fault models. Although a number of present models are reasonably consistent with 

current horizontal geodetic observations, it is quite possible that predicted vertical uplift 

may vary considerably. In the present study, both horizontal and vertical deformation 

patterns for several different models are calculated to determine whether the models 
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predict distinctive patterns at various times in the earthquake cycle. In cases where 

distinctive patterns coincide with existing observations these data may be used to evaluate 

the models. In many cases, the distinctive patterns occur in regions or times where no 

data is currently available. These regions thus represent potentially useful observation 

sites for the future. 

Most current models of the San Andreas fault are based on the assumption of an 

elastic layer overlying a Maxwell viscoelastic half-space (eg. Savage and Prescott [1978]; 

Rundle [1986, 1988a and b]; Li and Rice [1987]; Li and Lim [1988]). Based on studies 

of earthquake focal depths and analysis of laboratory rheological studies, Chen and 

Molnar [1983] have found that this may be a somewhat simplified view of actual Earth 

rheology. In fact, their results support a more complex layered rheological structure. 

This idea has also been employed by Strehlau and Meissner [1987] in estimating crustal 

viscosities. Both of these studies also use a nonlinear power-law rheology as determined 

from laboratory estimates, rather than the linear rheologies used in current fault models. 

Summaries of these laboratory results have been published by Kirby [1983] and Kirby 

and Kronenberg [1987a and b]. The laboratory results on rock rheology provide a fairly 

comprehensive data base from which to construct reasonable rheological models of the 

Earth. A logical method of exploring the process of earthquake occurrence on the San 

Andreas fault would be to produce models of fault deformation and dynamics that 

combine the laboratory results on rock rheology with current knowledge of various fault 

parameters and the structure of the Earth near the fault. This is the approach of the 

present study. 

The parameters of interest in this analysis are the depth to which the fault remains 

locked between earthquakes, the depth to which aseismic slip occurs below the locking 

depth, and the viscous properties of the Earth with depth. Recent models have produced 
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a wide range of values for these parameters [Thatcher, 1983; Thatcher and Rundle, 1984; 

Rundle, 1986, 1988b; Li and Rice, 1987; Li and Lim, 1988]. Estimates of the fault 

locking depth range from 9 to 20 km, while the depth to which aseismic slip occurs 

(which corresponds to the base of the elastic layer for these models) has been assigned 

values ranging from 10 to 40 lan. The estimated viscosity for the Earth below the elastic 

layer has been estimated to be from 2 x 1018 to 1 x 1020 Pa-s. It is likely that the use of 

layered power-law viscoelastic models could significantly affect these parameter 

estimates. If, for example, the behavior of the upper crust were not purely elastic, it 

would be expected to strain more rapidly in response to imposed stress. If this fact is not 

considered, estimates of the model parameters will be in error. A more likely possibility 

is an alternating effective viscosity with depth, as discussed in the next section. In this 

case, relatively low effective viscosities would be expected throughout the lithosphere 

except near the tops of the upper crust, lower crust, and upper mantle. If this scenario is 

valid, it is unlikely that an elastic layer overlying a linearly viscoelastic half-space could 

provide accurate parameter estimates. Instead, the estimates would represent 'effective' 

values within the framework of the model. 

The models presented here are loosely based on the layer-over-a-half-space model of 

Savage and Prescott [1978]. A number of authors have used this model or others of a 

similar nature to describe the earthquake cycle on the San Andreas fault. Thatcher [1983] 

used this model to calculate shear strain accumulation on the fault, and was able to 

provide an acceptable fit to observed shear strain rate observations. The time-dependent 

nature of these results provided strong support for the idea that the behavior of the Earth 

near the fault is not simply elastic, but is instead viscoelastic. The same model has been 

used by Williams and Richardson [1988] in an inverse analysis attempting to place some 

constraints on fault parameters with available shear strain rate observations. A three-
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dimensional analog of this model has been used by Rundle [1986] to examine the 

deformation resulting from slip on the San Andreas and adjacent faults. These results 

demonstrated that fault geometry, which can only be included in three-dimensional 

models, has a significant effect on surface deformation. The models described above are 

kinematic, meaning that the slip on the fault is specified rather than being a result of the 

calculations. 

Several dynamic models are presently being developed. One of these [Li and Rice, 

1987; Li and Lim, 1988] is partially kinematic, as the amount of coseismic displacement 

and the earthquake recurrence interval are specified. Below the fault locking depth, 

however, a constant resistive stress boundary condition is assumed, rather than imposing 

a constant slip rate. The assumption of aseismic slip below the locking depth is a 

common feature of current strike-slip fault models, and is supported by the results of Tse 

and Rice [1986]. They found that steady state sliding is unstable above a certain depth 

within the Earth, and is stable below this depth. Therefore, stick-slip (seismic) behavior 

would be expected above this depth, with steady state sliding below. These results 

demonstrate that broadly distributed creep flow below the seismogenic zone is not the 

only possible mechanism of aseismic slip at depth. A final model is that of Rundle 

[1988a and b]. This is a three-dimensional model in which the fault displacements are 

completely determined as a result of the calculations. 

Kinematic models are used in this study for the sake of simplicity. This analysis 

focuses on the effects of rheological properties and the depths of seismic and aseismic 

slip on the observed deformation, and does not consider other complexities of fault 

mechanics. Furthermore, the boundary conditions are chosen to be consistent with 

geodetic determinations along the fault [Minster and Jordan, 1987], rather than with plate 

motion determinations, such as NUVELI [DeMets et a/., in press, 1990]. One of the 
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ramifications of this assumption is a reduction in the component of fault-normal stress, 

since NUVELI predicts a more northerly-trending motion (N36°W as compared to 

N41°W) and a higher velocity (48 mm/yr as opposed to 35 mm/yr). 

Recent investigations have indicated that the primary stress component near the San 

Andreas fault is a compressive stress perpendicular to the fault [Mount and Suppe, 1987; 

Zoback et ai., 1987]. This can be explained if the San Andreas is a relatively weak fault, 

unable to support significant amounts of shear stress. This idea has strong observational 

support. The absence of a heat flow anomaly associated with the fault indicates that it 

cannot support shear stresses greater than about 10 to 20 MPa [Brune et ai., 1969; 

Lachenbruch and Sass, 1980]. More recently, Jones [1988] has used focal mechanisms 

for a number of small to intermediate earthquakes to determine the principal stress axes 

near the fault. These results show a nearly constant angle of about 65° between the 

maximum horizontal compressive stress and the local strike of the San Andreas, implying 

a weak fault 

Geodetic observations, on the other hand, are generally consistent with fault-parallel 

right lateral shear [ego Prescott and Savage, 1976; Prescott et ai., 1979; King and Savage, 

1983; Savage, 1983]. This observed discrepancy in direction between geodetic and 

stress determinations has not yet been resolved. Zoback et al. [1987] have suggested that 

geodetic networks that straddle the fault are sensitive to the high rate of strike-slip 

movement on the San Andreas fault at depth (which would be consistent with right lateral 

shear), but not to the relatively slow rate of crustal shortening. Further work will be 

necessary to resolve this problem, however. 

For kinematic models, it is more reasonable to remain consistent with a framework 

defined by geodetic observations, particularly since these are the observations used to 

constrain the models. Since the effects of fault friction are effectively bypassed with 
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kinematic models, the question of fault strength does not apply. Instead, slip on the fault 

is completely defined, regardless of the stresses acting on it. Thus, these models will not 

provide a solution to the stress-strain rate paradox; however, as discussed later, imposed 

fault slip is not a rigid condition, and may be changed for future calculations. 

Power-Law Viscoelastic Rheology 

The elastic rebound theory of Reid [1910, 1911] is based on the assumption that the 

Earth's behavior is perfectly elastic over extended periods of time. While elastic behavior 

is certainly a reasonable assumption over extremely short time periods, there is ample 

evidence of nonelastic behavior over longer periods. The first quantitative evidence of 

nonelastic behavior was the observed postglacial rebound in Scandinavia. This was 

explained by Haskell [1935, 1936] as the viscous response of the Earth's mantle to 

postglacial unloading. An analysis of viscosity variation with depth in the Earth's mantle 

was performed by Gordon [1965, 1967]. This analysis proceeded under the assumption 

that viscous deformation within the Earth occurred by Nabarro-Herring (diffusion) creep. 

This mechanism consists of the diffusion of lattice vacancies within crystal grains. A 

similar mechanism is grain boundary (Coble) creep, in which diffusion occurs along 

grain boundaries. Both of these mechanisms lead to a Newtonian fluid behavior, in 

which the steady state strain rate is linearly proportional to the applied stress. 

An alternative mechanism, dislocation creep, was considered by Weertman [1970]. 

Dislocations contribute to creep primarily through dislocation climb or dislocation glide. 

An explanation of these mechanisms may be found in Turcotte and Schubert [1982]. 

Weertman's results indicated that dislocation creep should be the dominant mechanism 

except at very low stresses (less than 1000 Pa). A dislocation creep mechanism predicts 
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that the steady-state creep rate is proportional to a power of the stress. Dislocation creep 

deformation therefore leads to power-law viscous behavior. Power-law rheology has 

been examined by a number of authors, including Weertman [1970], Melosh [1980], 

Turcotte and Schubert [1982], Kirby [1983, 1985], and Kirby and Kronenberg [1987a 

and b]. 

Although more complicated formulations are possible (see, for example, Kirby 

[1985]), the creep law that represents dislocation processes may be described by the 

power-law relationship 

(32) 

where £$ is the steady-state creep rate, 0" = (0"1 - 0"3) is the differential stress, T is the 

absolute temperature, R is the ideal gas constant, A is a material constant, n is the power

law exponent, and H* = E* + py* is the activation enthalpy (E* is the activation energy, 

v* is the activation volume, and P is the mean normal stress). As discussed by Strehlau 

and Meissner [1987], the pressure factor Pv* is typically smaller than the uncertainties in 

E*, and is therefore neglected in this study. 

A number of quantities may be defined in analogy to Newtonian (linear) viscosity 

(see Melosh [1980]). Newtonian viscosity is defined in terms of the differential stress 

and the steady-state creep rate as 

(33) 

An analogous quantity, the effective viscosity, may be defined for power-law behavior: 
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(34) 

It can therefore be seen that the effective viscosity is dependent not only upon the type of 

rock under consideration, but also upon the temperature and the applied differential 

stress. An increase in either the temperature or the differential stress results in a lower 

effective viscosity. The effective viscosity may also be described in terms of the strain 

rate, which is convenient for this study, as the emphasis is on deformation. 

(35) 

For all values of n greater than 1, the effective viscosity is inversely proportional to the 

strain rate. High strain rates may thus be expected to produce low effective viscosities. 

Since the stress and strain rate are generally not known beforehand, it is necessary to 

define a viscosity quantity that is independent of the applied stress or strain rate. A 

viscosity coefficient may be obtained from equation (34) by eliminating the stress term. 

exp(H·/RT) 
7Je = 2A (36) 

The viscosity coefficient is the quantity used in the computations of this study, and is 

incorporated into the fmite element formulation (see Me/osh and Rae/sky [1980]). 

Only viscous behavior has been considered to this point; however, the behavior of 

rocks in the Earth is more adequately described by viscoelastic behavior. The viscoelastic 
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model used in this study is analogous to a Maxwell viscoelastic material. It may be 

represented by a linear elastic spring in series with a dashpot that has a power-law 

viscous response. A useful measure of the time-dependence of a viscoelastic material is 

the Maxwell time ('rM), which is the amount of time necessary for the creep deformation 

to equal the elastic deformation. For a Maxwell viscoelastic material, in which the 

viscous behavior is Newtonian (linear), the Maxwell time is simply the viscosity of the 

material divided by its shear modulus. For a power-law material, the effective viscosity 

may be substituted for the viscosity in the Maxwell model, yielding the following 

relationship: 

(37) 

The Maxwell time is a useful indicator of whether a material may be considered as an 

elastic solid or a viscous fluid over the time period of interest The time period of interest 

in this study is on the order of 150 years (the earthquake recurrence interval). Any 

material with a Maxwell time considerably greater than this will thus behave elastically, 

while any material with a Maxwell time much less than this will behave as a viscous fluid. 

A number of authors have addressed the problem of rheological layering within the 

Earth as it relates to laboratory results on power-law flow [Meissner and Strehlau, 1982; 

Chen and Molnar, 1983; Kusznir and Karner, 1985; Kusznir and Park, 1986; Ranalli and 

Murphy, 1987; Strehlau and Meissner, 1987; and Melosh, 1990]. One observation that 

has focussed attention on this problem is the limited depth ranges over which earthquakes 

are observed [Meissner and Strehlau, 1982; Chen and Molnar, 1983]. Chen and Molnar 

[1983] found that, in many areas, earthquakes were observed in the upper crust and 
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upper mantle, with a relative absence of earthquakes in the lower crust. This was 

attributed to a change in material types at the Moho combined with the increase of 

temperature with depth. As can be seen from equation (34), the effective viscosity 

decreases exponentially with increasing temperature, and would thus decrease with depth. 

In the model of Chen and Molnar [19,83], it was assumed that frictional failure (as 

described by Byerlee [1978aD was the dominant deformational mode in the upper crust. 

In the lower crust, deformation was assumed to be controlled by a quartz-diabase flow 

law, since the flow stress for geological strain rates (on the order of 10-15 s-l) is less than 

the fracture stress at these depths. Mantle behavior was considered to be controlled by an 

olivine flow law. Since the flow stress for olivine is much greater than that for quartz or 

diabase at the same temperature and pressure, another region of high strength exists just 

below the Moho. The two regions of high yield stress (in the upper crust and upper 

mantle) are thus the only regions where seismic behavior are possible. Limiting 

temperatures for seismic deformation were found to be 250° - 450°C for crustal materials 

and 600° - 8000 e for mantle materials. For the San Andreas fault, seismic behavior is 

essentially absent below depths of 12 to 15 lan, where the temperature is estimated to be 

about 350° ± 100°C [Lachenbruch and Sass, 1973; 1978]. 

Although much laboratory work has been done, it would be unwise to assume that 

these results may be applied with confidence to actual geological situations, primarily 

because of uncertainty in the flow law parameters [Strehlau and Meissner, 1987]. There 

is also some uncertainty in extrapolating laboratory results to geologic deformation due to 

a number of factors, as summarized by Strehlau and Meissner [1987]. Despite the 

uncertainties involved in using laboratory results, they provide a useful means of 

examining the rheology of each rock type. Furthermore, it is only through the use of 
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these results in actual Earth models that their applicability to such models may be 

evaluated. 

It would be impossible to exactly determine the composition and rheology of the 

Earth at every point considered in a fault model. A number of authors have found, 

however, that the creep rate within a polymineralic rock is controlled by the weakest 

phase if it composes at least 30% of the volume of the rock [Caner et aI., 1981; She/ton 

and Tullis, 1981]. The rheological behavior can then be estimated from the rheology of 

the principal constituents at the depth of interest. In the upper crust, the rheological 

properties are likely to be dominated by quartz. The lower crust, which probably has a 

lower quartz content, may be controlled by a feldspar or pyroxene rheology. Within the 

upper mantle, the flow rate is likely to be dominated by olivine. 

For the finite element modeling, the materials chosen to represent the various 

rheological layers were granite, diabase, olivine, and dunite. The elastic and viscous 

properties of these materials are listed in Table 1. The viscosity parameters (power-law 

exponent, A, and activation energy) were obtained from Table 1 in Strehlau and Meissner 

[1987]. The elastic parameters represent average values derived from several sources 

[Birch, 1966; Turcotte and Schubert, 1982], simplified for numerical convenience. This 

simplification seems justified due to the uncertainty in determining the actual composition 

of the region of interest. The densities were chosen to be 3000 kg/m3 for all material 

above 40 km (the assumed Moho) and 3300 kg/m3 for all material below this depth, in 

order to simplify the isostatic aspects of the problem. Also listed in Table 1 are materials 

labeled as 'elastic' and 'viscoelastic'. These represent the properties used in a linear 

(Maxwell) viscoelastic model analogous to that of Savage and Prescott [1978], which is 

used for comparison to the nonlinear models. 
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Material Type Young's Poisson's Shear Density Power loglO A Activation 
Modulus Ratio Modulus (kg/m3) Law Energy 

(Pa) (Pa) Exp. (kJ/mol) 

'Elastic' 1.5 x 1011 0.25 6.00 x 1010 3000 1.0 
'Viscoelastic' 1.5 x 1011 0.25 6.00 x 1010 * 1.0 
Dry granite 5.0 x 1010 0.25 2.00 x 1010 3000 2.9 -0.2 106 
Wet granite 5.0 x 1010 0.25 2.00 x 1010 3000 1.5 2.0 137 
Dry diabase 8.0 x 1010 0.25 3.20 x 1010 3000 3.4 6.5 260 
Wet diabase 8.0 x 1010 0.25 3.20 x 1010 3000 3.0 7.9 276 
Dry olivine 1.6 x 1011 0.28 6.25 x 1010 3300 3.5 15.5 535 
Wetdunite 1.6 x 1011 0.28 6.25 x 1010 3300 3.4 14.4 444 

TABLE 1. Elastic and viscoelastic parameters used in the modeling for various material types. The 
logarithm base ten of A is given. The units of A are GPa-ns- l . 
"'Density is equal to 3000 kg/m3 for all material above 40 km, and 3300 kg/m3 for all material below 40 
km. 
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Since effective viscosity decreases exponentially with increasing temperature (see 

equation (34» it is necessary to construct a temperature profile for the region of interest. 

This is probably one of the major sources of uncertainty in the calculations. The 

rheological behavior is extremely sensitive to temperature, and the temperature at depth is 

difficult to determine accurately. Nevertheless, it is important to determine a reasonable 

temperature profile to calculate the viscosity coefficients at various depths. A relatively 

simple profile was chosen for this study, because of the difficulty in accurately 

determining the temperature, and also because the temperature gradient represents an 

average over a large surface area (the grid covers an area approximately 700 Ian x 1300 

Ian). The method chosen was that of Chapman [1986], which incorporates the mantle 

model of Schatz and Simmons [1972]. Using this method, a geotherm consistent with a 

surface heat flow of75 mW/m2 was calculated. This value is consistent with the value of 

78 mW/m2 obtained by averaging the San Andreas heat flow values for regions 4, 5, 6, 

and 7 in Figure 8 and Table 2 of Lachenbruch and Sass [1980]. This profile is shown by 

the dashed line in Figure 29. The discretization of the profile used in the finite element 

calculations is represented by the solid line in Figure 29. It will be noted that the slope 

changes dramatically at about 100 km depth, where the geotherm intercepts the mantle 

1300°C adiabat. As it turns out, the assumed temperature below this depth is not 

particularly important, as the model results are relatively unaffected by viscosity changes 

below 100 Ian. 

The rheological properties of the various models are listed in Tables 2a-e. The first 

model (Table 2a) is a linear (Maxwell) viscoelastic model that is used for comparison with 

the nonlinear models. The assumed temperature profile is not important in this case, as 

the model simply consists of an 'elastic' layer overlying a 'viscoelastic' layer. Since the 

grid extends to a depth of 400 Ian -- a factor of 10 greater than the maximum depth of 
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Figure 29. TemperaD.lre profile used for the San Andreas modeling. The dashed curve represents the 
calculated prome and the solid line represents the discretization used in the fmite element calculations. 
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TABLE 2a. Linear model 

Depth Material Temperature Viscosity Effective Maxwell 
Range Type (OC) Coefficient Viscosity Time 
(km) (P an.. s) (Pa-s) (years) 

0-20 'Elastic' 1 x 1()33 1 X 1()33 5.28 X 1014 
20-40 'Elastic' 1 x 1()33 1 X 1()33 5.28 X 1014 

(H=40km) 
20-40 'Viscoelastic' 2 x 1019 2 x 1019 10.6 

(H=20km) 
40-400 'Viscoelastic' 2 x 1019 2 x 1019 10.6 

TABLE 2b. Nonlinear model 1 

Depth Material Temperature Viscosity Effective Maxwell 
Range Type (OC) Coefficient Viscosity Time 
(lan) (Pan-s) (Pa-s) (years) 

0-20 Dry granite 270 1.57 x 1()36 1.82 X 1021 2880 
20-40 Dry granite 700 4.89 x 1()31 5.08 X 1019 80.5 
40-60 Dry olivine 850 3.84 x 1()40 1.46 x 1021 743 
60-100 Dry olivine 1150 2.18 x 1()35 4.64 X 1019 23.5 
100-250 Dry olivine 1350 8.28 x 1()32 9.44 X 1018 4.79 
250-400 Dry olivine 1400 2.53 x 1032 6.73 X 1018 3.42 

TABLE 2c. Nonlinear model 2 

Depth Material Temperature Viscosity Effective Maxwell 
Range Type (OC) Coefficient Viscosity Tune 
(km) (Pan-s) (Pa-s) (years) 

0-20 Dry granite 270 1.57 x 1()36 1.82 X 1021 2880 
20-40 Dry diabase 700 5.72 x 1()37 3.65 X 1020 362 
40-60 Dry olivine 850 3.84 x 1()40 1.46 x 1021 743 

60-100 Dry olivine 1150 2.18 x 1()35 4.64 x 1019 23.5 
100-250 Dry olivine 1350 8.28 x 1()32 9.44 X 1018 4.79 
250-400 Dry olivine 1400 2.53 x 1032 6.73 X 1018 3.42 
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TABLE 2d. Nonlinear model 3 

Depth Material Temperature Viscosity Effective Maxwell 
Range Type (OC) Coefficient Viscosity Tune 
(km) (PaIl..s) (pa-s) (years) 

0-20 Dry granite 270 1.57 x 1()36 1.82 X 1()21 2880 
20-40 Wet diabase 700 4.13 x 1()33 1.37 x 1()20 136 
40-60 Dry olivine 850 3.84 x 1()40 1.46 x 1()21 743 
60-100 Dry olivine 1150 2.18 x 1()35 4.64 X 1019 23.5 
100-250 Dry olivine 1350 8.28 x 1()32 9.44 X 1018 4.79 
250-400 Dry olivine 1400 2.53 x 1()32 6.73 x 1018 3.42 

TABLE 2e. Nonlinear model 4 

Depth Material Temperature Viscosity Effective Maxwell 
Range Type (OC) Coefficient Viscosity Tune 
(km) (PaIl..s) (Pa-s) (years) 

0-20 Wet granite 270 2.39 x 1()24 5.23 x 1()20 829 
20-40 Wet diabase 700 4.13 x 1()33 1.37 x 1()20 136 
40-60 Wetdunite 850 3.56 x 1()36 1.61 X 1020 81.9 
60-100 Wetdunite 1150 1.58 x 1()32 8.46 X 1018 4.29 
100-250 Dry olivine 1350 8.28 x 1()32 9.44 X 1018 4.79 
250-400 Dry olivine 1400 2.53 x 1()32 6.73 x 1018 3.42 

TABLES 'la-e. Properties of the various models. Elastic and viscoelastic parameters used are listed in 
Table 1. Effective viscosity and Maxwell time were calculated assuming a strain rate of 2 x 10-14 s-l. 
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elastic behavior -- the viscoelastic layer may be considered to be a half-space. For a 

Maxwell viscoelastic material, the viscosity coefficient (given by equation (36» and the 

effective viscosity (given by equation (35» are equivalent. For the nonlinear models, 

effective viscosity and Maxwell time were calculated for an assumed strain rate of 2 x 

10-14 s-l - a typical value for the strain rate close to the fault, as detennined from the 

calculations. The Maxwell time may be calculated from equation (37). The properties of 

the linear model used in the finite element calculations are shown graphically in Figures 

30a and b. Figure 30a shows the effective viscosity as a function of depth. There are 

two variations of the linear model in which aseismic slip occurs to different depths, as 

will be discussed later. The solid line represents the model in which slip occurs to a 

shallower depth (20 Ian), while the dashed line represents a model that includes aseismic 

slip to a greater depth (40 km). The Maxwell time versus depth is shown in Figure 30b. 

It can be seen from this figure that the viscosity chosen to simulate an elastic layer is 

surely sufficient to produce elastic behavior over any time period of geologic interest. 

This simple model of an elastic layer overlying a Maxwell viscoelastic half-space is the 

most common type of rheological model currently being used to study the San Andreas 

fault [ego Rundle, 1986, 1988b; Li and Rice, 1987; Li and Lim, 1988]. As may be seen 

from Figures 30a and b, the dramatic contrast in viscoelastic properties almost certainly is 

an unrealistic representation of actual Earth rheology. 

Although there are numerous possible rheological models, four were chosen for this 

study (in addition to the linear model described above). The viscoelastic properties are 

listed in Tables 2b-e. The first of these models (Table 2b) is the simplest, but is perhaps 

not geologically reasonable, as it assumes that the behavior of the entire crust is 

dominated by a granite rheology. Below the Moho (at 40 km depth), the rheological 

properties chosen were those for olivine. This is also true of models 2 and 3. The 
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Figure 30a. Effective viscosity for the linear models as a function of depth. Dashed line represents 
models with H = 40 kIn and solid line represents models with H = 20 kIn. 



179 

b. 
Maxwell Time (years) 

1011021031041051061071081091010 

r-----------------EJastic -----4 
~-----------------------------------------. 

Maxwell Viscoelastic 

100 I-

200 -

300 I-

400~~----------------------------------------~ 

Depth (km) 

Figure 30b. Maxwell time for the linear models as a function of depth. Dashed line represents models 
with H = 40 km and solid line represents models with H = 20 km. 
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effective viscosity and Maxwell time as a function of depth are shown in Figures 31a and 

b. The dashed line represents the values detennined from the temperature profile of 

Figure 29, while the solid line represents the discrete values used in the finite element 

computations. Although this model contains only two different materials (granite and 

olivine), a number of layers occur in the finite element calculations due to the strong 

temperature-dependency of rheological properties. An analysis of Figure 31b reveals that 

the upper crust and uppennost mantle would be expected to exhibit elastic behavior over 

the time period of interest (150 years). The lower crust, on the other hand, has a 

Maxwell time on the order of the earthquake recurrence interval, and would thus be 

expected to display some time-dependent behavior. Viscous behavior would also be 

expected from the mantle below 60 km depth. 

The second nonlinear model (Table 2c and Figures 32a and b) perhaps represents a 

more realistic view of actual Earth rheology. This model has rheological properties 

consistent with a granite upper crust and a diabase lower crust. The mantle consists of 

dry olivine, as in model 1. The crustal layering results in two viscosity minima within the 

crust. Unfortunately, because of the coarseness of the current finite element grid mesh, it 

is not possible to adequately represent these minima. For this model, time-dependent 

behavior would be restricted primarily to the mantle below 60 km (see Figure 32b). Even 

ignoring the discretization effects, this model would display considerably less time

dependence than model 1 (compare Figures 31 and 32). 

Models 1 and 2 describe completely dry rheologies; however, the presence of water 

can have a significant effect on viscous flow. This effect is included in model :3 (Table 

2d), which includes a wet diabase rheology in the lower crust The existence of water in 

the lower crust is somewhat debatable, but there is enough evidence for hydration at 

depth that it cannot be ruled out as a possibility (see Strehlau and Meissner [1987] for a 
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Figure 31a. Effective viscosity for nonlinear model 1 as a function of depth. Dashed curve represents 
calculated prome and solid line represents values used in the finite element calculations. 
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Figure 31b. Maxwell time for nonlinear model 1 as a function of depth. Dashed curve represents 
calculated profIle and solid line represents values used in the finite element calculations. 
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Figure 32b. Maxwell time for nonlinear model 2 as a function of depth. Dashed curve represents 
calculated profIle and solid line represents values used in the finite element calculations. 
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summary). In this study, it is of interest to detennine the effects of hydrated minerals on 

the model response. As may be seen from Figures 33a and b, the presence of water has a 

significant effect on the rheological properties of diabase. The resulting profiles are 

similar to those of modell, with a viscous layer in the lower crust sandwiched between 

the elastic layers in the upper crust and mantle. The time-dependent characteristics of 

models I and 3 should therefore display some similarities. 

The final model, as described by Table 2e and Figures 34a and b, considers the 

entire crust and upper mantle to be hydrated to a depth of 100 km. It might be argued that 

the upper crust should contain water in the other models as well; however, inspection of 

Figure 34b reveals that the behavior of the upper crust is still elastic over the time period 

of interest (compare, for example, with Figure 33b). This is, of course, a result of the 

averaging of rheological properties that is necessary in order to perform the finite element 

calculations. A grid with a finer mesh would include a low viscosity layer at the bottom 

of the upper crust and a high viscosity layer at the surface. 

There is no low viscosity layer in the lower crust for model 4. Instead, the effective 

viscosity remains essentially constant from 20 - 60 km depth. The Maxwell time in the 

uppermost mantle is actually slightly smaller than in the lower crust due to the greater 

elastic strength of olivine (see equation (37)). Below 100 Ian, the assumed rheology is 

that of dry olivine, as in the previous models. The relatively low effective viscosities 

down to 100 Ian depth should be expected to produce significant time-dependent effects. 

In all of the models, there are sharp boundaries between different material types. 

Although these boundaries are almost certainly gradational, it is necessary to assume 

abrupt transitions in order to discretize the problem. A fmer grid mesh would alleviate the 

problem to a certain extent; however, representation of the transition zones in the crust 

and upper mantle would still be problematic, as the nature of these transitions is not well 
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Figure 33a. Effective viscosity for nonlinear model 3 as a function of depth. Dashed curve represents 
calculated proftle and solid line represents values used in the finite element calculations. 
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Figure 34b. Maxwell time for nonlinear model 4 as a function of depth. Dashed curve represents 
calculated profile and solid line represents values used in the finite element calculations. 
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understood. Problems of this nature will have to await a more complete understanding of 

lithospheric composition at various depths. 

Model Description and Implementation 

Model Description 

The models used in this study are derived from the infinite rectangular fault model 

described by Savage and Prescott [1978]. The Savage and Prescott model is shown in 

Figure 35a, and the model used in this study is shown in Figure 35b. The cross-sectional 

view shown in Figure 35a is understood to extend infmitely both into and out of the plane 

of the view. In addition, the horizontal and vertical dimensions are also infinite, so that 

the model represents an infmite elastic layer overlying a Maxwell viscoelastic half-space. 

In practice, these conditions may be adequately simulated by a numerical model with 

dimensions that are considerably greater than the thickness of the elastic layer. This 

procedure is followed in the present study, both in simulating the model of Figure 35a, 

and in producing models of the type shown in Figure 35b. In both models, the fault is 

locked to a depth D between earthquakes. At time T (the earthquake recurrence time) 

coseismic displacement (U) occurs on the locked portion of the fault, with a magnitude 

determined by plate velocity. If the relative plate velocity is given by Vo, then U = voT. 

In the Savage and Prescott model, aseismic slip below the locking depth occurs to a depth 

H, which represents the thickness of the elastic layer. In the nonlinear models of this 

study, there is no elastic layer as such, and the parameter H instead represents the depth 

to which aseismic slip occurs. The magnitude of the aseismic slip is equal to the relative 

plate velocity. 
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Figure 35. Models used in the study. (a) Savage and Prescott model. (b) Nonlinear layered model. 
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The differences between the Savage and Prescott model and the models of the 

present study consist primarily of the rheological layering considered in this analysis. 

While the Savage and Prescott model considers a single elastic layer overlying a 

viscoelastic half-space, this study includes a number of distinct layers, each with different 

rheological properties (there are 6 layers in the present analysis). In addition, even the 

surface layers of the nonlinear models are not completely elastic in compa!-lson to the 

elastic layer of the Savage and Prescott model (compare Figure 30 with Figures 31, 32, 

33, and 34). For this reason, it is more appropriate to use the parameter H to describe the 

depth to which aseismic slip occurs, rather than the thickness of a particular layer. 

A number of differences between this study and infinite fault models arise as a result 

of the three-dimensional nature of this work, the most obvious of these being the effects 

of complex horizontal and vertical geometries. In the present analysis, only horizontal 

geometry (corresponding to the fault geometry) is considered, as the variation of Earth 

structure with depth is not well known. In any case, complex vertically-varying 

geometries would not be warranted in this preliminary study. Another advantage of a 

three-dimensional analysis is the ability to calculate vertical as well as horizontal 

deformation. Although observations of vertical uplift along the San Andreas fault are 

presently restricted to a limited area, and are of debatable validity, they could conceivably 

play an important role in resolving the differences between competing fault models (see 

Stein [1987]; Craymer and Vanfc'ek [1989]; and Stein et al. [1989] for a discussion of 

the accuracy of vertical uplift measurements defming the 'Palmdale uplift'). 

Calculation of Vertical Uplift 

Although the calculation of vertical uplift with the finite element method is not 

difficult, it is important to consider a number of factors. Foremost among these are the 
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effects of isostasy. Any uplift that occurs as a result of tectonic forces must be countered 

by isostatic forces proportional to the amount of uplift. If this were not true, tectonic 

uplift could continue indefinitely, resulting in infinite topography. Ordinarily, this would 

be the case in time-dependent finite element calculations, with or without the use of body 

forces. At each time step, uplift would proceed in a manner dictated by the present set of 

forces, regardless of the amount of uplift that had occurred in the previous time step. 

This is a result of the infinitesimal strain approximation used in most finite element 

calculations. All spatial quantities are referenced to the initial nodal positions, so that the 

entire grid geometry remains unchanged over the course of the calculations. Therefore, 

no matter how much vertical uplift has been induced by the applied boundary conditions, 

the system of body forces will be the same as it was initially. 

A simple solution exists to remedy this problem that does not require major 

modifications to the finite element code. Isostasy in time-dependent problems may be 

simulated through the use of Winkler restoring forces (for an explanation, see Chapter 14 

of Desai [1979]). This method has been incorporated into the finite element code by 

Melash [unpublished]. These forces are essentially one-dimensional spring elements that 

are applied at the boundaries between density contrasts. The spring constant is chosen to 

be proportional to the magnitude of the density contrast. Therefore, any vertical 

displacement increment away from the initial position results in a force in the opposite 

direction that is proportional to the density contrast and the amount of the displacement 

increment. 

The situation is represented in Figure 36. This represents the case of a single layer 

with one-dimensional spring elements applied at the bottom and top of the layer. It is 

obvious that any vertical movement of the surface S 1 will be countered by a force 

increment klX, where kl is the spring constant for the upper set of springs and x is the 



194 

Sl--~------~----~------------~---

S2----------------~~----~------~--

Figure 36. Demonstration of Winkler restoring forces. Springs with constants kJ and k2 are attached to 
surfaces SJ and S2. 
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vertical displacement increment. A similar situation exists for surface S2. To simulate 

isostatic effects, it is only necessary to make the spring constants proportional to the 

corresponding density contrast. For the upper surface, this contrast would be L1PIO = PI 

- Po. The contrast for the lower surface is L1P21 = P2 - Pl. In the present finite element 

calculations, the surface S1 represents the Earth's surface and the surface S2 represents 

the Moho -- the two most prominent density contrasts in the lithosphere. For the sake of 

simplicity, these are the only density contrasts included in this analysis. The density 

contrast for surface S1 would then be 3000 kg/m3, while that for surface S2 would be 

300 kg/m3 (see Table 1). 

In practice, the restoring forces are applied through a modification of the stiffness 

matrix. Assume, for the sake of simplicity, an element e with only two degrees of 

freedom. This does not correspond to an actual situation, since the three-dimensional 

elements in this study contain 24 degrees of freedom; however, this example will serve to 

demonstrate the technique. The local stiffness matrix for this simplified element is given 

by: 

(38) 

Assume that K:1 corresponds to the vertical degree of freedom for a node of element e 

that is contained in the surface S 1. Then the modified stiffness matrix including the 

restoring force is 

(39) 
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The magnitude of ~l is given by 

(40) 

where A ~ is the area of the element face contained in surface S 1, n~ is the number of 
I I 

element nodal points contained in S1, and g is the gravitational acceleration (9.8 rn/s2). A 

similar situation exists for surface S 2. 

The spring constant values are therefore added directly to the diagonal entries of the 

global stiffness matrix for the appropriate vertical degree of freedom. The sign of k;\ is 

always positive, such that the restoring force acts in the direction opposite any 

displacement. Thus, an upward displacement on surface S1 (simulating the creation of 

new topographic highs) would result in a force directed downward, while a downward 

displacement of surface S 1 (resulting in a mass deficit) would produce an upward

directed buoyancy force. For surface S2, a downward displacement would simulate root 

formation, producing an upward-directed buoyancy force, while an upward displacement 

would correspond to the production of a mass excess at depth, resulting in a downward

directed force. 

All gravitational effects in the models are accommodated by means of Winkler 

restoring forces, and body forces are not used. This is done for a number of reasons. 

Foremost among these is the likelihood that the nontectonic (gravitationally induced) 

stresses in the crust and upper mantle approach a state of lithostatic stress [M eGarr, 

1988]. If this is true, the nontectonic deviatoric stress is zero everywhere in the Earth. 
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Since the defonnation is only affected by the deviatoric stress (recall that (J" in equations 

(32)-(34) and (37) represents the differential stress), the gravitational body forces simply 

represent a depth-dependent pressure that can be removed from the calculations. Since 

this study is only concerned with defonnation at the surface and not with stresses, body 

forces represent an unnecessary complication and are not included. 

The present analysis does not include the effects of existing topography. The results 

are therefore valid for initially flat surfaces. In addition, the effects of erosion are not 

considered. Although both of these factors will influence the results, they were not 

included in the analysis for the sake of simplicity. Both of these effects may be included 

in more complex models. 

Finite Element Modeling 0/ the Problem 

The finite element code used in this analysis is a three-dimensional adaptation of the 

two-dimensional code described by Melosh and Rae/sky [1980]. Fault slip is included 

by means of the split node technique [Melosh and Rae/sky, 1981]. With this method, the 

fault displacement (or displacement increment) is specified. Using this technique, it is 

possible to apply either steady slip corresponding to plate velocity or abrupt slip at 

specified times. The split node method thus results in kinematic model behavior since the 

fault displacements are independent of the prevailing stress regime. A new method (the 

'slippery node' technique [Melosh and Williams, 1989]) allows fault slip to occur in 

response to stress, and also allows fault friction to be specified. The use of this method 

would introduce an unnecessary degree of complexity to this preliminary investigation, 

however. At present, it is desirable to consider only rheological or geometrical 

parameters. 
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Two types of fmite element calculations are perfonned. The fIrst type of calculation 

assumes a rectangular fault, analogous to the model of Savage and Prescott [1978]. This 

is done for two reasons. First of all, this allows a comparison of the numerical results 

with the analytical results of Savage and Prescott [1978] to test the validity of the 

numerical model. Secondly, this provides a simple means of examining the 

characteristics of the various models. The second type of calculation includes a more 

realistic representation of San Andreas fault geometry. The grids used for the two types 

of calculations are similar, except for the assumed fault geometry. 

The grid used for the rectangular fault calculations is shown in Figures 37a and b and 

the grid incorporating San Andreas fault geometry is shown in Figures 38a and b. 

Figures 37 a and 38a show map views of the grids and the imposed boundary conditions. 

The arrows represent velocity boundary conditions corresponding to the relative plate 

velocity, and are applied to all nodes on the left- and right-hand sides of the grid 

(corresponding to the maximum and minimum y-values). The solid, dark lines represent 

the portion of the fault that is locked between earthquakes, while the dashed line (only on 

the grid that includes fault geometry) represents the creeping portion of the fault. Figures 

37b and 38b are cross-sectional views of the grids. The grid that includes fault geometry 

is composed of 2618 three-dimensional elements containing 2898 nodal points. The X-, 

y-, and z-dimensions are 400 km, 1350 km, and 720 km, respectively. The rectangular 

fault grid has y- and z--dimensions of 1200 km and 360 km and contains 1386 elements 

and 1610 nodes. The smallest elements occur closest to the fault. These elements have 

dimensions of 20 km in the x- and y-directions, and 40 km in the z-direction. 

The element dimensions were controlled by three goals: keeping the elements as 

small as possible in the region of interest, making the elements as nearly equidimensional 

as possible, and using the minimum number of elements. The fIrst goal arises from the 
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desire to obtain maximum resolution in both the calculated deformation and the assigned 

material properties. The second goal is a result of the fmite element formulation, in which 

the interpolations are performed for the idealized shape of a cube. The final goal reflects 

the limitations of the computer on which the calculations are perfonned. The present 

analysis was performed on a CONVEX Cl -- a vector processor with 32 Mb of core 

memory. Although it was possible to use a finer mesh grid, the memory requirements of 

the resulting stiffness matrix exceeded the computer's capabilities. The memory 

swapping required to handle the stiffness matrix resulted in an excessively long 

calculation time. One solution to this problem is an alternate method of storing the 

stiffness matrix (sparse matrix techniques are presently being explored). The simplest 

method is to use a machine with a greater amount of core memory. 

The limitations of the computer used in this analysis place a number of,constraints on 

the grid geometry. For instance, the maximum vertical resolution is 20 Ian, which occurs 

near the surface. For this reason, the fault locking depth (D) and the depth of aseismic 

slip (H) are constrained to values that are multiples of 20 km. In the calculations that 

follow, the locking depth will always be assumed to be equal to 20 Ian (except for the 

creeping portion of the fault, where D = 0), since earthquakes on the San Andreas are 

generally not observed below this depth. The depth of aseismic slip will be assumed to 

be either 20 kin or 40 km. The changes in material properties are similarly constrained 

(see Tables 2b-e). The horizontal resolution is also affected, which prevents the 

incorporation of adjacent faults into the present model. Although appreciable slip occurs 

on faults other than the San Andreas, it is presently not possible to include them in the 

analysis. 

One assumption of this analysis is that the overall defonnation field will be 

dominated by the largest magnitude earthquakes, with smaller earthquakes producing 



202 

local perturbations in the overall pattern of deformation. For this reason, only the largest 

magnitude earthquakes which rupture a significant portion of the fault are included in the 

analysis. The last earthquake of such magnitude in southern California was the Fort 

Tejon earthquake of 1857, which had a magnitude greater than 8, and ruptured 360 to 

400+ km of the fault [Sieh, 1978]. For simplicity, it is assumed that earthquakes with a 

relative coseismic displacement (U) of 5.25 m occur every 150 years, rupturing the entire 

fault from just south of Cholame to the southern end of the fault shown in Figure 38a, 

which is near the Salton Sea. This is the portion of the fault shown by the solid line in 

Figure 38a. The average recurrence time (D of 150 years is reasonably consistent with 

the estimate of 132 years given by Sieh et al. [1989], determined by sediment analysis. 

The coseismic displacement at each earthquake is assumed to keep pace with the plate 

velocity. The assumed relative plate velocity (vo = UID is then 35 mrn/year. For the San 

Andreas calculations, the assumed direction of plate motion is N41°W. These values are 

consistent with current geodetic and geologic determinations of motion on the San 

Andreas fault [Minster and Jordan, 1987]. Plate velocity is applied to a depth H below 

the locking depth on the fault, to simulate aseismic slip at depth. The results of King et 

al. [1987] indicate that shallow aseismic slip occurs near the location of Cholame, and 

increases with distance north of this location. To simulate this creeping portion of the 

fault, the locking depth is assumed to be zero for the fault segment between Hollister and 

Cholame (dashed section in Figure 38a). For this section, plate velocity is applied from 

the surface to a depth H. Below the southern end of the fault shown in Figure 38a, no 

slip is applied. This is the only means of representing the southern terminus of the fault 

at present, since other faults (such as the Imperial) are not included in the models 

presented in this study. The rectangular fault models, which use the grid shown in 

Figures 37a and b, do not include a creeping section or a permanently locked section. 
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In order to achieve steady-state behavior, it is necessary to run the model through a 

number of earthquake cycles. After a sufficient number of cycles, the results for each 

cycle are identical. It was found that 10 earthquake cycles were generally sufficient to 

produce steady-state model response. In the results that follow, all values are determined 

following the ninth earthquake in a sequence. For the nonlinear models, each earthquake 

cycle consists of 100 discrete time steps of 1.5 years each. For the linear models, it is 

possible to decrease the number of time steps without significantly affecting the accuracy 

of the results. Each earthquake cycle for these models is composed of 20 time steps. The 

size of the time step ranges from 1.5 years near the beginning of the cycle (where the 

time-dependence is greatest) to 15 years near the end of the cycle. It is not possible to 

substantially increase the size of the time steps for the nonlinear models because of 

numerical instabilities. This may be understood from an inspection of equation (32). 

Since the steady-state strain rate is proportional to a power of the differential stress, a 

higher power-law exponent means that the strain rate is more sensitive to the system of 

stresses. For materials with large power-law exponents, it is therefore necessary to 

recalculate the stresses fairly frequently in order to accurately determine the strain rate. In 

other words, small time steps are necessary to successfully linearize a highly nonlinear 

problem. 

Results 

Rectangular Fault Models 

The quantities of interest for the rectangular fault models are values of horizontal 

shear strain rate parallel to the fault ( e'll in Figure 37a). These values are calculated at 

various times since the last earthquake and various distances from the fault along a line 
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perpendicular to the fault. This is exactly analogous to the procedure followed by 

Thatcher [1983], and, in fact, numerical results for a linear model are compared to an 

analytical model calculated in the same manner as that of Thatcher. The analytical 

solution was obtained by taking spatial and time derivatives of the displacement equations 

given by Savage and Prescott [1978]. Figures 39a and b demonstrate how well the 

numerical results match the analytical solution. These are plots of shear strain rate versus 

time since the last earthquake at various distances from the fault. Note that the units of 

shear strain rate in these plots are J.1Iad/yr, following the engineering convention. For the 

San Andreas results, all units will be in terms of ,LLstrain/yr, and shear strain rate will thus 

be a tensor quantity (engineering shear strain rate is twice the tensor shear strain rate). 

Both of these figures represent models with an elastic layer containing a fault locked to a 

depth D = 20 km overlying a Maxwell viscoelastic half-space with a viscosity of 2 x 1019 

Pa-s. Figure 39a depicts the results for a model in which aseismic slip extends to a depth 

H = 40 km, while Figure 39b shows the results for a model in which there is no aseismic 

slip at depth (H = 20 km). Recall that for models of the type described by Savage and 

Prescott [1978] and Thatcher [1983], the parameter H, in addition to describing the depth 

to which aseismic slip occurs, also defines the thickness of the surface elastic layer. 

Thus, the model described by Figure 39a (which will be referred to as linear model A) 

has an elastic layer with a thickness of 40 km, while that described by Figure 39b (linear 

model B) has an elastic layer thickness of 20 km. 

The numerical results provide an excellent approximation to the analytical solution, 

as demonstrated by Figures 39a and b. The model with H = 40 km (Figure 39a) displays 

less time-dependence close to the fault than does the model with H = 20 km (Figure 39b). 

This is consistent with the results of Thatcher [1983], who indicated that the influence of 

the viscoelastic half-space becomes greater as the thickness of the elastic layer is 
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decreased. The linear models (A and B) display a greater time-dependence than do any of 

the nonlinear models. This is due to the fact that the linear models have a lower effective 

viscosity than the nonlinear models at depths less than 60 km (see Tables 2a - e). Since 

time-dependent behavior is dominated by the viscosities at relatively shallow depths, the 

linear models are more affected by viscous behavior. The situation would be reversed if a 

higher geotherm had been chosen for the nonlinear models. 

For each of the nonlinear models there are two variations: models with H = 40 km 

and models with H = 20 km. Models that include aseismic slip at depth (H = 40 Ian) will 

be designated by the letter A, while those that do not include aseismic slip below the 

locking depth (H = 20 km) will be designated by the letter B. Figure 40 is a plot of the 

shear strain rate versus time since the last earthquake for modellA (solid line) and model 

IB (dashed line). As mentioned before, these models displays less time-dependence than 

the linear models. In addition, the effects of aseismic slip are much less noticeable than in 

the linear models, particularly close to the fault. Most available geodetic obselVations lie 

fairly close to the fault In addition, most accurate obselVations are relatively recent At a 

distance of 10 Ian from the fault and a time close to the present (about 130 years in Figure 

40), there is very little difference in the predicted shear strain rate for models lA and IB. 

Therefore, although it might be possible to differentiate between these two models early 

in the earthquake cycle based only on horizontal strain rate information, it would be 

difficult to do so at the present position within the cycle. 

The characteristics of models 2A and B are demonstrated in Figure 41. As expected, 

these models display less time-dependence than do models lA and B (compare Figures 

31 and 32). The presence of aseismic slip at depth (solid lines in Figure 41) appears to 

result in a higher shear strain rate, and this effect increases with distance from the fault. 

The same is generally true of models lA and B (Figure 40). In this case, the viscoelastic 
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Figure 41. Engineering shear strain rate as a function of time since the last earthquake for nonlinear 
model 2 (rectangular fault) at various distances from the fault. The solid lines represent the results for 
nonlinear model 2A (H = 40 kIn) and the dashed lines represent the results for nonlinear model2B (H = 20 
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properties ar,~ such that the shear strain rate for model IB is initially higher than for model 

lA at a distance of 10 Ian from the fault. At greater distances, however, the presence of 

aseismic slip at depth results in a higher shear strain rate at all times. 

This same trend is observable for models 3A and B (Figure 42). In this case, 

aseismic slip at depth results in a higher shear strain rate at all times. Comparison of 

Figures 41 and 42 indicates that models 2A and 3A predict virtually identical shear strain 

rates at all times and distances from the fault. The same is true to a limited extent for 

model lA (Figure 40). The corresponding models that do not include aseismic slip at 

depth (models lB, 2B, and 3B) differ significantly, however. This seems to indicate that 

aseismic slip at depth may have a greater influence over the observed deformation than the 

rheological properties, at least within certain limits. These three model types are very 

similar in their viscoelastic properties, differing only in the lower crust. 

Models 4A and B (Figure 43) provide ample evidence of the importance of 

rheological properties, however. The shear strain rate patterns predicted by these two 

models do not resemble those of any of the other models. In general, the predicted shear 

strain rates for models 4A and B are much higher than for the other models. Models 4A 

and 4B have significantly different properties in the upper crust and upper mantle than the 

other nonlinear models. Therefore, although the presence of aseismic slip at depth may 

control the observed deformation over a limited range of rheological properties, 

knowledge of the variation of rheological properties with depth is of primary importance 

in determining predicted deformation patterns. 

The models that display the greatest time-dependence (besides the linear models) are 

models lA and B and models 4A and B. Models lA and B have the shortest Maxwell 

time at depths from 20 to 40 Ian (see Figure 31 and Table 2b), while models 4A and B 

have the shortest Maxwell time from 0 to 20 Ian and 40 to 100 Ian depth (see Figure 34 
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and Table 2e). Results from other models indicate that changes in the Maxwell time 

below 100 Ian depth have no appreciable effect on the predicted deformation. With the 

temperature profile assumed for this analysis, the Maxwell time at depths greater than 100 

Ian is less than 10 years, so the mantIe below this depth should behave as a fluid over the 

time period of interest (150 years). The determination of the viscosity profile within 100 

Ian of the Earth's surface is thus of primary importance in providing accurate models of 

the earthquake cycle on the San Andreas fault. 

Through analysis of Figures 39 through 43, it should be possible to determine which 

models will be distinguishable on the basis of strain rate observations close to the fault at 

times close to the present. Linear model A and nonlinear models lA, lB, 2A, 2B, 3A, 

and 4B all predict similar strain rates at a distance of 10 Ian from the fault and a time of 

130 years since the last earthquake in the area. It is therefore likely that it would be 

difficult to distinguish between these models based only on current strain rate 

observations that lie close to the fault. Linear model B and nonlinear model 3B predict 

significantly lower shear strain rates while nonlinear model 4A predicts a higher shear 

strain rate. These models should thus be relatively simple to distinguish on the basis of 

strain rate observations. To test this hypothesis, it is necessary to look at models which 

provide a bener representation of actual San Andreas fault geometry. 

Strain Rate Results/or Models That Include Fault Geometry 

For each of the models described in the previous section, results were calculated for 

a corresponding model incorporating actual San Andreas fault geometry. These 

computations were performed using the grid of Figures 38a and b, with the boundary 

conditions given in the section on finite element modeling of the problem. The 

observations of interest are determinations of horizontal strain rate. A number of such 
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observations exist from a variety of sources. Most current observations are obtained 

from USGS trilateration networks. These values are calculated by inverting a number of 

line-length changes within a network to obtain strain values. These calculations are 

perfonned at various times within an interval to provide an average strain rate for the 

interval. The methods used in detennining strain rate are discussed by Savage et ai. 

[1981; 1986]. The observations used in this study for comparison to predicted results are 

trilateration results detennined from geodolite surveys of a number of networks [Savage, 

1983; Savage et ai., 1986]. 

The results from six different networks are used in this analysis. The networks used 

are Salton, Anza, Cajon, Tehachapi, Los Padres, and Carrizo. In calculating the 

predicted values, it is necessary to take into account the area covered by each network. 

An approximate solution to this problem is as follows. First of all, the individual line 

locations for each network are obtained [Savage et ai., 1986; W. Prescott, personal 

communication, 1990]. The strain rate is detennined by averaging over the elements 

which contain any portion of a survey line. The weight assigned to each element is 

detennined by the number of lines which pass through it. In addition, if a line passes 

through more than one element, the weight due to this line is divided equally between the 

elements through which it passes. For example, if a survey line passes through 4 

different elements, each element receives a weight of 0.25 for that particular line. This 

procedure should provide a reasonable simulation of the method by which the strain rate 

observations are made; however, there will be some problems associated with the 

coarseness of the fInite element grid. The strain rate magnitude falls off very quickly with 

distance from the fault, so any inaccuracies in the weighting of a particular element could 

have an appreciable effect on the predicted strain rate. 
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To determine how the predicted strain rate changes with time, it is necessary to 

observe the predicted values both early and late in the earthquake cycle. This is done in 

Figures 44 - 48. The first of each of these figures (Figures 44a, 45a, 46a, 47a, and 48a) 

represents the principal axes of strain rate at a time early in the earthquake cycle. For the 

linear models (Figure 44a), this time is 13.5 years since the last great earthquake in the 

area. Measuring from the 1857 earthquake, this corresponds to the year 1870.5. Figures 

45a, 46a, 47a, and 48a depict the principal axes of strain rate at a time of 15 years since 

the last great earthquake (1872, as measured from the 1857 earthquake). The lines with 

arrows on the end signify the principal axes of extension, while those with no arrows 

denote the principal axes of contraction. The axes with solid arrowheads (on the left

hand side of each plot) represent models with no aseismic slip at depth (H = 20 lan, or B 

models), while those with open arrowheads (on the right) are the axes for models with H 

= 40 km (A models). To the right of the principal axes are the names of the 

corresponding trilateration networks. 

The principal axes at a time close to the present are shown in Figures 44b, 45b, 46b, 

47b, and 48b. For the linear models (Figure 44b), the axes are shown for a time of 

118.5 years since the last great earthquake, corresponding to the year 1975.5. The 

results for the nonlinear models (Figures 45b, 46b, 47b, and 48b) show the principal 

axes at a time of 120 years since the last earthquake, which translates to the year 1977. 

Also shown in these figures are the observed values of strain rate determined from 

trilateration results (closed arrowheads, between the two sets of predicted values). The 

locations of the principal axes denoting the observed values represent the approximate 

locations of the centroids of the networks. At the right are shown the network names and 

the time periods over which the observed values were calculated. It will be noted that the 

time periods for the observed and predicted results do not coincide exactly. This should 
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Figure 44b. Principal axes of strain rate for the linear models at t = 118.5 years (1975.5). Arrows denote 
extension and straight lines represent compression. Axes with open arrows (to the right) are results for 
models with H = 40 km (A-models). Axes with solid arrows (to the left) are results for models with H = 
20 km (B-models). Axes with closed arrows (in the center) are trilateration results for the time periods 
listed in the legends to the right. 



218 

a. NONLINEAR MODEL 1 AT t = 15 years (1872) 

i 
I 
I 
I 

J \ 
\ \ I 
\ 

\ (' 

{ 'X CARRIZO \ 
i , 
i 'f. LOS PADRES 
I 
i 
I 

\~~ +TD'ACW>! : , 
I 

~ 
\ 

~ CA.OH 
\ 
I 

\ 
} )1. ~ ANZA 

( 

f X % ~TONI 
~, 

, 
,r--.i 

. ~. 
... 

/-.. ' 
""J 

ft ~ ~ r Y I 
O.JO MICROSTRAIN!YR 100 km 

Z 

Figure 45a. Principal axes of strain rate for nonlinear model 1 at l = 15 years (1872). using the same 
notation (1.0;; Figure 44. 



b. NONLINEAR MODEL 1 AT t 

CARRIZO % ('S77-1981) 

( ?' 
0..:30 MICROSTRAIN/YR 

219 

= 120 years (1977) 

100 km 

Figure 45b. Principal axes of strain rate for nonlinear model 1 at t = 120 years (1977), using the same 
noration as Figure 44. 



220 

a. NONLINEAR MODEL 2 AT t = 15 years (1872) 

\ 
\ 

~ \ 
\ \ 
( \ 

I 
(' I 

\ 

~ % CARRtZO \ 

\ i:.\~ "f. LOS PADRES \ 
.,)~ ~ ~CHAPI i 

\ 
i 

\ I .. \ 

~ CA.J:)N 
\ 
\ 
\ 
I 

\ 

~ ~ ANZA \ 
J 

,/ f 
i 

c.... X % SALTON ( 
' .... .,..-.:J 

..... "' .. , ....... ,. .J ,-.. ' 
..... -....,;' 

A E ;. r Y I 
0.."30 MICROSTRAIN/YR 100 km 

Z 

Figure 46a. Principal axes of strain rate for nonlinear model 2 at 1= 15 years (1872), using lhe same 
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Figure 46b. Principal axes of strain rate for nonlinear model 2 at t = 120 years (1977). using the same 
notation as Figure 44. 
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Figure 47a. Principal axes of strain rate for nonlinear model 3 at t = IS years (1872). using the same 
notation as Figure 44. 
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Figure 48a. Principal axes of strain rate for nonlinear model 4 at I = IS years (1872), using the same 
notation as Figure 44. 
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Figure 48b. Principal axes of strain rate for nonlinear model 4 at t = 120 years (1977), using the same 
notation as Figure 44. 
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not have a significant effect, however, since the strain rate does not change appreciably 

between adjacent time steps late in the earthquake cycle (see Figures 39 - 43). 

Based on an analysis of the rectangular fault results shown in Figures 39 - 43, it 

should be possible to make some predictions about the model characteristics demonstrated 

in Figures 44 - 48. For example, the greatest time-dependence should be displayed by 

the linear models and by nonlinear models 1 and 4. The linear models (Figures 44a and 

b) clearly display the greatest time-dependence, with a dramatic decrease in the magnitude 

of the strain rate with time. This is particularly true for linear model B, which does not 

include aseismic slip at depth. This behavior could have been deduced from an analysis 

of Figures 39a and h. Inspection of Figures 45 and 48 reveals that nonlinear models 1 

and 4 display a greater time-dependence than the other nonlinear models, as anticipated 

from the analysis of rectangular fault models. Again, the effect is more pronounced for 

models which do not include aseismic slip at depth. The rectangular fault analysis also 

indicates that nonlinear model 4 should produce strain rates that are greater in magnitude 

than the other models, which is again supported by the results that include fault geometry. 

The rectangular fault analysis also suggested that linear model A and nonlinear models 

lA, IB, 2A, 2B, 3A, and 4B, should all predict similar values for the strain rate at the 

present position within the earthquake cycle. This seems to be generally true, with the 

exception of model 2B, which predicts slightly smaller values than the other models. 

Linear model B and nonlinear model 3B produce lower strain rates while nonlinear model 

4A predicts a higher strain rate, in accordance with the rectangular fault models. All 

models are generally consistent with right-lateral shear, which results in a slight 

counterclockwise rotation (on the order of 15° to 20°) of the principal axes along the Big 

Bend portion of the fault. 
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Through an analysis of Figures 44 - 48 it is possible to obtain a general impression 

of which models provide the closest fit to the data. For example, the predicted strain rates 

for linear model B and nonlinear model 3B are obviously much smaller than the observed 

values. A more objective technique may be used to accurately assess model validity, 

however, following methods outlined by Jackson [1973]. First, all tensor components 

are rotated into a common coordinate system. The system chosen is that of Savage et al. 

[1986], in which the I-axis is directed east and the 2-axis north. The data misfit for each 

network may then be determined. The data misfit may be defined as: 

(41) 

where the subscript i represents the particular observation under consideration and 

b7 and b~ denote observed and predicted values, respectively. The nns residual is 

then 

" 
r == !Lb/ (42) 

i-I 

where n represents the number of observations. For the present analysis, this would 

correspond to the number of tensor strain rate components under consideration. 

Although the rms residual provides some idea of the fit to the data, it does not take 

into consideration the variations in the quality of the data. This may be accomplished by 

utilizing the data covariance matrix. For the case of statistically independent data errors, 

this !educes to a diagonal matrix of data variances. The weighted data misfit is then 
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(43) 

where (J'i is the standard deviation of the ;th obselVation. The weighted nns residual may 

be obtained by replacing bi with b.. This weighting scheme insures that misfits to , 

obselVations that are not well known (Le. those with large standard deviations) will 

contribute a smaller amount to the weighted rms residual than the misfits to well-known 

data. Note that the weighted RMS residual is dimensionless, since the units of standard 

de';iation are the same as those of the obselVation. 

The obselVed values of strain rate and their corresponding standard deviations are 

listed in Table 3. Note that all strain rate components represent tensor quantities so that 

the shear strain rate does not follow the commonly-used engineering convention. The 

predicted values for each model, along with the RMS and weighted RMS residuals are 

given in Tables 4a-j. The residuals are given for each network as well as for all six 

networks as a whole. Ideally, the total RMS residual for a given model should be less 

than one. This would mean that, on average, the model is fitting the data to within the 

data uncertainties. This is not the case for the present models, however. The model that 

provides the closest fit to the data is model4A (Table 4i), with a weighted RMS residual 

of 4.53. 

In almost all cases, the predicted values for ~ 1 and ~ are substantially smaller than 

the observed values. This is true of all networks except for Cajon, where the magnitudes 

are overestimated in some cases. The small magnitudes for the normal components of 

strain rate represent, at least in part, a deficiency in the amount of fault-parallel shear 

strain rate. If ~1 were equal in magnitude to ~,this would represent a case of pure 

right-lateral shear across a vertical plane striking N45°W -- close to the average strike of 
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Network f11 t2z f12 Source 

Salton 0.18 ± 0.01 -0.16 ± 0.01 -0.025 ± 0.005 Savage et al. [1986] 
Anza. 0.15 ± 0.01 -0.15 ± 0.01 0.005 ± 0.005 Savage et al. [1986] 
Cajon 0.13 ± 0.03 -0.16 ± 0.02 0.095 ± 0.015 Savage et al. [1986] 
Tehachapi 0.15 + 0.01 -0.11 ± 0.01 0.060 ± 0.005 Savage et al. [1986] 
Los Padres 0.12 ± 0.01 -0.14 ± 0.01 0.005 ± 0.005 Savage et al. [1986] 
Carrizo 0.29 ± 0.06 -0.09 ± 0.06 -0.010 ± 0.030 Savage [1983] 

TABLE 3. Observed values of strain rate detennined from trilateration results. The units of strain rate are 
tLstrain/yr. The shear strain rate is thus a tensor quantity, rather than following the engineering 
convention. 
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Table 4a. Linear model A. 

Network ~1 ~ ~2 RMS Residual Weighted 
RMS Residual 

Salton 0.109 -0.109 -0.00654 0.0517 5.49 
Anza 0.0588 -0.0733 0.0304 0.0703 7.48 
Cajon 0.156 -0.155 0.135 0.0275 1.61 
Tehachapi 0.0844 -0.103 0.0860 0.0410 4.85 
Los Padres 0.0799 -0.0858 0.0496 0.0467 6.45 
Carrizo 0.138 -0.118 -0.00393 0.0893 1.49 
Total 0.0580 5.10 

Table 4b. Linear model B. 

Network ~1 ~ ~2 RMS Residual Weighted 
RMS Residual 

Salton 0.0560 -0.0576 -0.000897 0.0939 9.69 
Anza 0.0413 -0.0498 0.0163 0.0856 8.63 
Cajon 0.0670 -0.0668 0.0433 0.0715 3.56 
Tehachapi 0.0471 -0.0599 0.0353 0.0676 7.19 
Los Padres 0.0533 -0.0569 0.0160 0.0618 6.28 
Carrizo 0.0748 -0.0649 -0.00366 0.125 2.09 
Total 0.0869 6.79 

Table 4c. Nonlinear model lA. 

Network ~1 ~ 42 RMS Residual Weighted 
RMS Residual 

Salton 0.0982 -0.0968 -0.00802 0.0605 6.28 
Anza 0.0598 -0.0728 0.0299 0.0700 7.43 
Cajon 0.138 -0.133 0.114 0.0197 1.08 
Tehachapi 0.0741 -0.0923 0.0752 0.0458 4.83 
Los Padres 0.0787 -0.0810 0.0477 0.0484 6.45 
Carrizo 0.125 -0.105 -0.00342 0.0957 1.60 
Total 0.0613 5.22 
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Table 4d. Nonlinear model 1B. 

Network ttl t:zz Eiz RMS Residual Weighted 
RMS Residual 

Salton 0.0874 -0.0864 -0.00738 0.0691 7.13 
Anza 0.0463 -0.0589 0.0243 0.0805 8.28 
Cajon 0.129 -0.127 0.112 0.0216 1.17 
Tehachapi 0.0659 -0.0811 0.0696 0.0516 5.25 
Los Padres 0.0640 -0.0672 0.0390 0.0566 6.60 
Carrizo 0.115 -0.0936 -0.00507 0.101 1.69 
Total 0.0681 5.70 

Table 4e. Nonlinear model 2A. 

Network ttl t:zz Eiz RMS Residual Weighted 
RMS Residual 

Salton 0.102 -0.0996 -0.00812 0.0580 6.04 
Anza 0.0548 -0.0693 0.0273 0.0732 7.65 
Cajon 0.151 -0.142 0.120 0.0215 1.17 
Tehachapi 0.0739 -0.0952 0.0761 0.0457 4.85 
Los Padres 0.0774 -0.0797 0.0453 0.0486 6.31 
Carrizo 0.127 -0.105 -0.00328 0.0947 1.58 
Total 0.0614 5.20 

Table 4f. Nonlinear model2B. 

Network ttl t:zz Eiz RMS Residual Weighted 
RMS Residual 

Salton 0.0794 -0.0756 -0.00906 0.0764 7.80 
Anza 0.0255 -0.0363 0.0110 0.0974 9.76 
Cajon 0.139 -0.132 0.115 0.0204 1.12 
Tehachapi 0.0579 -0.0748 0.0603 0.0569 5.69 
Los Padres 0.0514 -0.0555 0.0290 0.0643 6.87 
Carrizo 0.107 -0.0842 -0.00844 0.106 1.77 
Total 0.0756 6.32 
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Table 4g. Nonlinear model 3A. 

Network ttl ~ tt2 RMS Residual Weighted 
RMS Residual 

Salton 0.107 -0.106 -0.00776 0.0534 5.61 
Anza 0.0563 -0.0724 0.0299 0.0717 7.59 
Cajon 0.152 -0.144 0.121 0.0219 1.19 
Tehachapi 0.0767 -0.0971 0.0788 0.0443 4.82 
Los Padres 0.0783 -0.0799 0.0464 0.0485 6.38 
Carrizo 0.132 -0.107 -0.00218 0.0920 1.54 
Total 0.0595 5.11 

Table 4h. Nonlinear model3B. 

Network ttl ~ tt2 RMS Residual Weighted 
RMS Residual 

Salton 0.0574 -0.0534 -0.00722 0.0944 9.60 
Anza 0.0155 -0.0230 0.00387 0.107 10.7 
Cajon 0.0989 -0.0912 0.0718 0.0456 2.26 
Tehachapi 0.0391 -0.0529 0.0372 0.0732 7.67 
Los Padres 0.0342 -0.0387 0.0155 0.0769 7.56 
Carrizo 0.0738 -0.0546 -0.00747 0.126 2.11 
Total 0.0910 7.47 

Table 4i. Nonlinear model4A. 

Network ttl ~ tt2 RMS Residual Weighted 
RMS Residual 

Salton 0.131 -0.134 -0.00684 0.0338 3.84 
Anza 0.0714 -0.0951 0.0340 0.0578 6.47 
Cajon 0.191 -0.188 0.152 0.0508 2.62 
Tehachapi 0.0960 -0.124 0.0941 0.0377 5.08 
Los Padres 0.0940 -0.0973 0.0473 0.0378 5.67 
Carrizo 0.156 -0.143 -0.00448 0.0831 1.39 
Total 0.0529 4.53 
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Table 4j. Nonlinear mode14B. 

Network til e...z ti2 RMS Residual Weighted 
RMS Residual 

Salton 0.0955 -0.0951 -0.00645 0.0624 6.51 
Anza 0.0467 -0.0620 0.0187 0.0788 7.99 
Cajon 0.148 -0.146 0.112 0.0166 0.850 
Tehachapi 0.0709 -0.0921 0.0635 0.0469 4.70 
Los Padres 0.0648 -0.0692 0.0251 0.0531 5.68 
Carrizo 0.116 -0.105 -0.00455 0.101 1.68 
Total ·0.0653 5.23 

TABLES 4a-j. Predicted results and residuals (observed minus predicted values) for the various models. 
All values are in units of J,lStrain/yr, except for the weighted RMS residual, which is dimensionless. 
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the San Andreas fault Although the observed values of ttl and ~ are generally not 

equal in magnitude, the predicted values could, in most cases, be increased (or decreased, 

in the case of ~) by equal amounts to produce values closer to those of the data. The 

shear component ~2 represents right lateral shear across a vertical plane striking N90oE, 

and the magnitudes should be expected to be relatively small. In general, the models 

which do not include aseismic slip at depth predict substantially smaller strain rate values. 

Therefore, it seems reasonable that increasing the depth of aseismic slip should increase 

the magnitudes of the predicted strain rates and should thus provide a better fit to the data. 

Alternatively, the locking depth could be decreased. This should then result in an 

increase in the shear strain rate close to the fault and late in the earthquake cycle, in a 

manner similar to the results of Thatcher [1983]. A locking depth of 15 km is probably 

more appropriate than the value of 20 km assumed in this study, as earthquakes on the 

San Andreas fault are rarely observed below this depth [Sibson, 1982; Jones, 1988]. 

A better fit to the data could also be achieved by allowing the fault parameters to vary 

along the length of the fault. The simplest and most reasonable parameters to vary are, 

again, the fault locking depth and the depth of aseismic slip. The fault locking depth may 

be constrained by the maximum focal depths along different portions of the fault, and the 

depth of aseismic slip can then be adjusted to produce the proper amount of shear strain 

rate. Other parameters that are likely to vary along the fault are earthquake recurrence 

time and coseismic displacement 

Among the models considered in this study, the best fit to the data is provided by 

linear model A and nonlinear models lA, 2A, 3A, 4A, and 4B. The only models that 

seem to be completely ruled out on the basis of horizontal strain rate data are linear model 

B and nonlinear models 2B and 3B. In all cases, the models that include aseismic slip at 

depth (H = 40 km) provide a better fit to the data than the corresponding model which 
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does not include aseismic slip (H = 20 km). Furthermore, the best fit is provided by 

models incorporating a wet rheology to a depth of 100 km. At present, however, it 

would be unwise to form a strong preference for any of these preliminary models based 

on the fit to horizontal strain rate data. The present models were not chosen to represent a 

detailed picture of earthquake occurrence on the San Andreas fault. They were selected to 

demonstrate the characteristics that should be expected from various fault models. 

Having investigated the horizontal deformation patterns produced by these models, it is 

instructive to consider the predicted vertical deformation. 

Uplift Rate Results/or Models That Include Fault Geometry 

Comparison of model results to observed horizontal strain rate data provides useful 

constraints on the possible model types; however, stronger constraints may be imposed 

by considering the vertical uplift predicted by the different models. Vertical uplift has 

historically been determined by leveling surveys, and the validity of these results is 

uncertain, particularly in relation to the so-called Palmdale uplift [Stein, 1987; Craymer 

and Van(c"'ek, 1989; Stein et al., 1989]. The basic debate stems from the question of 

whether the technique possesses sufficient resolution to determine an uplift of the stated 

magnitude. Recently, with the advent of methods such as VLBI and GPS, the possibility 

of accurate vertical uplift measurements has become much more likely. For example, the 

U.S. Geological Survey has been using GPS measurements to survey several networks 

since 1986, with vertical resolutions on the order of 2 to 4 cm [Davis et al., 1989]. It 

therefore appears that vertical uplift determinations may become an important 

consideration in constraining San Andreas fault models in the near future. 

As mentioned in the previous section, all but three of the proposed models provide a 

similar fit to the horizontal strain rate data. Among these models, however, many predict 
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significantly different uplift rates at different points in the earthquake cycle. The predicted 

uplift rates for several models are contoured in Figures 49-53. In each of these figures, 

the first plot (part a) represents the predicted uplift rate at a time shortly after the last 

earthquake in the region. For linear model A (Figures 49a and b), this time is 13.5 years 

after the earthquake (corresponding to the year 1870.5), while for the nonlinear models 

(Figures 50-53) the results are shown for a time of 15 years after the last great earthquake 

in the region (corresponding to the year 1872). Part b of each figure is the predicted 

uplift rate at a time of 148.5 years (2005.5) fur the linear model and 142.5 years (1999.5) 

for the nonlinear models. The values are given in rnm/yr and the contour interval is 0.5 

rnm/yr. Uplift is indicated by solid contours and subsidence is shown with dashed 

contours. 

The first observable feature of these figures is the relative absence of subsidence. 

Only in a few cases is a small region of negative uplift present along the creeping section 

of the fault. Subsidence is only prominent in the linear models (linear model A is shown 

in Figure 49). It is also present to a slight extent in nonlinear model 4A, shown in Figure 

52. The regions of uplift associated with the two bends in the fault are prominent 

features. The maximum magnitude for this uplift occurs for nonlinear model4A early in 

the earthquake cycle (Figure 52a), where it attains a value of 3.5 mrn/yr at the northern 

bend. 

Although there are some similarities between the uplift rates predicted by the various 

models, there are a number of important differences. The linear model (Figures 49a and 

b) displays a number of distinctive characteristics. For instance, the region of maximum 

uplift migr()tes with time, from near the southern termination of the fault to a position just 

north and east of the southern bend in the fault. In addition, the region of subsidence 

moves from the western to the eastern side of the creeping portion of the fault, and 
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a. LINEAR MODEL A AT t ::: 13.5 years (1870.5) 
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Figure 49a. Contours of uplift rate in mm/yr for linear model A at t = 13.5 years (1870.5). Solid 
contours represent uplift and dashed lines represent subsidence. 
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b. LINEAR MODEL A AT t = 148.5 years (2005.5) 
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Figure 49b. Contours of uplift rate in mm/yr for linear model A at t = 148.5 years (2005.5). 
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Figure SOa. Contours of uplift rate in mm/yr for nonlinear modellA at I = 15 years (1872). 
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b. NONLINEAR MODEL ~ AT t = 142.5 years (1999.5) 
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Figure SOb. Contours of uplift rate in mm/yr for nonlinear madelIA at t = 142.5 years (1999.5). 
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o. NONLINEAR MODEL 18 AT t = 15 yeors (1872) 
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Figure 51a. Contours of uplift rate in mm/yr for nonlinear model 1B at 1= 15 years (1872). 
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b. NONLlNE.A.R MODEL 18 AT t = 142.5 years (1999.5) 

o 

:-.. ' 

CONTOUR INTERVAL: 0.5 MM!YR 

I 

\ 
\ 
i 
i 

\ 
I 
\ 
i 

l 

C>~ .. ,:r-, 

100 km 

Figure 5 lb. Conrours of uplift rate in mm/yr for nonlinear model IB at 1= 142.5 years (1999.5). 
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Figure S2a. Contours of uplift rate in mm/yr for nonlinear mode14A at t = 15 years (1872). 
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b. NONLINEAR MODEL 4A AT t = 142.5 years (1999.5) 
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Figure 52b. Contours of uplift rate in mm/yr for nonlinear model4A at t = 142.5 years (1999.5). 
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o. NONLINEAR MODEL 4B AT t = 15 yeors (1872) 
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Figure s3a. ConrDuxs of uplift rate in mm/yr for nonlinear mode14B at I = IS years (1872). 
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Figure 53b. Contours of uplift rate in mm/yr for nonlinear mode14B at 1= 142.5 years (1999,5). 
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increases in magnitude. The occurrence of subsidence appears to be correlated with time

dependent behavior, since models with high effective viscosities display virtually no 

subsidence at any point in the earthquake cycle. 

Nonlinear model IA (Figures 50a and b) predicts fairly constant uplift with time. 

The only perceptible difference is a slight decrease in the magnitude of the uplift rate at 

times late in the earthquake cycle. This provides a strong contrast to nonlinear modellB 

(Figures 5la and b), which predicts essentially zero uplift at times late in the cycle. 

Initially, nonlinear models IA and B (Figures 50a and 51a) predict fairly similar uplift 

patterns, although the predicted magnitudes are greater for model IA. As time passes, 

however, the uplift rates for model IA remain nearly constant, while those for model IB 

decrease substantially. This is similar to the results for horizontal deformation. The 

presence of aseismic slip at depth tends to decrease the time-dependence of the predicted 

deformation, while increasing the magnitude. With the use of more advanced methods of 

measuring vertical uplift, it should be possible to detect a difference in uplift rates of 2 

mm/yr over a time period of about 10 years, which would be sufficient to differentiate 

between two models such as IA and IB. 

Models 4A and B also tlisplay distinctive vertical uplift patterns. Model 4A (Figures 

52a and b) predicts large uplift rates at all times during the cycle. The predicted uplift 

rates vary little with time, the primary differences being a decrease in the maximum 

magnitude (from 3.5 to 3.0 mm/yr) and a narrowing of the region of uplift around the Big 

Bend region at times late in the earthquake cycle. Model4B (Figures 53a and b) again 

displays the reduction of uplift rate with time characteristic of models that do not include 

aseismic slip at depth, but the effect is not as dramatic as for the other models. In this 

case, the uplift rate decreases with time from a maximum of about 3.0 mm/yr to a value of 



248 

2.0 mm/yr, and the region of uplift narrows to include only the area immediately adjacent 

to the Big Bend. 

It would be difficult to distinguish between models 4A and 4B based only on 

predicted vertical uplift rates, since the values differ by only about 1 mm/yr; however, the 

slight difference in predicted uplift rates could have a large effect on the cumulative uplift 

over an entire earthquake cycle. This may be seen in Figures 54a and b. These show 

contours of total uplift since the last earthquake at a time of 142.5 years. Model 4A 

(Figure 54a) predicts a maximum uplift of 450 mm at the northern bend in the fault, while 

model 4B (Figure 54b) predicts an uplift of only 300 mm. Thus, although short-term 

measurements of uplift rate may not provide sufficient resolution to distinguish between 

models, determinations of vertical uplift over time scales of 10 to 20 years or more should 

provide useful constraints on possible fault models. 

Discussion and Conclusions 

It has been demonstrated that fault models with differing rheological stratification 

schemes and slip distributions predict fairly distinctive deformation patterns, thus 

providing a means for distinguishing between various models. Models that do not 

include aseismic slip below the fault locking depth predict deformation patterns that show 

a strong variation with time since the last earthquake. Both predicted strain rates and 

predicted uplift rates decrease dramatically in magnitude from the beginning to the end of 

the earthquake cycle. The results of Thatcher [1983] indicated that increasing the 

thickness of the elastic layer relative to the fault locking depth had the effect of damping 

the response of the underlying viscoelastic half-space, thus decreasing the time-dependent 

behavior of the model. The present results show that this effect could also be due, at least 
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a. NONLINEAR MODEL 4A AT t = 142.5 years (1999.5) 
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Figure 54a. Contours of total uplift in mm at t = 142.5 years (1999.5) for nonlinear model4A. 



b. NONLINEAR MODEL 48 AT t = 142.5 years (1999.5) 
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Figure 54b. Contours of total uplift in mm at t = 142.5 years (1999.5) for nonlinear model 4B. 
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in part, to the depth to which aseismic slip occurs, rather than simply the thickness of the 

surface elastic layer. All of the nonlinear models of this study have two variations: with 

and without aseismic slip below the fault locking depth. The rheological stratification for 

each model type was identical. For example, models 1A and 1B differed only in the 

depth to which aseismic slip occurred, and not in their rheological properties. The only 

explanation for the enhanced time-dependence of the B-models is the absence of aseismic 

slip. Thus, time-dependent behavior is influenced by the presence or absence of aseismic 

slip at depth, as well as by the depth to which elastic behavior extends. 

The models incorporating aseismic slip below the locking depth display a lesser 

degree of time-dependence. For the nonlinear models, the predicted strain rates near the 

beginning of the earthquake cycle are similar for models with and without aseismic slip; 

however, by the end of the cycle, the strain rates for models without slip have decreased 

substantially in magnitUde relative to those with slip. The models without aseismic slip 

generally predict slightly smaller uplift rates at the beginning of the earthquake cycle, and 

substantially smaller rates near the end of the cycle. 

Modeling results indicate that the observed surface deformation is controlled by the 

assumed rheological properties within 100 km of the Earth's surface. It is unlikely that 

changes in the properties below this depth would influence the results in any case, since 

the predicted rheology of olivine at this depth suggests a Maxwell time on the order of 10 

years -- considerably less than the earthquake recurrence interval of 150 years. The 

mantle below 100 km depth should behave essentially as an inviscid fluid on this time 

scale. The rheological properties above 100 km depth produce a number of observable 

characteristics. The first, and most obvious, is an enhanced time dependence of the 

predicted deformation for lower effective viscosities. For instance, the greatest time 

dependence among the nonlinear models is displayed by modell, which has a relatively 
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low effective viscosity from 20 to 40 km depth (dry granite rheology) and by model 4, 

which has relatively low viscosities from 0 to 20 km (wet granite rheology) and from 40 

to 100 km depth (wet dunite rheology). The rheological properties of model 4 also result 

in higher overall values of strain rate and uplift rate. This is probably a result of the 

assumed wet granite rheology at the surface, which would be more readily deformed by 

applied stresses. Thus, the commonly-used assumption of a purely elastic layer at the 

surface may not be an accurate portrayal of actual Earth rheology, since viscoelastic 

effects may manifest themselves at depths as shallow as 10 km for a wet granite rheology 

(see Figures 34a and b). 

Among the present models, the best fit to the strain rate data is provided by nonlinear 

model 4A. This model assumes aseismic slip from 20 to 40 km depth, and includes 

rheological properties corresponding to a wet granite upper crust, a wet diabase lower 

crust, and a wet dunite upper mantle from 40 to 100 km depth. This model fits the data 

best because it produces the greatest amount of fault-parallel shear strain rate. Even so, . 

this model underestimates the magnitude of the strain rate for all networks except Cajon 

and Carrizo (compare Table 3 with Table 4i). The simplest method for achieving a better 

fit to the data would be to adjust the fault locking depth and the depth of aseismic slip 

along the length of the fault. For example, the depth of aseismic slip could be increased 

in regions where the strain rate is underestimated and decreased in areas where the strain 

rate is overestimated. Such a procedure, while it would result in a smaller RMS residual, 

would not necessarily produce a realistic picture of San Andreas fault processes, since 

other parameters not yet considered may produce similar results. 

From analysis of Figures 44-48 it is not obvious whether there are any particular 

regions where the horizontal strain rates would be more sensitive to changes in tlie 

locking depth, depth of aseismic slip, or rheological properties; however, the uplift rate 
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(Figures 49-53) is very location-specific. For example, the region adjacent to the 

creeping portion of the fault is sensitive to rheological changes. Models with relatively 

low effective viscosities predict subsidence in this area, while models with higher 

effective viscosities predict essentially zero uplift. Furthermore, some models, such as 

linear model A (Figure 49) and, to a much lesser extent, nonlinear model 4A (Figure 52) 

display a slight increase of subsidence in this area with time since the last earthquake. In 

the case of linear model A, the region of subsidence also moves with time. 

The uplift rates at the two bends in the fault are sensitive to the depth of aseismic 

slip, particularly for models with relatively high effective viscosities at depth (compare 

nonlinear models 1A and 1B in Figures 50 and 51). In this case, models which do not 

include aseismic slip at depth show a dramatic decrease in uplift rates with time since the 

last earthquake. The total uplift over longer time scales in the Big Bend region may be a 

useful constraint for models with lower effective viscosities (see nonlinear models 4A and 

4B in Figures 54a and b). 

The observed strain rate data are marginally consistent with a model such as 

nonlinear model 4A; however, there are a number of additional factors that could be 

included. One factor may be the discrepancy between the plate motions determined from 

plate models and those derived from geodetic observations along the fault, as discussed in 

the introduction. This may have some relation to the difference in orientations of the 

observed principal axes of stress and strain rate [Mount and Suppe, 1987; Zoback et a/., 

1987]. To resolve problems of this nature it will be necessary to include adjacent faults in 

the model, since slip on these faults is likely to affect the stress regime of the San Andreas 

fault. 

The two most important contributions of the present models are the incorporation of 

layered, power-law viscoelastic rheologies and the calculation of vertical uplift. The use 
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of power-law viscoelastic behavior allows the direct application of laboratory results to 

actual Earth processes. The rheological properties of the present models are thus 

constrained, not only by the fit of the model results to observed deformation data, but 

also by current knowledge of variations in Earth composition and temperature with depth. 

The elastic and viscous parameters used in these models therefore have much more 

physical meaning than the parameters used in simple elastic-linearly viscoelastic models. 

The determination of vertical uplift provides another useful constraint on possible fq,ult 

models. The present models show that the predicted uplift rate for different models can 

vary from essentially zero to values as great as 3 mm/yr. The data necessary to resolve 

these small values of uplift rate should be forthcoming in the near future. The addition of 

vertical uplift data to the existing horizontal deformation and stress orientation data sets 

should provide strong constraints on future San Andreas fault models. 



CHAPTER 7 

CONCLUSIONS 
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This study has analyzed two different aspects of the faulting process: the formation 

of multiple faults in a brittle, elastic environment (Chapters 2, 3, and 4)~ and the ongoing 

process of elastic and viscoelastic deformation associated with continuous slip on a major 

existing fault (Chapters 5 and 6). The study of multiple fault formation has been further 

subdivided into analyses of extensional and compressional faulting. Although both parts 

of the study are concerned with stages in the evolution of a fault, the environments are 

significantly different due to the scale of the faults under consideration. In the study of 

fault formation, the scale is assumed to be sufficiently small that brittle elastic behavior is 

appropriate. This is a reasonable assumption for regions where the crust is extremely 

thick, such as shield areas on the Earth or on planets with thick elastic crusts. The 

assumption is also appropriate for regions where the depth of fault penetration is 

extremely shallow. When studying the San Andreas fault, on the other hand, nonelastic 

behavior of the Earth becomes an important factor. In fact, one of the primary reasons 

for investigating the San Andreas fault is to study the viscoelastic behavior of the Earth 

over relatively short time periods. 

The purpose of the first part of the study was to determine whether slip on an initial 

fault had a significant effect on the formation of subsequent faults, and, if so, what these 

effects might be. In the case of normal faults (Chapter 3), slip on an initial fault has been 

found to be a controlling factor on both the location and the orientation of secondary 

faults. Slip on the initial normal fault produces a region of high proximity to failure at the 

surface of the down thrown block, while reducing the proximity to failure everywhere else 
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near the fault. A secondary fault would then be expected to initiate in the region of high 

proximity to failure. The direction of secondary fault propagation that most greatly 

reduces the total strain energy of the system is toward the initial normal fault, resulting in 

an antithetic orientation, or graben. A further finding of this study is that graben width is 

controlled primarily by the depth to which the initial normal fault penetrates, rather than 

the depth to a mechanical discontinuity. 

In the study of thrust fault formation (Chapter 4), it has been shown that the primary 

effect of an initial thrust fault is to suppress the formation of other faults in its vicinity, 

except for the case of extremely steeply-dipping faults. Unlike normal faults, slip on an 

initial thrust fault does not produce a region of enhanced proximity to failure. Therefore, 

slip on the initial fault cannot be the factor responsible for localizing secondary fault 

initiation. Other factors must be responsible for secondary fault initiation; however, if a 

secondary fault originates in the region where stresses have been perturbed by slip on the 

initial fault, the orientation of the secondary fault may be controlled by the initial fault. 

For shallow fault dips, slip on the initial fault enhances synthetic fault formation on the 

upthrown block and antithetic fault formation on the downthrown block. For fault dips 

of 45°, there is no preferred orientation on either side of the initial fault. For steeply

dipping thrust faults (60°), secondary fault formation is favored at a specific region on the 

up thrown side of the initial fault. This region occurs at a distance of about 1 initial fault 

depth from the surface expression of the initial fault, and the preferred configuration is' an 

antithetic orientation. 

The San Andreas study (Chapters 5 and 6) has attempted to determine the effects of 

fault locking depth, depth of aseismic slip, and rheology on predicted deformation in the 

vicinity of the fault. This deformation is the net result of coseismic slip, aseismic slip, 

and the elastic and nonelastic response of the Earth to tectonic forces and fault movement. 
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This study includes the effects of power-law viscoelastic rheology, in accordance with 

laboratory results [Kirby, 1983; Kirby and Kronenberg, 1987a and b], as well as the 

effects of rheological layering, as suggested by the work of Meissner and Strehlau [1982] 

and Chen and Molnar [1983]. Another important aspect of this work is the calculation of 

vertical uplift, which provides another potential means of constraining the various model 

parameters. 

Variations in the model parameters are found to produce distinctive deformation 

patterns, thus providing a way to differentiate ~tween models. Specifically, lower 

effective viscosities very near the surface result in increased strain rates and uplift rates at 

all times during the earthquake cycle. Low effective viscosities also appear to produce 

subsidence near the creeping portion of the fault. Models that do not include aseismi',; slip 

below the fault locking depth display a greater degree of time dependence in both 

horizontal and vertical deformation. This is especially true for models with high effective 

viscosities. For example, nonlinear model 1 B, which assumes a dry granite rheology 

from 0 to 40 km and a dry olivine rheology below this depth, predicts uplift rates on the 

order of 2 mm/yr near the beginning of the earthquake cycle, but predicts essentially no 

uplift at times late in the cycle. The uplift rate is particularly sensitive to the depth of 

aseismic slip at the two bends in the fault, particularly for models which have high 

effective viscosities at depth. For models with lower effective viscosities, measurements 

of total uplift at the two bends in the fault could provide sufficient resolution to 

distinguish between models with and without aseismic slip over time periods of 10 to 20 

years or more with current abilities to measure vertical uplift 

Among the present San Andreas fault models, the one most consistent with current 

strain rate data is nonlinear model 4A, which includes aseismic slip from 20 to 40 km 

depth, and assumes a wet granite rheology from 0 to 20 km, a wet diabase rheology from 
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20 to 40 kIn, a wet dunite rheology from 40 to 100 kIn, and a dry olivine rheology below 

100 kIn. As with most problems in geophysics, however, the solution is nonunique, and 

a number of other factors may have a significant effect on the results. Some important 

considerations are the direction and magnitude of 'true' plate motion, slip on adjacent 

faults, and the effects of fault friction. It will be important to consider these and other 

factors in future models. 
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APPENDIX A 

SCALING OF STRESS-RELATED QUANTITIES 

Introduction 

In Chapter 4, two different lengths of faults were used in the calculations to allow 

analysis of the model characteristics at different scales. The longer fault segments 

provide greater detail in the vicinity of the initial fault, while the shorter segments allow 

the model to be evaluated at greater distances from the initial fault To compare the results 

for these different fault lengths with each other, it is necessary to scale the results of the 

calculations. The quantities requiring scaling are the total strain energy and the proximity 

to failure, both of which are related to the stresses in the grid. It is not critical that the 

scaling parameters be exact, as only the patterns of strain energy and proximity to failure 

are of interest, and not their exact values. Therefore, the following approximations have 

been used to obtain estimates of the scaling parameters. 

Total Strain Energy Scaling 

The scaling of total strain energy with fault length may be understood by considering 

the simple situation depicted in Figure A 1. In this case, an elastic layer with vertical and 

horizontal dimensions of w and h, respectively, is subjected to total contraction of an 

amount 20. Contained in the layer is a fault of length a dipping at an angle f3 with respect 

to the horizontal. The effects of gravity have been ignored to simplify the problem. The 

only stresses are then the horizontal stress due to contraction of the body. This problem 

may be treated as a frictionless mode II crack of arbitrary orientation intersecting the 
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w 

h 

Figure AI. Rectangular elastic layer of horizontal extent h and vertical extent w containing a crack of 
length a dipping at an angle fJ with respect to the surface of the layer. The layer is contracted by a total 
amount 20. 
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surface of an elastic body (see Chapter 2). The stress intensity factor for such a crack is 

given by: 

KII = r sin f3 cos f3 V1iii (AI) 

where r is a factor that includes geometrical considerations. For an edge crack with a 

length that is small in comparison to the dimensions of the body, r = 1.12. 

Given the stress intensity factor, it is then possible to calculate the total strain energy 

of the system. For plane strain, this is given by [J. Kemeny, personal communication, 

1990]: 

a 2 (1 2) _ J KJI - V 
W total - E da (A2) 

o 

where v is Poisson's ratio and E is Young's modulus. Since this is a plane strain 

problem, the total strain energy is understood to be per unit length perpendicular to the 

plane. This relationship may be used to relate the horizontal displacement due to the 

crack, Dc, to the horizontal stress, O'x:x, using the relationship 

(A3) 

where P is the load (P = ow). The following relationship is then obtained for a single 

crack: 
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8. = O'xx,-2ttn(l- v2)sin2 f3cos 2 13 
C wE 

(A4) 

The total horizontal strain is then 

(AS) 

The fIrst tenn in the brackets is the strain due to contraction of the grid, and the second 

tenn is the contribution of the crack to the total horizontal strain. TI-,e horizontal stress in 

tenus of the amount of contraction may then be obtained from equation (AS). 

(A6) 

Now that the horizontal stress has been determined, equations (AI) and (A2) may be 

used to obtain the total strain energy for the system. 

2 a 
4,-20 En sin2 13 cos2 13 f a 

W total = h2(1- v2) -[--.. ----.,;.;.......f3--.. -f3-J-:"2 da 
o 1 + r"a2n sin 2 

COS" 

hw 

(A7) 

The integral may be evaluated [Gradshteyn and Ryzhik, 1980], yielding the following 

result: 
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(A8) 

Equation (A8) is the total StIain energy of the system, including a crack (or fault) of 

length a. In the absence of a fault, the second term in the brackets is equal to zero (a = 0), 

and the equation reduces to the total strain energy for an elastic layer subjected to total 

contraction of amount 28. This quantity may be subtracted from the value obtained by 

including the fault in equation (A8) to determine the reduction in strain energy due to the 

presence of the fault: 

(A9) 

Analytical results obtained using equation (A9) and finite element calculations agree 

reasonably well, particularly for longer fault segments. The analytical solution 

consistently indicates a larger stIain energy reduction due to the presence of the fault. 

This is most likely due to an overestimation of the fault length in the finite element 

calculations. The fault length is measured from the first slippery node at the surface to the 

next node along the fault dip that is not permitted to slip. It seems likely that the actual 

fault represented by the finite element calculations would extend to a point somewhere 

between the last slippery node and the first non-slippery node .. For longer fault 

segments, the error in estimating the fault length is a relatively small proportion of the 

actual fault length, and the analytical solution is reasonably close to the finite element 

solution. For shorter segments, the error represents a signifi~ant proportion of the actual 

fault length, and the analytical and numerical solutions display significant differences. 



264 

As an example, the strain energy for 45°-dipping faults in various configurations 

may be calculated. In the absence of any faults, the total strain energy values obtained 

analytically (equation (A8» and numerically are within 0.002% of each other. For a 

single fault with a length of 6364 m (corresponding to a 9 node fault), the values of strain 

energy reduction due to the presence of the fault are within 16.7% of each other. For a 

single fault with a length of 2121 m (corresponding to a 3 node fault), the values are only 

within 31.5% of each other. To test the effects of errors in fault length measurement, the 

analytical solution may be performed again, assuming that the length of the fault is the 

distance between the first slippery node at the surface and the last slippery node at depth. 

In this case, the fault lengths for 9 node and 3 node faults become 5657 m and 1414 m, 

respectively. When these fault lengths are used, the analytical solution yields values for 

strain energy reduction that are lower than those obtained from the finite element 

calculations, indicating that the true fault length lies somewhere between the two extremes 

used in this example. 

Equation (A9) may be used to determine the theoretical scaling parameter for 

different fault lengths in the absence of gravitational body forces. If one fault has length a 

and the other has length b, the ratio of strain energy reductions for the two fault lengths is 

given by: 

.1W" a{hw + rb2
nsin2 {3cos2 {3] 

.1Wb = b2
[ hw + ra2 n sin 2 {3 cos2 {3] CAW) 

In the limit as h and w become very large in comparison to the fault lengths (such that the 

faults do not interact with the boundaries) the ratio simply becomes a2/b2• For the 

situation described in Chapter 4, using values of a = 1 unit and b = 3 units, the scaling 
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factor should be 1/9. Finite element calculations with various fault lengths indicate that 

the ratio does indeed approach this limiting value for longer fault segments. For the 

shorter segments (1 or 3 nodes) used in calculating the strain energy in Chapter 4, 

however, the errors in accurately determining the fault length result in significantly 

different values. Furthermore, the effects of gravity have not been included in this simple 

analytical solution. Therefore, although the analytical solution provides some insight into 

the scaling of strain energy reduction with fault length, an alternate method is required to 

accurately scale the results of Chapter 4. 

The scaling parameters of Chapter 4 are obtained from an analysis of the finite 

element calculations themselves. The strain energy reduction is calculated for a single 

fault with a length equal to that of the secondary fault segments. This is done for both the 

long (3 node) and short (1 node) secondary fault segments, and then the ratio 

(L1Wj/L1W3) between the two values is obtained. These are the scaling factors that are 

multiplied by the values obtained for the longer secondary fault segments. The strain 

energy results in Figures 24 and 25 are thus understood to be referenced to the lengths of 

the shorter fault segments. The results could have just as easily been referenced to the 

longer fault segments; however, the strain energy reduction for shorter fault segments 

falls in the 10 GJ/m range (see Figures 24 and 25), so that these segments were chosen as 

a matter of convenience for the reference state. The scaling factors obtained for the 

various fault dip angles are listed in Table AI. Also listed in this table are the factors used 

for scaling the proximity to failure, as described in the next section. 

The strain energy reduction scaling factors used in this study are valid for the case of 

noninteracting faults, since the strain energy reduction is calculated in the absence of other 

faults. Thus, the scaling is strictly valid only at the points furthest to the right and the left 

in Figures 24a-d; however, the points in the region of significant fault interaction are 
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Fault Dip Angle Strain Energy Proximity to 
Reduction Failure Scaling 

Scaling Factor Factor 

15° 0.0383 1.09 

30° 0.0498 1.17 

45° 0.0376 1.23 

60° 0.0322 1.33 

TABLE AI. Scaling parameters for strain energy reduction and proximity to failure used in Chapter 4. 
The strain energy reduction scaling factor is multiplied by the results for the longer fault segments and the 
proximity to failure scaling factor is multiplied by the results for the shorter fault segments. 
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calculated almost exclusively for the longer (3 node) secondary fault segments, with the 

exception of 60° faults. Figures 24a-d display relatively smooth, uninterrupted curves, 

indicating that the scaling of strain energy is a valid technique. The exception to this is 

the case of 60° faults (Figure 24d), where the region of strong fault interaction coincides 

with the point at which the results for different fault lengths are spliced together. For this 

case, it is necessary to look at the results for the two different fault lengths separately 

(Figures 25a and b), as described in Chapter 4. For all other dip angles, the values 

calculated for the shorter segments generally correspond to distances outside the region 

influenced by the initial fault. In Figures 24a-d, the first 6 data points on the left and the 

last 6 data points on the right correspond to the values obtained from the shorter (1 node) 

secondary fault segments. Although there are some slight jumps in the curves at these 

points, the effect is relatively insignificant, and does not influence the results inferred 

from the curves. It thus appears that the scaling technique used in this study is a valid 

one. 

Proximity to Failure Scaling 

The different values of gravitational acceleration used in Chapter 4 require that the 

proximity to failure at the surface be scaled accordingly. This is due to the fact that the 

proximity to failure is calculated at the centroids of the top layer of elements, rather than 

exactly at the surface of the grid, where the gravitational stress is zero. Since the element 

centroids change with the fault dip (since the grid geometry changes), the scaling 

parameters will be different for the different fault dip angles used in the study. 

The simplest way to approach the problem is to consider the same elastic body 

shown in Figure AI, excluding the fault. If the y-axis originates at the surface and is 

positive downward, the horizontal and vertical stresses are given by: 
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vpgy 20E 
(1u = 1- v + h(l- V 2 ) (All) 
(1yy = pgy 

In this situation, (1xx corresponds to (11 and (1yy corresponds to (13, and the pressure (P) 

and shear stress (-r) may be defined by equations (6). Combining equations (28) and 

(29), the proximity to failure may be written: 

P = Itl. 
I c cos l/J + P SID l/J (AI2) 

The proximity to failure may be calculated for both values of gravitational 

acceleration using equations (All), (6), and (AI2), given the vertical distance (y) from 

the surface. AJthough the stress values in the finite element calculations are detennined at 

the element centroids, these values are interpolated to the nodal points for plotting 

purposes. The appropriate depth to use is then obtained by examining the interpolation 

scheme, and the proximity to failure is calculated. The scaling parameters (listed in Table 

AI) are the proximity to failure for g = 9.8 rn/s2 (corresponding to longer fault segments) 

divided by the proximity to failure for g = 29.4 rn/s2 (corresponding to shorter fault 

segments). The values of proximity to failure for the shorter segments are then multiplied 

by this ratio, yielding the results shown in Figures 24a-d. 
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